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Abstract

A new multifactor criterial approach to modifying lubricants by rheological properties and chemical
composition is proposed in order to increase the lubricating ability of modified layers and wear resistance of
friction units from the position of mixed lubrication conditions. Prevention of micro-EHD lubricating layer is
achieved by a set of measures: implementation of stable micro-EHD lubrication by the criterion of lubrication
mode; optimal viscosity class with an increase in the fraction of hydrodynamic pressure of modified layers relative
to the contact pressure from micro-unevenness of rough surfaces by the pressure criterion; optimal type of lubricant
by the rheological criterion; assessment of the appearance of a plastically deformed state by the criterion of
plasticity; selection of the qualitative and quantitative chemical composition of active components in the lubricant
to create durable modified layers with high structural adaptability and thermomechanical stability by the
temperature criterion. A new concept for increasing lubricity and wear resistance for friction units operating in
extreme operating conditions, using an appropriate criteria approach, takes into account: non-stationary friction
conditions, the shape of local contact and friction kinematics, rheological properties of lubricating layers, contact
temperature, and the composition of components in the lubricant.

Key words: eclastohydrodynamic lubrication, micro-EHD friction contact, film thickness, rheological
properties, chemically active ingredients, surface-active ingredients, chemically modified boundary layers

Introduction. Analysis of recent research and publications

Most non-conformal assemblies with point or linear contact (friction bearing assemblies, gears, cams of the
gas distribution mechanism, etc.) have limited areas of working surfaces. The contact load is applied to a relatively
small area. These features of the contact form lead to contact fracture, which, unlike scoring, seizure, cavitation,
and other types of damage, develops over time with the formation of crumbling (pitting) on the friction surfaces
in the form of individual notches [1]. The initial size and shape of these pits depend on the material properties,
nature and magnitude of stresses. During further operation of the assembly, their number increases, they merge
and enlarge, and the fracture zone covers an increasingly large area of the surface. New stress concentrators appear,
lubrication conditions and dynamic characteristics of the assembly deteriorate, the temperature rises, and a
significant portion of the working surfaces lose their bearing capacity. Under conditions of a mixed lubrication
regime in terms of speed and load and the material's tendency to wear, this process can slow down or even stop
altogether. However, in heavily loaded bearing assemblies, high microhardness steels are used as indenter material
- bearing balls made of the SHKH-15, which are poorly worked up, pitting becomes progressive, in most cases,
the assembly fails prematurely [2]. Along with structural, technological, and operational factors, the root cause of
such failure is the nature and level of stresses, which is influenced by the shape of the contact [3].

From the foregoing, it can be stated that the prediction of the durability of friction units operating under contact
load conditions requires solving several important tasks, including

1. Depending on the calculated maximum normal and tangential loads, it is necessary to know the optimal
form of contact with its equivalent mechanical properties, taking into account the position of the zones of frequent
surface failure in depth and in the rolling direction, and to experimentally verify the obtained solution.

2. To take into account the influence of deformations of rolling surfaces when contact stresses change in the

Copyright © 2025 O. Milanenko, A. Bobro. This is an open access article distributed under the Creative Commons Attribution
@m License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
(= cited.
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process of friction.

3. Determine the necessary parameters of materials: reduced modulus of elasticity, microhardness, roughness
of contact surfaces for specific friction units.

The theory of elastohydrodynamic (EHD) lubrication is used to explain the rheological and physicochemical
effects of a lubricant [4, 5]. According to this theory, the thickness of the lubricating layer separating the surfaces of
friction units is determined by the viscosity-pressure dependence of the lubricant. The contact of surface irregularities
does not occur if it is possible to maintain a sufficient thickness of the lubricating layer - in this case, the EHD
lubrication regime with long-term bearing life is ensured. If the thickness of the lubricating layer is reduced to the
point where the micro-irregularities of the contact surfaces begin to touch, then as the frequency of contact increases,
fatigue life will rapidly decrease. At present, there is no satisfactory explanation for how contact of surface micro-
irregularities leads to fatigue damage.

The features of micro-EHD friction contact [6] are characterized by similar EHD conditions: the influence of
elastic properties of the material and the characteristic dependence of viscosity on pressure and the influence of
compressibility of the lubricant. However, for micro-EHD friction conditions, the influence of the mechanical
properties of the surfaces (the magnitude and position of the localization of maximum tangential stresses at a certain
depth) and the level of roughness of the contact surfaces is also important, since there are discrete areas of the contact
pressure of the material that begin to reach the level of hydrodynamic pressure of the lubricating layers, which reduce
the level of lifting force and viscous friction in the gap of the lubricating layer [7].

In [8], the rheological properties of fresh and used SAE 5W-30 diesel engine oils with a low content of sulfate
ash, phosphorus, and sulfur (Low SAPS oils) were studied using an EHD tribometer and rotational viscometers of
the HTHS (High Temperature High Shear) type, which provide low and high shear rates. Based on the thickness of
the lubricating layer formed in the EHD contact in the range from 10 to 150 nm, two types of lubrication mechanisms
were identified depending on the rolling speed. On the one hand, the classical behavior of the EHD lubrication with
an optimal dynamic viscosity above a certain critical film thickness was observed. On the other hand, the authors
recorded a sharp drop in film thickness, which is an indicator of the inability of polymeric viscosity modifiers to form
a thin film within the contact, which was influenced by the particle size in the oil composition. The authors established
a correlation between the critical film thickness and particle size and thus concluded that used oil has a more critical
film thickness than fresh oil and that under certain conditions the friction properties of the oil were related to this
critical film thickness. A characteristic feature of the studied oils was their non-Newtonian behavior, which was
revealed in tribological experiments. These observations of the authors were related to rheological measurements
made at shear rates up to 107s™! at temperatures from 25 to 150°C.

Under extreme conditions of mixed friction, the chemical action of the lubricant and its additives (chemically
active ingredients, CAS or surface-active ingredients, SAS) significantly affects fatigue life [9]. This is because under
mixed lubrication conditions, contact surfaces are subjected to tangential stresses of much greater magnitude. The
corresponding forces cause the appearance of maximum contact stresses on the contact surfaces, which stimulate
fatigue of the surfaces themselves in the near-surface layers, as opposed to fatigue developing below the surface. In
addition, chemical reactions of the lubricant with the material of the metal surfaces significantly reduce the resistance
to crumbling. However, some additives, on the contrary, reduce surface forces and thus reduce tangential stresses,
thereby increasing fatigue life.

Finally, it should be noted that according to the “unified” theory of boundary lubrication by A. Cameron [10],
in the temperature range 7, > T > T, the lubricating effect occurs due to the formation of “thick” polymer films and
only after their destruction does the interaction of active components of the medium with friction surfaces begin with
the formation of chemically modified boundary layers (CMBL). According to the relevant theory of boundary
lubrication, the increase in the lubricating ability of modified layers and the wear resistance of friction units occurs
due to the formation of optimal polymer films, and only after their destruction does the interaction of active
components of the medium with friction surfaces begin with the formation of boundary layers, the strength of which
depends on local temperatures in the contact zone.

Thus, the study of the influence of the qualitative and quantitative composition of chemical components,
taking into account the temperature factor, using modern and automated equipment and adapted methods, opens up
wide opportunities for modifying lubricants. Finally, this will make it possible to increase the wear resistance of
contact surfaces and improve lubricity, taking into account the control of the critical temperature (thermomechanical
stability) in the local contact zone in terms of contact-mechanical, rheological, and physicochemical aspects. From a
practical point of view, an appropriate integrated approach will allow managing the process of approaching real
operating conditions for specific friction units and ensuring uniformity in the creation of universal lubricants in hybrid
vehicles, which should have the properties of, for example, motor, transmission and hydraulic oils at the same time.

Statement of unresolved issues

Many problems of tribology associated with the operation of friction units require not only theoretical and
experimental studies, but also bench and operational tests on real equipment, since many transient processes occurring
in the micro-volume (micro-EHD) of the friction contact of real units make significant adjustments to the research
results. The task of increasing the lubricating ability and wear resistance of friction pairs operating under extreme
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conditions requires systematic studies of modifying lubricating layers with optimal chemically active components as
one of the effective and modern technologies for improving rheological and tribotechnical parameters, including to
provide versatility to lubricants in order to reduce material and financial costs for maintenance of friction units.
Carrying out relevant research and testing is impossible without the use of modern automated equipment, both in
laboratory and factory conditions and on original equipment in real-time operation to ensure the accuracy and
reliability of the results. Otherwise, the results will remain at the level of a phenomenological fact, for which there is
either no theoretical justification or it will be contradictory from the standpoint of different scientific schools dealing
with these issues.

To date, there is no consensus on how to improve lubricity and wear resistance under mixed lubrication, an
intermediate mode between liquid and boundary lubrication, in which most components are operated, where the
structure of the lubricating layer, its rheological and tribotechnical characteristics change. It is also added that
mixed lubrication is a predominantly unstable mode due to rapidly changing processes in the friction contact zone,
for example, under conditions of lubrication starvation, in which there are breaks in the EHD of lubricating layers
or modified boundary layers in discrete areas of the actual contact area under high loads. Therefore, a
comprehensive solution to the above issues using the results of scientific and applied research on lubricants in
laboratory and factory conditions and at enterprises-operators of equipment will allow developing modern methods
and technologies for increasing the lubricating ability and wear resistance of friction pairs in the friction contact
zone, taking into account contact-mechanical, rheological and physicochemical aspects. The corresponding
integrated approach will form the basic basis for scientifically sound approaches to the development of modern
lubricants and optimized designs of friction units operating under real-world conditions in vehicles.

Thus, the scientific and technical problem is the implementation of sustainable lubrication in mixed friction
conditions and the creation of modified layers with optimal lubricity and structural adaptability to extreme
operating conditions in the friction contact zone of non-conformal and conformal friction units, aimed at increasing
the lubrication efficiency and wear resistance of friction pairs in terms of contact-mechanical, rheological, and
physicochemical aspects.

Statement of the problem

Most friction units in extreme operating conditions are operated in a mixed lubrication mode, which is
characterized by micro-EHD lubrication (in foreign literature: partially elastic-hydrodynamic partial
hydrodynamic lubrication), when the thicknesses of the lubricating layer become almost commensurate with the
heights of micron irregularities of metal surfaces. Micro-EHD lubrication is characterized by the sensitivity of the
influence of contact surface roughness, since contact pressures from discrete areas along the actual contact area
arise, which begin to reach the total level of hydrodynamic pressure of the lubricating layers, which reduce the
level of lifting force and viscous friction in the gap of the lubricating layer.

In the mixed lubrication regime, physical (viscous and rheological) aspects of lubrication have a significant
impact, since the proportionality of the thickness of the lubricating layer with the height of the micronutrient
irregularities of the contact surfaces under extreme conditions at high stresses and shear rates can lead to the
manifestation of pseudoplasticity and elasticity of the lubricating layers. Since very few works have been devoted
to this issue, and they are mainly generalized by hypothetical calculations, the task is to conduct not only the
necessary experimental studies, but also to make appropriate calculations to take into account the rheological
properties in the micro-EHD contact zone.

Under conditions of boundary lubrication, the surfaces of conformal internal combustion engine assemblies
have direct contact between sections of large length. At the boundary lubrication, the lubricating ability will be
characterized by the physical and chemical aspects of the structural adaptability of the modified layers adsorbed
on metal surfaces. The coefficient of friction in boundary lubrication is significantly higher than in liquid
lubrication, but by modifying the surfaces with surfactants that form strong CMBL at high temperatures or
surfactants that form polymerization chemisorption or physically adsorbed films at moderate temperatures, it is
possible to prevent type 1 adhesion (cold seizure) and significantly reduce wear of contact surfaces.

It has been established that appropriate chemical reactions of the lubricant with the material of metal
surfaces can reduce surface forces and thus reduce tangential stresses, thereby increasing fatigue life.
Unfortunately, such studies under mixed lubrication conditions are fragmentary in nature, since, in general, the
influence of the chemical component, as well as the relationship between the rheological properties of the boundary
layers and the chemical properties of the components in the lubricant that create the corresponding modified layers,
are considered only from the standpoint of boundary lubrication. Thus, it is necessary to ensure an integrated
approach to conducting theoretical and experimental studies, taking into account the rheological and
physicochemical aspects of lubricants for friction units.

One of the effective means of creating appropriate durable modified layers on friction surfaces is adsorption
and surface shielding with certain CAS or SAS, which opens up wide opportunities for modifying lubricants to
increase the lubricating ability of the corresponding modified layers and the wear resistance of friction pairs, and
the corresponding means will be useful in implementing a unified approach to the use of universal lubricants in
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modern hybrid machines.

For the friction units of internal combustion engines, the conditions of non-stationarity (start-stop) are
important, which should be considered from the point of view of contact strength (contact-mechanical aspect),
determination of thermomechanical stability in the friction contact zone and structural adaptability of modified
layers under the conditions of the boundary lubrication regime, taking into account the mechanical component of
the friction force and molecular interaction of contact surfaces. The contact-mechanical component of the friction
force is ensured by taking into account the mechanical properties of materials, the level of maximum contact
stresses and deformations occurring in the friction contact zone. The molecular component is provided by
rheological and physicochemical aspects of the structural adaptability of the modified layers in the friction contact
zone.

Taking into account the multifactorial nature of the task of increasing the lubricity and wear resistance of
bearing units and ICE units, it is necessary to use an integrated approach to assessing contact-mechanical,
rheological, and physicochemical aspects, and based on their results, to conduct bench and operational tests in real
friction units in order to confirm the adequacy and accuracy of the multifactorial criterion approach to increasing
the lubricity and wear resistance of friction units under extreme operating conditions.

The purpose of the work

Liquid, plastic, solid, and gaseous lubricants are used to increase the lubricating ability and wear resistance
of friction units, depending on the operating conditions. The most widely used are liquid lubricants (oils), which
additionally provide heat dissipation and protection against corrosive environmental effects. In this regard, it is
very important to optimally select and modify oils for specific operating conditions in order to minimize friction,
prevent adhesion of the 1st kind of contact metal surfaces under extreme (heavily loaded and unsteady) friction
conditions and create strong structured and modified lubricating layers on the surfaces, which facilitate the
microplastic deformation in the subsurface friction contact zone in order to inhibit the propagation of fatigue
processes in depth and along the direction of movement.

Fig. 1 shows a schematic diagram of the proposed new criterion-based approach for a comprehensive
assessment of modifying the physical and chemical composition of lubricants to increase the lubricity and wear
resistance of friction units operating under extreme operating conditions, in which there is a transition from liquid
to boundary lubrication, which allows identifying the mixed lubrication mode.

At the first stage, in order to ensure the necessary conditions for the implementation of EHD lubrication, in
which the wear of contact surfaces is observed in a steady state with a small supply of wear particles, and friction
is minimal, it is necessary to observe the boundary of the transition zone from EHD to mixed lubrication mode
with the corresponding input characteristics of the materials of friction surfaces and lubricant, the shape of the
contact and the operating parameters of friction units.

The corresponding boundary is determined by the micro-EHD lubrication regime, which is influenced by
the roughness of the micro-irregularities of the contact surfaces when forming the thickness of the lubricating
layer, which is estimated by the lubrication regime criterion A according to the expression in [11]:

h

— (1
,’R§1+Réz

where £ — the thickness of the lubricating layer in the contact area (for steady-state operation, the value of
the thickness of the lubricating layer in the central contact area is used /y; to establish a violation of the lubrication
regime - the minimum value of the lubricating layer thickness at the contact outlet /), pm;

R,; — arithmetic mean deviation of the indenter surface profile, um;

R,>— arithmetic mean deviation of the counterbody surface profile, um;

VRZ%, + RZ, — the arithmetic mean deviation of the tribopair profile under model tests, pm.

1=

According to the criterion of lubrication regime A, the regimes are divided: boundary, when 4 < /; mixed,
when A = [ + 3; the EHD, when 4 = 3 + 4; hydrodynamic, when A > 4. The micro-EHD regime characterizes the
boundary of the transition from the mixed to the EHD lubrication regime or vice versa, when A = 3.

At the second stage, the influence of the contact shape on mechanical properties (maximum contact normal
and tangential stresses, deformations, position of localization of tangential stresses) in the friction contact zone is
taken into account, especially for non-conformal friction units, since at the boundary of the transition from the
mixed to the EHD lubrication mode from the position of mixed lubrication, only part of the load is perceived by
the lubricating layer for units with a limited (concentrated) contact shape. The authors of [12], as a first
approximation, proposed the following ratio:

Ph _ % . (hm_in)m’ ©)

Py ho

where P, — hydrodynamic pressure perceived by the lubricating layer;
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Ps — total pressure in the contact;
ho — thickness of the lubricating layer in the central contact area;
hmin — minimum thickness of the lubricating layer at the contact outlet.

=

Operating parameters: 7, V, F, P.

Material parameters: /Rﬁl + R%,,E’ 1, Hyu

Rheological parameters of lubricant: #, a, p, 7, .

v

Contact form parameters: §, k, w, & t, R.

Friction contact parameters: Gmax, Tmax, 0, Xo, Zo.

v

Lubrication regime: 4 = h / |R%, + R2,, (1)

Liquid lubrication

Adjustment of ) A Finish
composition micro-EHD

7y

b[< A < 3, Mixed lubrication Yes

Consideration of hydrodynamic pressure drop Pr (2) and piezo viscosity coefficient ax (3)

u <006

Plasticity

index u (4)

u>0,6
A < 1, Boundary lubrication

Thermomechanical stability: To, Ter, Tx, AT

Qualitative and quantitative composition of the CAS or SAS in the lubricant

Tcr<T2(5)

Yes

C Finish }

Fig. 1. Block diagram of the criterion approach to the integrated assessment of modification of the physical and
chemical composition of lubricants.
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At the second stage, the rheological properties of the lubricant are taken into account, i.e., ensuring optimal
mechanical stability of the dynamic viscosity at high shear rate gradients of the lubricating layers in a wide range
of low and high temperatures (bearing capacity). In other words, the lubricant must provide mechanical stability
in terms of non-Newtonian properties at high shear rates under extreme operating conditions in a wide temperature
range.

The main functionality that describes the influence of rheological properties is the calculation of dynamic
viscosity with increasing load, but the corresponding definition is valid for Newtonian oils, which have a constant
piezo viscosity coefficient o at low shear rates. Although, most modern oils at high shear rates, reaching 5-10° !,
can exhibit non-Newtonian properties and change the piezo viscosity coefficient a at high shear rates. Therefore,
the authors of [13] proposed the definition of the average value of as that takes into account the change in this
coefficient with pressure. The average value of the piezo viscosity coefficient as as a criterion for assessing
rheological properties is determined as follows:

_ In(m1/72)
ap = L), 3)

in which the index / refers to the atmospheric pressure and temperature at 7 = 37//K, the index 2 to the
highest pressure relative to the viscosity at 7 = 37/ /K.

At the same time, the piezo viscosity coefficient a determines the tangent to the curve of In(y) versus P at
atmospheric pressure, and o> will determine the tangent to the same curve in the region between atmospheric and
increased pressure.

At the third stage, the appearance of a plastic-deformed contact is estimated by the value of the plasticity
index u [12]:

p=i [ @)

where E’ — reduced elastic modulus, GPa;
H, - microhardness, determined experimentally by the method of artificial bases on the device PMT-3, Pa;

VR2, + RZ, — the arithmetic mean deviation of the tribopair profile under model tests, pm;

r - average radius of microroughness vertices, pm.

At u > 0.6, a plastic-deformed contact;

at 4 < 0.6, elastically deformed contact under a slight thermal load.

At the fourth stage, first, the volumetric temperature of the lubricant 7,, measured by a thermocouple in the
vicinity of the contact, is compared with the local temperature measured in the vicinity of the friction contact T
by the thermal imaging method, which is the average of the specific points of local temperatures
(thermomechanical resistance) under the same test conditions.

If the thermomechanical resistance of the studied modified layer 7 is higher than the thermomechanical
resistance of the modified layer calculated for the nominal temperature resistance (critical temperature 7¢,), by the
difference (flash) of temperature 47, according to expression (5), with all initial parameters of friction and wear
(tribotechnical and rheological parameters) being equal:

Ts =T, + AT, ©)

then the condition T, < 7> will be fulfilled, which will indicate the optimal qualitative and quantitative
chemical composition of the active components in the lubricant.

If the condition Tt < Tx is not fulfilled (see Fig. 1) with all friction and wear parameters being equal, then
the corresponding physicochemical composition of the lubricant will have insufficient thermomechanical
resistance of the modified layers to the corresponding operating conditions. In this case, the physicochemical
composition of the Iubricant is corrected by modifying the CAS or SAS with the determination of the optimal
concentration. High surface activation due to changes in the physicochemical properties (modification) of the
lubricant will increase the strength of the modified layers and improve the structural adaptability to specific
operating conditions and hence increase the thermomechanical stability of the 7>. At the same time, the service
life of friction units will be increased by reducing the wear rate of friction pairs.

Thus, if the condition T, < Tx is not fulfilled, the lubricant is introduced into the lubricant in the form of
halogen-containing compounds or sulfides in order to create strong the CMBL on the friction surfaces, or organic
nano modifiers in the form of fullerenes (SAS), that modify and polymerize the surface with self-generating
organic films (SGFs) that minimize friction and reduce wear (sometimes, adhesive wear is replaced by softer
corrosion-mechanical wear). In addition, the appropriate modification improves the structural adaptability of the
modified layers in the friction contact zone of the friction units of the internal combustion engine or bearing units
to extreme operating conditions at high temperatures.
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Conclusions.

The forward-looking multifactorial criterion approach to the modification of lubricants by their physical
and chemical composition has been proposed to increase the lubricating ability of modified layers and the wear
resistance of friction units from the standpoint of mixed lubrication conditions. Prevention of micro-EHD rupture
of the lubricating layer is achieved by a set of measures: realization of stable micro-EHD lubrication according to
the criterion of the lubrication mode (4); optimal viscosity class with an increase in the share of hydrodynamic
pressure (lubricity) of the modified layers relative to the contact pressure from micro-irregularities of rough

surfaces according to the pressure criterion (P—h); optimal type of lubricant according to the rheological criterion
P

(ax); assessment of the appearance of a plastic-deformed state according to the plasticity criterion (u); selection of
the qualitative and quantitative chemical composition of active components in the lubricant to create durable
modified layers with high structural adaptability and thermomechanical stability according to the temperature
criterion (7).
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Minanenxko O., Bbodpo A. bararodakropHa KkpurepiaJbHa OI[IHKa MAaCTWJIBHOI 3JaTHOCTI Ta
3HOCOCTIMKOCTI BY3JiB TEPTS, 110 NPALIOIOTh B EKCTPEMAIILHIX YMOBaX pOOOTH.

3anpornoHoBaHO HOBHH 0OaraTto(akTOpHHUI KpUTEpiaNbHUH MiAXix I0A0 MOAWGIKYBaHHS MacCTHIBHUX
MarepialiB 3a PeoJIOTTYHUMH BIACTHBOCTSIMH Ta XIMIYHHM CKJIaJIOM 3 METOIO ITiIBUIIEHHSI MACTHIBHOT 34aTHOCTI
MOIM(hiKOBAHUX IIAPiB i 3HOCOCTIMKOCTI BY3JIiB TEPTS 3 MO3HIIIT yMOB 3MIIIAHOTO MaIlleHH. 3arno0iraHHs po3puBy
Mikpo-EI'J] MacTHIpHOTO mIapy JOCSAraeThCs KOMIUIEKCOM 3aXO0JIiB: peaiizauii crifikoro Mikpo-EI'/] mameHHs 3a
KpPHUTEPIEM PEKUMY MalleHHsI (4); ONITUMaJIHOTO KJacy B’SI3KOCTI NP 30UIBIIEHHI O TiAPOJMHAMIYHOTO TUCKY
(MacTmibHOT 31aTHOCTI) MOIM(IKOBAaHHX IIAPiB BiTHOCHO KOHTAaKTHOTO THCKY BiJl MIKpOHEPIBHOCTEH MIOPCTKUX
NOBEPXOHb 3a KpurepieM THCKY (P/Py); ONTHMajJbHOTO THOY MACTHJIBHOTO MaTepialy 3a pPEeOIOTiYHUM
KPHUTEPIEM (Olcep); OIIHKH TOSIBH IDIACTUIHO-AS(POPMOBAHOTO CTaHy 33 KPHTEPieEM IUTaCTHYHOCTI (u); migbopom
SKICHOTO 1 KUTBKICHOTO XIMIYHOTO CKJIaqy aKTHBHHX KOMIIOHEHTIB B MAacTHJIBHOMY MaTepiaii s CTBOPEHHS
MIITHIX MOIN(IKOBAHHX IIapiB 3 BUCOKOIO CTPYKTYPHOIO MPHUCTOCOBYBAHICTIO Ta TEPMOMEXaHIYHOIO CTIHKICTIO
3a TeMnepatrypHuM KpuTepieM (Teep).

Hoga xoHMenmis miABUIICHAS MaCTIWIBHOT 31aTHOCTI Ta 3HOCOCTIMKOCTI [T BY3JiB TEPTH, IO MPALIOIOThH
B €KCTPEMaJbHUX YMOBaX POOOTH, 3a BiAIIOBITHUM KPUTEPiabHIM ITiTX0J0M, BpaXOBYy€: HECTAIlIOHAPHI YMOBH
TepTs, (GopMy JOKaIBHOTO KOHTAaKTy Ta KIHEMAaTHKY TEpTs, PEOJIOTiUHI BIACTUBOCTI MACTHJIBHHX IIapiB,
TEeMIepaTypy KOHTAKTY, CKJIaJ KOMIIOHCHTIB B MACTHIIFHOMY MaTepiai.

KuarouoBi cioBa: enacrorizponmHamiuHe 3MaimeHHs, (Qpukmiiianii Mikpo-EI'/l KoHTakT, TOBIIMHA
TUTIBKH, PEOJIOTIYHI BJIACTHBOCTI, XIMIYHO aKTHBHI IHIPENi€HTH, MOBEPXHEBO-aKTHBHI IHIPEMi€HTH, XIMI4HO
MoM(iKOBaHI TpaHUYHI IIApH.
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Abstract

The work studied the influence of a liquid-quenched binary alloy of the Al-Cr system with a chromium
content of 5 wt.% on the tribological properties of ultra-high-molecular-weight polyethylene under friction without
lubrication according to the “disk-pad” scheme and with rigidly fixed abrasive particles. We established that the
introduction of 5-30 wt.% this alloy leads to a decrease in the intensity of linear wear and the abrasive wear rate
of ultra-high-molecular-weight polyethylene by 2.8 and 2 times, respectively. The improvement of these indicators
is due to several factors. A solid filler (HV=600 MPa) contributes to the strengthening of the surface layer of the
material undergoing wear. On the other hand, this can be explained by the formation of a more strained Al-based
solid solution lattice, since it is known that binary quenched from the liquid state aluminum-based alloys are
characterized by a high degree of microstresses due to the significant difference in the sizes of Al-Cr atoms. A
composite with a filler content of 20 wt.% has the best set of functional properties. We can recommend this material
for the manufacture of tribotechnical (gears, sprockets, bushings, and plain bearings) and structural (rollers, gear
wheels, and bearing housings) parts for agricultural machinery and the mining industry operating under conditions
of impact-abrasive or fatigue wear.

Keywords: ultra-high-molecular-weight polyethylene, liquid-quenched binary Al-Cr alloy, dispersed
filler, abrasive wear rate, linear wear intensity

Introduction

Working bodies and friction units of agricultural machinery and the mining industry lose their performance
due to impact-abrasive or fatigue wear [1] influenced by mechanical loads in almost 80% of cases. One of the
promising directions for increasing their wear resistance is using polymer composite materials (PCMs). Using
PCMs instead of serial parts allows us to increase mobility, work productivity, and the period of stable operation
of units, as well as reduce maintenance and repair costs [2].

Therefore, the development, research, and implementation of wear-resistant materials that can effectively
withstand intense mechanical loads [3] is the current task of many domestic and foreign researchers. Another
important advantage of using PCMs instead of metals and semi-finished products based on them is the reduction
of the labor intensity of manufacturing and the cost of products by up to 6 and 5 times, respectively, even for
products of complex configuration. Using high-performance technologies that contribute to saving resources helps
achieve this [4].

Analysis of modern domestic and foreign literature shows that PCMs based on ultra-high-molecular-weight
polyethylene (UHMWPE), modified with various powder (dispersed) fillers (FLs), are of considerable interest for
these purposes. It has been proven that the introduction of graphene nanoplatelets, diabase [5], natural and crucible
graphite, graphene oxide [6], iron particles [7], silicon carbide, carbon nanotubes [8], high-entropy and binary
alloys [9, 10] allows obtaining materials with high thermal conductivity, hardness, stiffness, resistance to corrosion
and wear, low coefficient of friction and minimal water absorption.

Copyright © 2025 O.I. Popil, A.-M.V. Tomina. This is an open access article distributed under the Creative Commons Attribution
@m License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
(= cited.
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The purpose of the work

Considering the above, the work aims to study the influence of a powder filler, a binary alloy of the Al-Cr
system, on the tribotechnical characteristics of polymer composite materials based on UHMWPE to increase their
wear resistance under various friction conditions.

Objects and methods of research

We used commercial UHMWPE from Jiujiang Zhongke Xinxing New Material Co., Ltd. (China) to create
new wear-resistant PCM compositions. UHMWPE is a unique polymer with high functional properties, including
chemical inertness, high self-lubricating ability, resistance to corrosion, cavitation erosion, wear (15 times higher
than carbon steel), and impact (even at cryogenic temperatures), rigidity, and low static and dynamic coefficients
of friction [11]. The high technical characteristics of UHMWPE are associated with its molecular structure.
UHMWPE has extremely long molecular chains, with a high molecular weight (5-5.5 million g/mol), which ensure
the effective transfer of applied loads along the polymer base.

A dispersed (40-100 pum) liquid-quenched single-phase binary state alloy of the Al-Cr system with a
chromium content of 5 wt.% was chosen as a filler. FLs of this type are characterized by high indicators of
functional properties because of the high (Aa/a>2.5-107) level of microstresses in the crystal lattice due to the
significant difference in the atomic radii of aluminum (ra=0.142 nm) and chromium (r¢~=0.128 nm) [12]. The
formation of research samples from PCMs containing 5-30 wt.% FLs was performed by the compression pressing
method [10]. We studied tribological properties of PCMs and UHMWPE under friction conditions without
lubrication during rotational motion according to the “disk-pad” scheme in a pair with a steel cylindrical
counterbody (steel 45, 650 mm, hardness was 45-48 HRC, and surface roughness was R,=0.32 um) at a sliding
speed of 1 m/s and a load of 1 MPa on the SMC-2 friction machine. We determined the abrasive wear ratio by
rigidly fixed abrasive particles (dispersion was 100 um) using a HECKERT experimental machine at a constant
load of 10 N. The wear value of UHMWPE and PCMs based on it was determined by the gravimetric method
using an analytical VLR-200 balance (accuracy was 10~ g). Then, the results were converted into wear intensity
and abrasion ratio using known methods.

The roughness of the samples on the R, scale was measured after friction using a 170621 probe
profilometer. High-quality, detailed images of the friction surfaces of the studied samples, including their texture,
structural features, and microroughnesses, were obtained in reflected incident light using a BIOLAM-M binocular
microscope. We determined the hardness of UHMWPE and PCMs on the Rockwell HRR scale (preliminary and
total load was 98.1 N and 588.4 N, respectively) using a 2074 TPR device. We measured the microhardness of
the binary alloy using a PMT-3M microhardness tester with a load of 5 g. X-ray studies of the FL were performed
on a DRON-2.0 diffractometer in monochromatized K, copper radiation along the lines (111) and (222) (Fig. 1).

Il

Fig. 1. Diffraction pattern of a liquid-quenched single-phase highly supersaturated fcc binary Al-5S wt.% Cr alloy
Results

We can see from Table | that introducing the FL leads to a decrease in the intensity of linear wear and the
abrasive wear ratio of UHMWPE by 2.8 and 2 times, respectively. The increase in wear resistance of UHMWPE
in both friction conditions is because solid FL particles (HV=600 MPa) strengthen the surface layer, increasing
its hardness by 1.5 times and resistance to mechanical stress. This, in turn, contributes to a uniform distribution of
the applied load, a decrease in the depth of the ploughing furrows (roughness in both friction methods decreases
by about 1.5 times), and local pressure concentration [13]. As a result, this contributes to a slowdown in the
formation of microcracks (Fig. 2).
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Table 1
Functional properties of UHMWPE and PCM based on it
Indicator Filler content, wt.%
0 5 10 15 20 25 30
linear wear intensity*, I-1077 158 | 11,2 | 87 | 69 | 57 | 6,8 8,1
abrasive wear rate*, V;, mm>/m 1,36 | 09 |0,75(0,73 | 0,72 | 0,8 | 0,95
Hardness HRR, hardness units 32 38 41 45 48 46 44

Roughness of friction surfaces***, R,, pm:

e e ot bt reater o o0 172 15115 | 160 |1
) 2,57 | 2,11 | 1,97 | 1,92 | 1,87 | 1,97 | 2,24

particles

Coefficient of friction, f 0,12 10,13 10,15 0,15 ] 0,16 | 0,13 | 0,12

* average value from 3 experiments

**average value from 5 test cycles

***average value of at least 12 measurements

In addition, a harder FL in the composition of UHMWPE leads to an improvement in the adhesive and
cohesive properties of the polymer, the formation of an "antifriction coating" on the steel counterbody, which
reduces the intensity of the formation of adhesion zones with the steel counterbody (Fig. 2), and the formation of
fragmented wear particles in the process of friction without lubrication. These facts are confirmed by a comparison
of the morphology of the friction surfaces of pure UHMWPE (Fig. 2, 1) and PCM based on it (Fig. 2, 2) [14].

b
Fig. 2. Friction surfaces (x200) of pure UHWMPE (1) and polymer composite (2) based on it, containing 20 wt.%
binary Al-Cr alloy according to the scheme under friction conditions without lubrication (a) and on rigidly attached
abrasive particles (b)

On the other hand, forming a more ordered supramolecular structure can explain the increase in the
functional properties of UHWMPE.

Worth noting that the improvement of the functional properties of UHWMPE is observed at 5-20 wt.%
filler content. Further increase to 25-30 wt.% in UHWMPE leads to a deterioration of all indicators due to the
increase in structural defects, which in turn are caused by the agglomeration of binary alloy particles, their uneven
distribution in the volume of UHWMPE, and a decrease in the adhesive interaction at the "FL-UHWMPE"
interface. Consequently, this causes the formation of weak zones (pores and voids), which reduce the hardness and
strength of the PCM and also cause the intensification of wear processes under the influence of the applied load.

The increase in friction coefficient for all PCMs containing metallic FL in the composition is observed
(Table 1). The fact that the solid particles of the Al-Cr alloy contribute to the formation of additional mechanical
bonds with the steel counterbody, which increases the sliding resistance, can explain this [15].
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Conclusions

Analysing the results of the study of the developed PCMs tribological properties showed that the
introduction of 5-20 wt.% liquid-quenched binary Al-Cr alloy leads to an increase in wear resistance under
conditions of friction without lubrication and the influence of abrasive particles by 2.8 and 2 times, respectively.
The fact that harder FL particles strengthen the UHWMPE, as a result of which the friction surface more
effectively counteracts destructive processes, can explain the improvement of these indicators. We can recommend
PCMs with an effective FL content of 20 wt.% for the manufacture of working bodies (rollers, gears, and bearing
housings) and friction units (gears, sprockets, bushings, and plain bearings) of agricultural machinery and the
mining industry operating under conditions of impact-abrasive or fatigue wear.
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Momine O.I., Tomina A.-M.B. Bius 6inapHoro criaBy cucremu Al-Cr Ha TprOONIOrivHiI BIacTHBOCTI
HaJIBUCOKOMOJIEKYJISIPHOT'O MTOJIIETHIICHY

Y poGOTi JOCIIKEHO BIUIMB 3arapToBaHOro 3 piguHU OiHapHOTro cruiaBy cuctemu Al-Cr 3 BiicOTKOBUM
BMICTOM XpoMmy 5 Mac.% Ha TpHOOJIOTIUHI BIACTUBOCTI HAJIBUCOKOMOJIEKYJIIPHOTO TIOJIIETHIIEHY B YMOBaX TePTs
63 3MaIeHHS 32 CXEMOIO «IHCK-KOJIOAKa» Ta 3a KOPCTKO3aKPIIIIEHNMH YacTKaMu abpa3uBy. BcTaHoBieHo, 1o
BBEIICHHS IIhOTO CIDIaBY y KijmbKkocTi 5-30 mac.% mpu3BOOWTH OO 3MEHIICHHS IHTEHCHBHOCTI JiHiITHOTO
3HOIIYBaHHS Ta MOKAa3HMWKA aOpa3sMBHOTO CTUPAHHS HAIBHCOKOMOJIEKYJSIPHOTO MOJNiETHIEHY B 2,8 Ta 2 pasu
BinnoBigHo. [lokpamieHHS IWX TITOKa3HUKIB 3yMOBJIEHE JCKITPKOMa YWHHUKAMH. BBEIEHHS TBEpPAOTO
HaIOBHIOBa4a 3 MikpoTBepaicTio 0im3pko HV~600 MIla cpusie 3MIITHEHHIO IOBEPXHEBOTO IIApy MaTepiaiy, o,
B CBOIO YEPTY, 30UIBIITY€ HOTO OIIip 10 MEXaHITHOTO BIUIMBY Ta 3MCHIITY€ IHTCHCUBHICTD pyHHYBaHHS MO THIICHY
B yMOBax TepTsi 0e3 3MallleHHs Ta 3a KOPCTKO3aKPIIUICHMMH YacTKaMH a0pasuBy. 3 IHIIOrO OOKy, Ile MOXKHa
MOSICHUTH ()OPMYBaHHSAM OUIBII HANPY>KEHOI PELIITKA TBEPJIOr0 PO3UMHY HA OCHOBI Al, OCKUIBKH BiJOMO, IO
3arapToBaHi 3 piIKOTO cTaHy OiHapHI CIUIaBM Ha OCHOBI QIIOMIHIIO XapaKTEPU3YIOTHCS BHCOKHM CTYIECHEM
MIKpOHAIpYXXEeHb 4epe3 3Ha4yHy pisHHULI0 B po3Mipax artoMmiB Al-Cr (rAl=0,142 um Ta rCr=0,128 um). 1o
cToCcy€eThCsl KoeQillieHTy TepTs, BBeAeHHs OiHapHoro cmiaBy cucteMu Al-Cr 10 HaaBHCOKOMOJICKYJISPHOTO
MOJNIETHIICHY TPU3BOANUTH A0 Horo 30inmbineHHs. lle 00yMOBIEHO IMOSBOIO JOJATKOBHX MEXaHIYHUX 34YCIUICHb
TBEPAMX YaCTOK HAMIOBHIOBAYA 3 CTAJEBUM KOHTPTLIOM, 1[0 B CBOO YEPTY, CIIPHSIE 3POCTAHHIO ONOPY KOB3aHHIO.
Haiixpamiium kommiekcoM (GyHKIIOHAIBHUX BIACTHBOCTEH XapaKTEePU3y€eThCs KOMIIO3HT 3 BMICTOM HAallOBHIOBaYa
20 mac.%. lanuii MaTepian MOXXHa PEKOMCHIYBaTH AJSI BUTOTOBJICHHS AeTalledl TPUOOTEXHIYHOTO (IIECTEepHi,
3ipOYKH, BTYNKH Ta MiJIIAMTHUKA KOB3aHHS) i KOHCTPYKLIHHOTO (PONHMKH, 3yO4acTi Koyieca Ta KOPIyCH
M AITUITHAKIB) IPU3HAYSHHS CLIECHKOTOCIIONAPCHKOT TEXHIKH 1 TIPHUI000YBHOT IIPOMHUCIIOBOCTI, IO MPALIOIOTh
B YMOBax yJapHO-a0pa3vBHOI0 a00 BTOMHOTO 3HOIIYBaHHSL.

KarouoBi cioBa: HaJIBHCOKOMOJIEKYJSIPHUH IOJIETUIICH, 3arapToBaHUil 3 pigunHu Oinapuuid cruaB Al-Cr,
JICTIEpCHUI HATIOBHIOBAY, TIOKa3HUK a0pa3uBHOTO CTHUPAHHS, IHTEHCHBHICTD JIIHIITHOTO 3HOIIYBaHHS
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Abstract

The article studies the problem of the journal motion of a three-phase induction motor rotor in a bearing. A
simplified model of the journal motion is studied at the moment of journal separation and transition from the
pendulum mode of journal motion to the impact mode. In this case, the elastic-damping properties of the bearing
and the final rigidity of the rotor are ignored. The model takes into account the eccentricity of the rotor mass and
the radial internal clearance of the bearing. In addition, the forces of unbalanced magnetic pull (UMP) caused by
the magnetic eccentricity of the induction motor rotor, which is caused by the radial clearance of the bearing, are
taken into account. It is analytically shown that the forces of UMP cannot be ignored, since even the rated clearance
of bearings of low- and medium-power motors causes an unbalanced force commensurate with the force caused
by the eccentricity of the mass. Using numerical modeling and simulation for a three-phase induction motor with
a squirrel-cage rotor with a power of 11 kW and a speed of 3000 rpm, the dependences of the critical frequency of
the journal separation from the bearing for different values of the mass eccentricity and radial clearance are
presented. It is shown that without taking into account the UMP, an increase in the radial clearance leads to a
decrease in the critical separation speed. In this case, a bearing with a passport radial clearance is able to switch to
the mode of periodic impacts of the journal at a speed lower than the nominal speed of rotation of the rotor with
an acceptable eccentricity. Taking into account the UMP, on the contrary, it significantly increases the value of
the critical separation speed. At the same time, it is necessary to take into account that with an increase in UMP,
the radial load on the bearing also increases, which in turn leads to increased wear of the bearing.

Keywords: Bearing internal clearance, Induction motor, Unbalanced magnetic pull, Mass eccentricity,
Bearing vibration

Introduction and review of publications

When the rotor of an induction motor rotates, dynamic forces caused by rotor imbalance act on its pins. In
general, unbalance can be caused by mass eccentricity, rotor deflection, and magnetic eccentricity. Unbalanced
dynamic forces act on the bearings, causing increased bearing wear [1, 2].

According to researchers, more than 40% of induction motor failures are related to bearings [1]. During
operation of rotor machines, radial clearances in rolling bearings increase, which leads to reduction of design
values of critical shaft speeds [2, 3]. Excessive clearance can cause vibration at the fundamental train frequency
(FTF) as the rolling elements accelerate and decelerate through the load zone which can result in large impact
forces between the rolling elements and cage pockets. Also outer race defects and roller defects can be modulated
with the FTF fundamental frequency [4]. Several researchers have studied the increase of bearing loads due to
Unbalanced Magnetic Pull (UMP) [5-7]. It has been shown that the additional bearing loads are affected by curved
eccentricity and the axial variation of eccentricity, and this can shorten the lifetime of the bearing.

It is known that, depending on the dynamics, bearings can operate in three modes: the mode of pendulum
oscillations, the mode of periodic journal impacts on the bearing, and the mode of journal movement around the
bearing circumference, in which the journal rolls with slippage [8-10]. The most dangerous is the second mode,
the impact mode of bearing operation, which occurs as a result of the journal separation from the bearing. This

Copyright © 2025 A. Goroshko, M. Zembytska. This is an open access article distributed under the Creative Commons Attribution
@m License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
v cited.
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causes rapid bearing failure. The journal separation from the bearing occurs at a certain frequency, the value of
which depends on the geometric and mass parameters of the bearing and rotor. Therefore, the criterion for smooth,
reliable operation of the rotor of an induction motor is a rotor speed that is less than the critical speed that occurs
when the journal separates from the bearing.

The issue of the stability of operating modes of bearings with radial clearance is well studied [11, 12, 13].
Researchers use the Hertz theory, models with elastic and elastic-plastic contact [14, 15]. The issue of modeling
the dynamics of bearings with defects has also been well studied [16-19]. However, most studies on bearing
failures do not take into account the peculiarities of electric motors, such as unbalanced magnetic pull (UMP) on
the rotor of a three-phase induction motor.

Aims of the paper

This paper analyzes the effect of internal radial clearance in a bearing of a three-phase induction motor on
the occurrence of unbalanced forces and the conditions for the emergence of an undesirable shock mode of bearing
operation.

Problem analysis and model justification

Let's estimate the actual radial internal clearance of a radial single row bearing of an 11 kW induction motor
with a rated speed of 3000 rpm. According to ISO 5753, the internal clearance of a 6208 ZZ-C3 deep groove ball
bearing is 15...33 pm. It is known that average bearing wear can lead to a 100% increase in the nameplate clearance.
The actual clearance consists of the nameplate clearance and the clearance caused by elastic deformation. For
stiffness 5,52-107 N/m, under the influence of rotor gravity and imbalance from the permissible mass eccentricity
of 20 um at the nominal speed ®=304 rad/s, the gap will additionally increase by 26,4 um [20]. Thus, the total gap
of the worn bearing during operation of the motor under consideration is about 2A=56...92 um and can lead to a
significant unevenness of the air gap & between the rotor and stator of the induction motor (Fig. 1). In particular,
for the engine under study, the average air gap is 60=450 um. The variable unevenness of the air gap, called
dynamic eccentricity, causes a change in the bearing's restoring force, which leads to wear. The permissible
magnetic eccentricity of the rotor in question is 10%. In the event of improper motor assembly, thermal
deformation of the rotor, severe wear of the bearing during operation, and an increase in its clearance, the magnetic
eccentricity may increase, increasing dynamic unbalanced forces that further accelerate bearing failure.

Research methodology
Mathematical modeling of the problem of journal movement in a bearing

To create a simplified mathematical model of the journal dynamics in a bearing with an internal radial
clearance 2A we neglect the elastic-damping properties of the bearing and rotor. We assume that the rigid rotor
rotates in rigid supports, and the centrifugal forces acting on it are caused only by mass and magnetic eccentricity.
This assumption is valid for a significant number of low- and medium-power induction motors. Let's also assume
that the unbalanced magnetic pulling forces are applied in the geometric center of the rotor and result from a
reduction of the air gap between the stator and rotor by the value A/2, which is equal to half the radial displacement
of the journal in the bearing of the gap in the bearing A. Then the minimum air gap formed is equal to
S, =0, —A/2, the maximum is equal to &, =3, +A/2. In the following, we will assume that the angular

position of the minimum air gap between the stator and rotor Jui» and the angular position of the journal are the
same and equal to the angle y. The resulting magnetic eccentricity of the rotor is equal to (5 -0in ) / 2=A/2.

max
Let a rotor with mass eccentricity e rotate with angular speed ®. At a certain moment of the pendulum
mode, the journal occupies the position in the bearing shown in Fig. 2. Due to the clearance A the movement of
the journal relative to the bearing consists of a rotational movement with a speed « and angular oscillations

. . L d
determined by the angle . The speed of the journal movement along the bearing is equal to Q = 7”/ .
t
Forces act on the journal: gravity mg , centrifugal force of the trunnion movement mQ’A , tangential force
of inertia mQA, centrifugal force due to rotor unbalance ma)zecos(a}t—l//) , friction force F, interaction force

between the journal and bearing R, projections of the unbalanced magnetic pull force Fuap.
The equilibrium condition implies that
mg cosy +m’ A+ ma’ecos(wt —y )+ F,y, —R=0, )
—mQA-mgsiny + ma’esin(wt—y )+ F+F,, =0, (2)

UMPy
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where g is the acceleration of free gravity; m is the reduced mass of the rotor; v is the angular displacement of the
journal from the vertical equilibrium position; Q is the journal movement speed along the bearing; A is half the
bearing clearance; F is the friction force; R is the bearing reaction force; Fumpy, Fuup, are projections of the
unbalanced magnetic pulling forces on the axes Ox, Oy, respectively.

Stator @i

s

Bearing
Clearance

B

Fig. 1. Formation of an uneven air gap Fig. 2. Diagram of the forces acting on the
between the stator and rotor journal in the bearing

Assuming a constant rotational speed m=const we use the theoretical expressions proposed in [21, 22] to
estimate the UMP force (Fig. 4). UMP is highly nonlinear. Without loss of generality, let us consider the UMP of
a bipolar motor. The projections of the unbalanced magnetic pulling forces on the given coordinate axes for the
number of pole pairs p=1 are approximately defined as

Fyupe = fi + fo cos2a,t, S =025RImu, ' F? (2A A, + A A, + ALA,), 3
. ac

Fop, = [o51020,t, fo = 0.125R17ry(;1F/.2 (2A0A, + A A, +ALA), )

where o, is the angular frequency of the power supply of the motor stator windings, @, = a)(l - s)f1 , § 1s the slip

of the motor; fi, f> are the amplitudes of the UMP components, R is the rotor radius; / is the rotor length; F; is the
amplitude of the fundamental harmonic of the rotor magnetomotive force (MMF) excitation; y is the absolute
magnetic permeability of air; A, Fourier coefficients in the record of the magnetic permeability of the air gap,

which can be calculated as

A[=&1+(1_5"°)[ ! J,iZO. )
1+

8 A1-¢? Ji-¢*

where & =A/26, is the relative eccentricity, d is the average value of the air gap when the rotor is centered; &,

is Kronecker symbol.
The condition for journal separation from the bearing is R=0. Having differentiated (2) according to v and
adding the result from (1), we have

d .
W( QA)=mQ’ A+ F, . (5)
L . dQ . dy — .
Multiplying both parts of equation (5) by o and taking into account (3) and QQ = >y after simplifications
t t
we have
2
d| 2| L) ArLC0S20l -y g2 (©)
dt 2 mA

After integrating both parts, we have

2
(d—QJ Ly Lt heos20l op o [ 02 (cosami) 4 C. (7)
dt 2 mA mA
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Let us find the integration constant C from the initial conditions. Suppose that at the initial moment /=0 the
journal has an angular displacement from the vertical position . This can only be accomplished when the journal
speed is very high. Hence, we have the initial condition: at /=0 y=cc . Analyzing (10), it is clear that the term on

the right-hand side %(9)4 is asymptotically increasing much faster than the other terms and the latter can be

neglected. With sufficient accuracy, equation (7) can be simplified to the form

o)’ 1, .
(EJ —E(Q). (8)

By integrating, we have
Q=— 9
t
Since l//(t) has a break at =0, integrating expression (11) using the Dirac delta function, we obtain the

value of the journal separation angle from the bearing [8]
v, =~2| st =2 . (10)
0

According to (10) the trunnion separation angle is equal to =81° and does not depend on the unbalance
forces caused by the mass and magnetic eccentricity.

Analysis of (1) shows that the condition for journal separation is R=0, which is possible only when the
condition

ma’ecos(wt —y )+ Fy, <0 (1)

Considering what f; > 0 is an integral part of the zero frequency, we have

2
cos(a)t—l//)+Lzzcos[—a)tJ <0. (12)
ma’e -5

Special cases of dependence (12).
1. The component force of the UMP of a double electric frequency is small compared to the unbalanced
force from the mass imbalance f, < mo’e :

cos(wt—y/)<03%<a}t—l//£3§. (13)

The smallest value of the unbalanced force corresponds to the condition @t —y = 7 , hence the critical rotor

speed is equal to

a)cr = 7Z+\/E * (14)
t

cr

After substituting expression (14) into (1), we have the value of the separation time ¢, . Using ¢, , the
critical rotor speed can be found from the expression:

7[+1J /cos\/i+i
® =[‘/5 7w (15)

T ey "
TN

where @, = \/g is frequency of pendulum oscillations of the journal.
A

2
Under this condition A =0.5 (7{ 2 ) e we have @, —»0 and the pendulum mode is ensured at any speed

without journal separation.

Consequently, the component of the unbalanced magnetic pulling force of the zero electric frequency
increases the value of the critical frequency of rotor journal separation from the bearing.

The analysis of the magnitude of the UMP forces for the considered induction motor shows that the
condition is fulfilled only for very small values of A<l um, which are not encountered in practice, so dependence
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(15) has no practical significance. This confirms the need to take into account the UMP when analyzing the
dynamics of induction motor bearing supports.
2. The UMP force component of the double electric frequency is significantly higher than the unbalanced

force from the mass imbalance, we have f, > maw’e :
2 T 2 3z
cos—at<0=>—<—awt<—. (16)
-5 2 l-s 2
Assuming that the separation occurs at the lowest value of />, we have 2(1 - S)_l ot = 7 , hence the critical

rotor speed is equal to

T
=" (1-5). 17
a)cr 2t0, ( S) ( )

Substituting the value of (17) into (1), we have the value of the separation time ¢, . Using ¢

cr?

the critical

rotor speed can be found from the expression:

_7(1=s) [A-4 ,
@, = b mg cos+/2 @, . (18)

The analysis of the components of the UMP force in (3) in the case of the condition f, > ma’e shows
that it is always f, — f; <0, and therefore dependence (18) cannot be fulfilled, i.e., the pendulum mode of bearing

operation never goes into the shock mode.
We analyze the general case of dependence (12) using numerical methods.

Numerical experiment and simulation results

To change from the pendulum mode to the impact mode, the eccentricity e of the rotor mass must be
sufficient to make the unbalanced force mw’e caused by it exceed the vector sum of the forces Fymp and mg .
This condition can be investigated using the example of a specific induction motor. An 11 kW motor was chosen
for modeling The main characteristics of the motor are shown in Table 1. The simulation was carried out in the
Simulink environment of the MATLAB mathematical package.

Table 1
Parameters of the three-phase motor
Notation Description Value
Motor data
n Synchronous speed (rpm) 3000
s Rated slip 0,033
R Radius of the rotor (mm) 63,5
/ Length of the rotor (mm) 130
my Mass of the rotor (kg) 14,22
& Mean air-gap length (mm) 0,45
o Air permeance (H/m) 4m-107
F; Fundamental MMF amplitude of the rotor excitation current (A) 358
p Number of pole pairs 1
e Permissible eccentricity (um) 20
The radial force of pressing the journal against the bearing is found from (1):
R =mgcosy +mQ’A+ma’ecos(wt—y )+ Fyp. . (19)

At the moment of journal separation from the bearing, we have: R=0, y = 2 , Q= \/Et_l and the following
relationship is fulfilled
ho L

2 2
gcos\/i+A—z+a)zecos(a)t—l//)+—'+—cos£—a)tJ =0. (20)
t m m

Comparative dependences of the critical separation velocity on the mass eccentricity at different values
of the radial air clearance in the bearing without and with consideration of UMP forces are shown in Figs. 3, 4.
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An increase in the radial clearance in the bearing leads to an increase in the critical journal separation
rate. But at the same time, the radial force increases significantly.
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Critical rotational speed [rpm]
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Fig. 3. Dependence of the critical separation speed on the mass eccentricity at different values of the radial air gap in
the bearing without taking into account the UMP forces
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Fig. 4. Dependence of the critical separation speed on the mass eccentricity at different values of the radial air gap in
the bearing, taking into account the UMP forces

Research conclusions and recommendations for further research in this area

In addition to mechanical forces, electromagnetic forces, in particular, UMP forces, affect the magnitude
of the rotor journal pressing force against the bearing in a three-phase induction motor. Since the UMP are applied
at the point of the smallest air gap between the stator and rotor and increase with the magnetic eccentricity, they
have a significant impact on the critical rotor speed at which the journal separation from the bearing occurs.

Neglecting the UMP phenomenon, it can be concluded that an increase in the radial clearance in the bearing
leads to a decrease in the critical journal separation speed and a faster transition from the pendulum to the
dangerous shock mode of bearing operation. This shock mode is more dangerous because it leads to faster wear.

The presence of radial bearing clearances indicates that it is unlawful to neglect the UMP phenomenon
when analyzing a three-phase induction motor. The UMP phenomenon creates additional forces of double
electrical frequency that press the journal against the bearing. An increase in the radial clearance in the bearing
leads to an increase in the critical journal separation speed. But at the same time, the radial force acting on the
bearing increases significantly. The pendulum mode of operation is preserved, but the load on the bearing increases
significantly, which in turn leads to accelerated one-sided wear.

Despite the fact that the developed model is approximate and does not take into account the elastic-damping
properties of the bearing and the flexibility of the rotor, important results have been obtained. The analysis of the
bearing assembly in accordance with the Hertzian contact stress theory will make it possible to refine the results
obtained here.
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I'opomko A.B., 3em0nnbka M.B. Anai3 BIUIMBY pafiajdbHOIO 3a30py Y HiIIIUITHUKY HA PEXKHUMH HOTO
po6oTH 3 BpaxyBaHHSIM MacoBOTO 1 MarHiTHOro AucOalaHCy poTopa ACHHXPOHHOTO JBUTI'YHA

Y crarti gmochimkyeTbes TmpobiieMa pyxy mangu poTopa TpU(a3HOrO ACHHXPOHHOTO JBUTYHA B
MiIATHAKY. JIoCTHipKyeThCsl CIIpoIieHa MOJAENh pyXy Handu B MOMEHT BiIpuBY Hamndu Ta TEepeXxony Bif
MasTHAKOBOTO PEXUMY PYyXy Hardu 10 yaapHOTO pexuMy. Moenb BpaxoBy€e eKCIICHTPUCUTET MacH poTopa Ta
pamiabHUN BHYTPINIHIA 3230p MiAIIAITHAKA. Y MOJEN HE BPaxOBYIOThCS MPYKHO-IeMII(yBaIbHI BIACTHBOCTI
MIIIIAITHAKA Ta KiHIEBA JKOPCTKICTh poTopa. KpiM TOro, BpaxoBYIOTHCS CHIIM HE30aJaHCOBAHOTO MAarHiTHOTO
TSOKIHHS, BHWKJIMKAaHI MAarHITHAM EKCICHTPHUCHUTETOM pPOTOpa AaCHHXPOHHOTO MBWTYHA, SKHH 3yMOBJICHHH
pamiaTbHAM 3a30pOM MIAMUTTHAKA. AHATITHYHO TTOKa3aHOo, [0 CHJIAMH He30aJJaHCOBAHOTO MAarHiTHOTO TSKIHHS
HE MOXXHa HEXTYBaTH, OCKUIbKM HaBiThb HOMIHaJIbHUHA 3a30p MiJIIMIHKUKIB JBUTYHIB Majuoi Ta CepeaHboi
MOTY>KHOCTI BUKITUKA€E He30a1aHCOBaHY MarHiTHY CHIIY, TOPIBHIOBAHY 3 CHJIOI0, BUKIMKAHOIO CKCIICHTPUCUTETOM
MacH. 3a JIOMOMOTOI0 YHCEIHHOTO MOJCIIOBAHHS Ta CUMYJAINI Ui Tpu(]a3sHOTO aCHHXPOHHOTO IBHTYHA 3
KOPOTKO3aMKHEHHM POTOPOM MOTYkHicTIO 11 kBT Ta cuaxponHOI0 mBuakictio 3000 00/XB 0TpUMaHO 3aJIe)KHOCTI
KPUTUYHOT YaCTOTH BiJJPUBY IIMHKHU BiJl MiIIUITHUKA VIS PI3HAX 3HAYCHb EKCIICHTPUCUTETY MACH Ta PaliajibHOTO
3a3opy. [lokazaHo, mo 0e3 ypaxyBaHHS MarHiTHOIO €KCLEHTPUCHTETY POTOpa 30UIBIIEHHS paaiajbHOTO 3a30py
MPU3BOANTE IO 3MCHIICHHS KPUTHUYHOI IMBHUAKOCTI BiApWBY. Y IIbOMY BHIIAJKy MiAIIMITHUK 3 MACIOPTHHM
pamiaTbHUM 3a30pOM 3JaTHHH MEPEXOIUTH B PEKHM TEPIOJUYHUX yAapiB IMIMHKKA HA NMIBHAKOCTI, HYDKYIN 3a
HOMIHAJIbHY IIBHAKICTH OOCPTaHHSA POTOpa 3 AOIMYCTHMHM EKCHIEHTPHUCHTETOM. 3 ypaxyBaHHSAM MAarHiTHOTO
mucOanaHCy, HaBIIaKW, 3POCTAHHS PaIiaIbHOTO 3a30py BUKIMKAE IiIBHIICHHS KPUTHIHOI MIBHIKOCTI BiPUBY.
BomHouac He0OXiqHO BpaxoBYBATH, IO 31 301IBIICHHSAM paliadbHOI MarHiTHOI CHIIM 301JBIIYETHCS 1 pajiaibHe
HaBaHTAXXCHH Ha IMiALIMITHHK, 1110, B CBOKO Yepry, MPU3BOAUTD JI0 30UIbIIECHHS 3HOCY ITiJIIUITHUKA.

KoarouoBi cioBa: panianpHui 3a30p MiJIIMITHUKA, aCHHXPOHHHUI JBUTYH, He30ajlaHCOBaHE MarHiTHE
TSDKIHHSI, eKCLIEHTPUCUTET MacH, BiOpallist iAMINIHUKIB
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Abstract

The article presents a theoretical and analytical review of the probabilistic approach to assessing the
tribotechnical reliability of mechanical systems, in particular friction units. The influence of the random nature of
loads and wear on the reliability of machine elements is considered. The feasibility of using distribution functions
and probability density functions to describe the wear process is substantiated. Mathematical models are described
in detail that allow determining the probability of element failure for given statistical characteristics of the load
and permissible wear. Both constant and block load conditions are taken into account. The results of the study can
be used in the design and operation of highly reliable tribotechnical systems, as well as for predicting their resource
under conditions of operational uncertainty.

Keywords: tribotechnics, wear, probabilistic approach, reliability, failure function, coefficient of variation,
block load.

Introduction

Ensuring the reliability of technical systems is one of the main tasks of modern mechanical engineering, in
particular in conditions of intensive operation and high loads. Friction units are one of the most vulnerable parts
of mechanisms, and their premature failure can cause significant economic losses or even accidents. The traditional
approach to reliability assessment often ignores the stochastic features of the operation of tribotechnical elements,
which leads to an underestimation of the accuracy of predictions.

Given that the wear process is complex, non-uniform and largely random, there is a need to switch to
probabilistic analysis methods. This approach allows us to take into account not only the average values of loads
and wear, but also their variations, dispersions and other statistical characteristics. In particular, the use of
probability density distribution functions allows us to estimate the probability of failure, construct reliability
functions and optimize design parameters.

This article highlights the basic concepts and mathematical tools underlying the probabilistic approach to
tribotechnical reliability. This research has practical implications for designers of mechanisms operating under
conditions of significant and variable loads.

Purpose and objectives of the study

The aim of the work is to develop a probabilistic model for assessing the reliability of friction units taking
into account the random nature of wear and load. To achieve the set goal of the research, the following tasks were
solved: to build mathematical models of wear and load distribution; to determine distribution and density functions
for key parameters; to propose a methodology for assessing reliability under constant and block loading; to
calculate reliability based on statistical characteristics.

Research methods

The work uses methods of mathematical statistics, probability theory, as well as approximate analytical

Copyright © 2025 M.O. Dykha, V.O. Dytyniuk, A.L. Staryi. 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
E properly cited.
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methods (linearization of functions) to estimate the distribution characteristics. Both normal and arbitrary
probability density distributions were used to model wear. The analysis was carried out by constructing reliability
functions and failure functions for different load modes.

Literature review

Tribological reliability issues in engineering have been widely discussed in the scientific literature. In [1],
the main focus is on identifying failure modes and mechanisms. This is especially true for the emerging technology
of microelectromechanical systems (MEMS). The focus here is on the mechanism of wear failure and how the
methodology was used to create a predictive model. The MEMS device that was emphasized in these studies was
a Sandia-developed micromotor with orthogonal electrostatic linear actuators connected to a gear on a hub. The
dominant failure mechanism was wear in the sliding/contact zones. A sliding beam-on-post test structure was also
used to measure friction coefficients and wear morphology for different surface coatings and environments. The
results show that a predictive model of failure time as a function of drive frequency based on wear fits the
functional form of the reliability data quite well and demonstrates the benefits of a fundamental understanding of
wear. In [2], it is stated that tribological experimental studies have improved significantly in recent years, leading
to a significant number of results and, as a result, an increasing number of papers are appearing. The scatter found
in the data is often explained by many variables involved in the experiments, namely: the environment (especially
humidity), layers of contaminants, differences in test conditions, uncertainty in the evaluation of the results and
rarely - the response of the experimental equipment. This work aims to discuss several sources of inaccuracies that
lead to the scatter of experimental tribology results. A reliability method is proposed to characterize friction and
wear data. Experimental results obtained by unidirectional sliding and microabrasion will be used to support the
discussion. In [3], it is stated that system reliability is an extremely important issue, especially in multi-core
systems, which tend to have high power density and, consequently, temperature. Existing reliability-based methods
are either slow and non-adaptive, or do not use task assignment and scheduling to compensate for the uneven wear
state of the core. This paper presents a dynamically activated task assignment and scheduling algorithm based on
theoretical results, which clearly optimizes the system lifetime. In the study [4], the effects of the coupling between
linear guide wear and vibration of a machine table system are studied based on the infinitesimal method. A
nonlinear dynamic model is developed to analyze the wear and vibration failure mechanisms under parameter
uncertainty. To assess the dynamic reliability of a machine table system under multiple failure modes, a time-
dependent and conditional reliability approach based on the Kriging model with active learning and Monte Carlo
simulation is proposed.The approach eliminates the need to recalculate the real values of the limit state function,
and the calculation efficiency is significantly increased. The document [5] describes methods for formulating and
assessing the reliability of the system in conditions where failure is the result of wear of system parts reaching a
critical threshold. A model is proposed related to the stochastic behavior of wear, in which a continuous, right-
hand non-decreasing wear process consists of a “continuous” and a “jump” part. Several properties of the model
we have proposed are presented. Also, a number of applied problems on wear and reliability are highlighted in the
works [6-9]. At the same time, it should be noted a small proportion of works that analyze numerical dependencies
for calculating tribotechnical reliability parameters.

Main material.
Wear and tear as a random variable.

The dependence of wear on the friction path even under constant load is random (Fig. 1). At each given
friction path, wear at pressureCis a random variable. Like any random variable, wear is characterized by a

probability distribution p(uw) the appearance of this wear.
p(uw) is the density of the wear probability distribution or wear probability uw;

O(u,, ) is the probability distribution function of wear uw, or the probability of wear occurring from zero

to the value uw; this function is called the failure function:
O(u,)= [ p(u,)du,, (1)

P(u,) is a reliability function or probability of failure-free operation, i.e. the probability that wear u,, will

not be achieved:

P(u,)=1-0(u,). (2)
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Fig. 1. Random distribution of wear and friction . Lo .
Fig. 2. Reliability functions

path

The probability distribution density is characterized by:
1) the mean or mathematical expectation

_ 1 %
uw = mu = uwi; (3)
Y Nia
2) dispersion
1 2
D, == (u,—u,); @)
=Sl
3) standard deviation
Su, = Du, 4 (5)
4) coefficient of variation
Su
V== (6)
v

According to the above formulas, the characteristics of the distributions are determined from experimental
data u, and S, .

Depending on the wear pressure and the friction path, the random nature of the wear is reflected in the
value of the wear coefficient &, :

N
u, =k, Y c"As,
i=1
Or in integral form:
u,=k,c"s. (7)
In this dependence (7), in addition to the random variable kw , there is, as a rule, the value of the acting
pressures O . Let the system be subjected to a random pressure G . Random variable G, as well as kw , 1s described

by the density distribution P(G) with characteristics: average value G, pressure dispersion D, , the standard

deviation S and the coefficient of variation of pressures V_ .

It should be emphasized that the random nature of a constantly acting load applies only to the set (set) of
friction pairs operating under all other equal conditions, except for the load, the random nature of which is
manifested in the random selection of the load at the beginning of the operation of the unit.

The task of constructing the density of the wear distribution for given wear coefficient distributions kW
and pressure G in formula (7) can practically only be solved approximately. The average wear value U, is

calculated by the formula for the average values of the arguments of random k. w and G :
i, =k c"s. (8)

To calculate the variance D, we will use the approximate method of linearization of functions, according

to which for the independent variables kw and G :
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p, =%l p 4[%) p ©)
v ok, ) o5
or taking into account (7):
D, =(5"s) D, +(k,m5"'s) D,. (10)

It is obvious that the constant value s can be placed outside the brackets:

D, =5’ [(6’” )2 D, +(k,mc"" )2 DG} . (11

u,

Reliability assessment from wear under constant load.

The problem is posed as follows: there is a random variable of current wear (), for example, (7) and

the random variable of permissible wear u;, it is necessary to find the probability that the current wear does not

exceed the permissible one, that is:

P:P(uw <u;)

or
PzP[(uW—u;)>O] (12)

From probability theory it is known that if the density of the distribution of quantities is given f, (u,,)

and f, (u*w) , then the distribution density P(z =u, — ”:v) is calculated using the integral:

P(z)= Iﬁ(%)ﬁfz(u;)duilduw L(13)

This integral is taken only for certain types of density distributions f, (uw) and fz (u*w) .

In the case where the distribution of effective and limit stresses obeys the normal law for determining
P(s), taking the integral (13) is not required in this case.

Fig. 3. Normal law of wear distribution

The function P(s)also obeys the normal law:

P(s)=——e (14)
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where:
* - = —_—k
Z=u,—u D:=Duw+Du:,sZ=./Dz,Z—uw—u .

w w

The value of the random variable z corresponding to a certain probability P(s) is determined from the
expression:
Z,=z+u,s,. (15)
where U » is the quantile corresponding to the probability P.
Value z=1u,, —u:; = delimits the regions of negative and positive values of z so that the probability
of destruction is determined by the condition:
Z,=Z+uU,ys, =0,

from which the expression for the desired quantile follows:

z u —u
U, =——=— (16)
S, D% +D
Entering the depreciation reserve factor:
n —1 u
U =———=— n, =—*, (17)
P 202 142 Yoo
nWVu:’ VuW w
expression (16) is reduced to the form:
n, —1
U = (18)
P 22 442
I/leu* V“w

where V. and Vv, are the coefficients of variation:

W

—x%
Ve =5, lu,, v, =s,/u,.

w

According to formula (18), the probability quantile P is determined, and then any of the quantities p(s),
P(s) and O(s).
Calculation of wear reliability under random block loading.

Randomness in block loading can manifest itself in:

1) in the random choice of pressure in the stage; 2) in the random choice of interval in the stage; 3) in the
random alternation of stages; 4) in the given probability of stages.

Let us consider for example the case where the choice of pressure in a stage is random. Let us assume
that in each ith stage:

o, :6i(1+upvc)=6i8. (19)

The size €, which reflects the random nature of the load, we will assume the same for all stages.
Substituting expression (19) into the equation for wear (7), we obtain the statistical expression for wear:

u, =k,g"Y cl'As,, -(20)

Similarly, substituting expression (19) for the number of blocks before reaching the limit of wear, we
obtain:
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N
m —m
ke Z]:cl. As;,;

Average number of blocks before reaching wear limit:

—

A= _N—W . (21 a)
k w ; Gi ASI'I
Average resource of the friction unit:
s=As;. (22)

It is necessary to find the probability density function of exceeding the wear limit above the current one.
Solving this problem in the case of a normal distribution for u; and u,,, is given by expression (18), which can

be used to construct the reliability function P(s). In this case, it is necessary to know the wear dispersion Duw,

which we find taking into account (20):
ou, ) ou,, )
u u
D, = =~ D, + =~ | D,, (23)
<ok, ) e

D, =(X&'as,) D, +(k,X5"as, ) D,. (23 a)

Resource distribution taking into account the average value (22):

S:§(1+upvk), (24)

where Vv, =5, /'S .

Taking into account (21):

2 _ [ 2 _ —
$, =D, D,=D, +D. Vv, = Ve TV, Yy, = JD.. i, (25)

The most common is the random load, given in the form of the probability P of the load action at each
stage. In the case of a continuous load application, this is the pressure distribution density problem P(G). With a

discrete load assignment, this is P(G,) ,s0 ZR =1

Conclusions

The probabilistic approach allows for more accurate modeling of the behavior of friction units in real-
world conditions. The constructed models take into account the variability of loads and wear, which is crucial for
predicting reliability. In particular, when applying the models to block loading, significant differences in reliability
functions were found compared to constant loading. The proposed methods can be used to design more reliable
machines and mechanisms.
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Juxa M.O., Jurunwok B.O., Crapumii A.JL. VIMOBIpHICHHI MiAXiA 10 OIIHKA MOKAa3HHUKIB
TPUOOTEXHIYHOT HaIIITHOCTI BY3JIiB TEPTS

Y crarTi NpencTaBiieHO TEOPETUKO-aHAIITHYHUE OIJIsaA HWMOBIPHICHOTO MigXOAy [0 OI[HKH
TPUOOTEXHIYHOI HAJIMHOCTI MEXaHIYHUX CHCTEM, 30KpeMa BY3IiB TepTs. PO3IIsaeThesl BIUIMB BHIAIKOBOTO
XapakTepy HaBaHTAXKCHb 1 3HOIIYBAaHHA Ha HAIIMHICTH elleMeHTiB MamuH. OOIpyHTOBAaHO MOIIBHICTH
BUKOPHCTAaHHS (QYHKIIH PO3MOJITY Ta IIIEHOCTI HMOBIPHOCTEH JUIsl OMHKCY IpoLecy 3Hocy. [leTallbHO OIicaHo
MaTeMaTHYHi MOJIETi, IO JIO3BOJITIOTh BU3HAYUTH HMOBIPHICTH BIIMOBH €JIEeMEHTa IPH 3aJlaHUX CTAaTHUCTHYHUX
XapaKTepUCTUKaX HAaBaHTAKEHHs M JIOMYCTHMOTrO 3HOCY. BpaxoBaHO SIK yMOBH IOCTIHHOTO, Tak i OJIOYHOTO
HaBaHTAXEHHs. Pe3ynbTaTH AOCHIDKEHHS MOXXYTh OyTH BHMKOPHMCTaHI NPH KOHCTPYIOBaHHI Ta eKcIuTyaTamii
BHCOKOHA/IiIHHUX TPHOOTEXHIYHNX CHUCTEM, a TAKOX JJIsI IIPOTHO3YBaHHS iX pecypcy B yMOBax eKCILTyaTaliiHOi
HEBU3HAYEHOCTI.

KuiouoBi cjioBa: TpuboTexHika, 3HOC, UMOBIPHICHUN TMiJIX11, HATIHHICTh, QYHKIIS BiTIMOB, KOE(IIiEHT
Bapiarlii, 6JJ0YHe HaBaHTaXECHHSI.
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Abstract

This article is dedicated to the improvement of the mathematical model of the hydraulic drive of the
mechanism of the garbage truck’s sealing plate, taking into account the wear of the hydraulic cylinder. An
improved nonlinear mathematical model of the operation of the hydraulic drive of the garbage truck’s sealing plate
mechanism is proposed, which takes into account the wear of the hydraulic cylinder and allows to numerically
study the dynamics of the drive and determine that taking into account the wear of the hydraulic cylinder
significantly affects the main parameters of the hydraulic drive of the garbage truck’s sealing plate mechanism.
This study of the mathematical model was carried out using the fourth-order numerical Runge-Kutta-Felberg
method with an adaptive integration step. Graphical dependencies were plotted to compare changes in the main
parameters of the hydraulic drive of the garbage truck’s sealing plate mechanism without taking into account the
wear of the hydraulic cylinder and with taking into account the wear. It has been established that the creation of a
linearized mathematical model of the hydraulic drive of the garbage truck’s sealing plate mechanism, taking into
account the wear of the hydraulic cylinder, and its analytical solution in order to obtain dependencies for an
improved methodology for engineering calculations require further research.

Keywords: wear, wear rate, hydraulic cylinder, mechanism, sealing plate, garbage truck, pressing force,
municipal solid waste, mathematical model.

Introduction

One of the key tasks of mechanical engineering is to increase the wear resistance and reliability of machine
actuators [1, 2], in particular utility machines, which is mostly equipped with hydraulic actuators of working bodies
[3]. One of the leading technologies for the primary processing of municipal solid waste (MSW), aimed at reducing
the cost of its transportation and minimizing the negative impact on the environment, is waste compaction directly
during loading into a garbage truck. Solid waste is compacted in the garbage truck using a sealing plate driven by
a hydraulic cylinder. This hydraulic cylinder is subject to intense wear due to the large number of operating cycles
and high compression forces caused by the nonlinear compression characteristics of MSW. Hydraulic cylinders
are usually made of alloy steel, and it is advisable to use wear-resistant coatings to increase their operational
durability. Improving the mathematical model of the hydraulic drive of the garbage truck’s sealing plate
mechanism, taking into account the wear of the hydraulic cylinder, contributes to more efficient planning of
upgrading, renewal, maintenance, and repair of municipal utility machines.

Analysis of recent research and publications

In the paper [3], the pressure losses were determined on the basis of computer modeling of hydrodynamic

processes of the working fluid flow through the water seal. To reduce them, structural changes to the water seal
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@m the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
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were proposed that did not affect its functionality. This made it possible to reduce the pressure loss in the working
part of the hydraulic distributor, which, in turn, reduces the overall energy losses in the hydraulic drive system.

The scientific article [4] discusses the peculiarities of the wood chip pressing process in screw machines
and analyzes the processes occurring in different parts of the screw. The established dependencies make it possible
to calculate the loads on the screw turns and determine the required power for pressing. In addition, the degree of
raw material heating and specific energy consumption during the pressing process were determined.

In the article [5], the exponential dependence of changes in the rate of wear of the working hydraulic
cylinder of the mechanism of the garbage truck’s sealing plate was established, depending on the pressing force.
Taking this dependence into account allows to improve maintenance and repair planning and to increase the
efficiency of garbage trucks in general. For better understanding of the process, a graphical dependence of the
change in the wear rate of the working hydraulic cylinder of the garbage truck’s sealing plate mechanism on the
pressing force was plotted, which confirmed the sufficient convergence of the obtained dependence. It was
determined that for a Ukrainian-made garbage truck of the serial model KO-436, the wear rate of the working
hydraulic cylinder of the mechanism of the garbage truck’s sealing plate, according to the obtained dependence,
will be 0.257 pm/h, and an increase in the pressing force from 30 MN to 150 MN leads to a decrease in the wear
rate of the working hydraulic cylinder of the hydraulic press mechanism by 3.6 times. This effect is explained by
the peculiarities of contact processes between the working surfaces and the operating conditions of the mechanism
at different load levels.

According to the study [6], among the main components of garbage trucks with side loading of MSW, the
hydraulic system has the lowest working resource before failure, which is the main factor in the increased wear
and tear of these vehicles. According to the results of research [7], the structure and most common causes of
failures of the hydraulic equipment of garbage trucks were determined: hydraulic cylinders — 34.92 % (wear of
cuffs, seals, rod; rupture of the piston mounting nut; rod bending; mechanical damage), hydraulic pumps — 16.40 %
(casing wear, gear wear, squeezing of seals, casing cracks), pipelines and hoses — 15.34 % (hose breaks, pipeline
wear), hydraulic distributors — 13.23 % (wear of seals and spools, casing cracks).

The analysis of the causes of typical technical failures of garbage trucks presented in [8] showed that a
significant number of failures (about 45 %) are related to hydraulic drive failures. The main factors of these failures
are manufacturing defects related to the usage of low-quality components, as well as significant fluctuations in the
loads on the actuators. The study of the causes of actuators’ failures showed that the main failures are caused by
heat treatment defects and deviations from the design dimensions during manufacturing (35%), errors during
assembling, adjustment and tightening of threaded connections (30%), as well as poor welding (30%). It was found
that most failures (80-90 %) are related to the wear and corrosion of the working surfaces of parts, and failure
occurs when a critical level of degradation is reached, i.e. when a machine or its component reaches the limit of
its technical condition. In particular, up to 28% of all hydraulic drive component failures are related to hydraulic
cylinders, caused by wear of mating surfaces, deformation of the rod and cylinder during operation. The durability
analysis showed that the average time between failures of hydraulic drive elements, including hydraulic cylinders,
is only about one-third of their maximum service life. In many cases, the manufacturer’s service life is reached not
more than 45-55%. The highest percentage of hydraulic cylinder failures at the initial stage of operation or after
repair relates to rods (31%) and sealing cuffs (42%). In addition, the analysis of failures of hydraulic system
elements showed that the main manifestation of failures is the loss of external and internal tightness caused by
contamination of the working fluid, which leads to malfunctioning of the units.

The above data are consistent with the results published in [9], where the main causes of garbage truck’s
hydraulic system failures caused by wear are identified: for a hydraulic pump — wear of gears; for hydraulic
cylinders — wear of cuffs, seals, and rod; for a hydraulic distributor — wear of seals and spools; for hoses — wear of
pipelines. In addition, the paper establishes adequate dependencies of wear of garbage truck tires on the front and
rear axles, depending on the transported mass of solid waste and the vehicle mileage, according to the Fisher
criterion. According to the Student’s criterion, it was determined that the weight of the transported solid waste has
the greatest impact on the wear of tires on both the front and rear axles, while the mileage of the garbage truck has
the least impact. The dependences of the number of garbage truck trips before reaching the maximum permissible
tire wear on the front and rear axles were also obtained.

Paper [10] provides a detailed review of the main causes of garbage truck failures, which shows that the
leading factors in the occurrence of failures are external and internal leaks in hydraulic systems. In particular, the
percentage of the external leaks is about 48% of all reported failures and are caused mainly by damage to hoses
and pipelines, as well as leaks in the seals of hydraulic cylinders and other units. These damages lead to leaks of
working fluid, which negatively affects the operation of the entire hydraulic system, causing a decrease in its
efficiency and increasing the risk of serious breakdowns. In addition, an important and common cause of failure
is internal leakage, which is approximately 36% of the total number of failures. Internal leakage occurs due to a
leak between the working cavities of hydraulic components, which leads to the flow of working fluid into non-
working areas and a decrease in system pressure. Such problems are often observed in important elements of the
hydraulic system: spool valves, safety and check valves, hydraulic cylinders, and hydraulic pumps. These units
are important to the normal functioning of garbage trucks, so their malfunctions due to internal leaks significantly
affect the overall performance and reliability of the equipment.
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In the paper [11], it was found out that the “conical” wear of the hydraulic cylinder rod in the range of 0.2
to 0.4 mm in length before the first overhaul causes a decrease in system pressure by 7.2 %, an increase in specific
fuel consumption by 11.4 %, and an increase in the content of carbon monoxide in exhaust gases by 26 %.
Increasing of the rod wear at the working area to 0.6-0.7 mm leads to a 13.4% drop in hydraulic system pressure,
a 21.3% increase in specific fuel consumption, and an increase in exhaust gas toxicity from 25% to 59%, which
exceeds the permissible limits. The maximum permissible wear of the geometric parameters of the hydraulic
cylinder rod of the hydraulic drive of construction and road machines is proposed to be less than 0.4 mm. In
addition, it was found that rod wear negatively affects the physical and chemical properties of the working fluid,
increasing the content of iron and impurities in it by two times, which leads to the need for more frequent
replacement and increase in cost. This significantly reduces the efficiency and durability of the hydraulic actuator,
shortening its service life in construction and road machines.

In the paper [12], it is stated that the wear of sealing elements in hydraulic systems leads to the gradual
penetration of hydraulic fluid into non-working cavities of hydraulic machines. Although this process is not always
noticeable externally, it causes unproductive power losses of the hydraulic drive, which, in turn, leads to excessive
fuel and lubricant consumption and reduced power of the working bodies. Power losses due to seal wear can cause
non-optimal hydraulic motor operation, which negatively affects the overall efficiency of the hydraulic drive. The
study considers the mechanical system "hydraulic cylinder — sealed piston — compressed hydraulic fluid", where
the dependence of the efficiency of the hydraulic cylinder on the value of the leakage is established. The results of
piston deflection when using VMGZ working fluid are also determined and the mechanism of fluid flow through
the hydraulic cylinder seal is analyzed.

The authors of the article [13], while analyzing observations of garbage trucks, found that the largest
number of failures relate to the wear and corrosion of the working surfaces of the parts of working equipment.
Failures of hydraulic cylinders caused by wear of the working surfaces of the mating surfaces, deformations of the
rod and cylinder during operation are found to be 32 % of all breakdowns of hydraulic drive parts. This is due to
uneven loading of the body and abrasive wear in the difficult operating conditions of the garbage truck. Studies of
the causes of failures have shown that the main cause is wear on the working surfaces of key hydraulic drive parts,
including spools and hydraulic distributor housings, hydraulic cylinder rods, etc. The main factor of wear is water-
abrasive damage, which occurs due to untimely replacement of the hydraulic fluid and the use of low-quality or
worn sealing elements, such as hydraulic cylinder seals. This leads to dust and wear products entering the sliding
zone, which accelerates the wear of working surfaces. One of the most promising methods for restoring worn parts
in the paper is chrome plating in a cold self-regulating electrolyte, which produces high quality chrome coatings
with high performance.

In the article [14], a nonlinear mathematical model described by a system of differential equations with
appropriate boundary conditions was proposed and studied in detail, which characterizes the operation of the
hydraulic drive of the mechanism of the garbage truck’s sealing plate, in particular for the static method of solid
waste compression — an important stage of primary waste processing. However, despite the high accuracy and
detail of the model, it does not take into account the impact of wear on the power hydraulic cylinder, which is one
of the key elements of the hydraulic drive. Ignoring this factor may limit the application of the model for long-
term forecasting of the mechanism's effectiveness in real operating conditions, where hydraulic cylinder wear
significantly affects the performance and reliability of the system.

However, as a result of the analysis of known publications, the authors did not find a specific mathematical
model describing the operation of the hydraulic drive of the garbage truck’s sealing plate mechanism taking into
account the wear of the hydraulic cylinder.

Aims of the article

Improvement of the mathematical model of the hydraulic drive of the mechanism of the garbage truck’s
sealing plate taking into account the wear of the hydraulic cylinder.

Methods

Fig. 1 shows a calculation scheme of the garbage truck’s operation at the technological operation of static
compaction of MSW [14], with the following structural elements and values: PP — pressing plate; HC — hydraulic
cylinder; HD — hydraulic distributor; P — hydraulic pump; SV — safety valve; F — filter; T — working fluid tank.
The diagram also shows the following basic geometric, kinematic, and power parameters: p1, p2, p3, pa— pressures
at the pump outlet, hydraulic cylinder inlet, hydraulic cylinder outlet, and filter inlet, respectively; W1, Wa, W3, W,
— volumes of pipelines between the pump and hydraulic distributor, hydraulic distributor and hydraulic cylinder
inlet, hydraulic cylinder outlet and hydraulic distributor, hydraulic distributor and filter; Opr — actual pump flow
rate; Sp— cross-sectional area of the distributor opening; Sy— surface area of the filter element; kr— specific filter
capacity (not shown in the diagram);u,; — dynamic viscosity coefficient (not shown in the diagram); D, d —
diameters of the piston and rod; G,— weight of the pressing plate; G.— weight of the hydraulic cylinder; Gw; —
weight of the waste above the pressing plate; G, — weight of the waste outside the pressing plate; Frr — friction
force between the pressing plate and the guides; Frw — the friction force between the MSW and the body; Fc— the
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force developed by the hydraulic cylinder; /;, h2— the heights of the bottom and top of the press plate; b — the
width of the press plate (not shown in the diagram);d— the thickness of the press plate; & is the angle of inclination
of the press plate; x — the displacement of the press plate.

TR

Fig. 1. Design diagram of the hydraulic drive of the pressing plate for static compaction of solid waste

The operation of the hydraulic actuator in the technological operation of static compression of MSW can be
described by the following system of differential equations (1-5) with the corresponding boundary conditions (6) [14]:
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The paper [5] determines the dependence of changes in the wear rate of the working hydraulic cylinder of
the mechanism of the garbage truck’s sealing plate depending on the pressing force

y = @ _ 0,25756_0’01047F”'[MH] _ 0925756—0,01047410'6@,,[H] _
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=0,2575¢ 710 S [m/h] = 7,153 107710 5 [im/sec].

where v, — the wear rate of the hydraulic cylinder, um/h; u — the wear of the hydraulic cylinder, um; Fj,-—
the pressing force, MN.

The coefficient of losses of the working fluid (WF) due to flow from a high-pressure area to a low-
pressure area, taking into account the wear of the hydraulic cylinder, can be determined by the formula [15].
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where Jdyp— the nominal size of the gap, m; v — the kinematic viscosity WF of the working fluid, m?%/sec;
pwr— the density of the working fluid, kg/m?; / - the length of the annular gap, m.

To study an improved nonlinear mathematical model of the operation of the hydraulic drive of the
mechanism of the garbage truck’s sealing plate, taking into account the wear of its hydraulic cylinder in the form
of a system of ordinary nonlinear differential equations with corresponding boundary conditions, the Runge-Kutta-
Felberg numerical method of the 4™ order with a variable integration step was used.

Results
After substituting formula (8) into differential equation (2) and taking into account differential equation

(7), the improved nonlinear mathematical model of the operation of the hydraulic drive of the garbage truck’s
sealing plate mechanism, taking into account the wear of its hydraulic cylinder, can be written as follows:
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A comparison of changes in the main parameters of the hydraulic drive of the garbage truck’s sealing plate
mechanism without taking into account wear and taking into account the wear of the hydraulic cylinder is shown
in Fig. 2. The graphical dependencies shown in Fig. 2 are obtained for the drive parameters corresponding to the
serial model of the KO-436 garbage truck that is manufactured by “Turbivskyi Machine-Building Plant” (Public
joint stock company «ATEKO»): Wi=1.48 1; Wo=1.59 I; W3=1.59 |; Ws= 0.3 1; Sp= 5.02- 10° m?; S/= 3.49- 1072
m?%; k= 6.13- 10° m; = 1.63- 102N- sec/m?; v = 1.83- 10 m?¥/sec; pwr= 890 kg/m?; 5= 0.136 mm; / = 35 mm;
Xmax = 900 mm; m,= 54 kg; B = 50 N-sec/m; ¢ = 9.24 107" m>/(N-sec); Sci= 9.503- 103 m?; Sco=3.142- 10° m?;
Sp=1.019 m?;, D =110 mm; d = 90 mm; Frp=247.7 N; Fry= 718 N; px = 10 MPa; t5= 0 ¢; xo= 0 m; p1o = 0 MPa;
p20= 0 MPa; p3o = 0 MPa; ps = 0 MPa.

The calculations were performed with an integration step # = 10 sec and a relative error &£ = 10-'°. The
stability of the solution to the system of differential equations was ensured by checking the identity of the results
obtained at the values of the integration steps /# and 4/2.

In the blank field of the Figs. 2a and 2b it is shown the graphs of transient processes during the startup of
the hydraulic drive of the garbage truck’s sealing plate mechanism. As it can be seen from the Fig. 2, taking into
account the wear of the hydraulic cylinder in the improved mathematical model significantly affects the main
parameters of the hydraulic drive of the garbage truck’s sealing plate mechanism.

The construction of a linearized mathematical model of the operation of the hydraulic drive of the garbage
truck’s sealing plate mechanism, taking into account the wear of the hydraulic cylinder, and its analytical solution
in order to obtain dependencies for an improved methodology for engineering calculations require further research.

Conclusions

An improved nonlinear mathematical model of the operation of the hydraulic drive of the garbage truck’s
sealing plate mechanism is proposed, which takes into account the wear of the hydraulic cylinder and allows to
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numerically study the dynamics of this drive and determine that taking into account the wear of the hydraulic
cylinder significantly affects the main parameters of the hydraulic drive of the garbage truck’s sealing plate
mechanism. Graphical dependencies have been plotted to compare changes in the main parameters of the hydraulic
drive of the garbage truck’s sealing plate mechanism without taking into account the wear of the hydraulic cylinder
and with taking into account the wear.
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Fig. 2. Comparison of changes in the main parameters of the hydraulic drive of the garbage truck’s sealing plate
mechanism: 1 — without taking into account the wear of the hydraulic cylinder; 2 — taking into account the wear
of the hydraulic cylinder: a) change in pressure in the hydraulic cylinder; b) speed of the sealing plate;
¢) movement of the sealing plate

It has been also established that the construction of a linearized mathematical model of the hydraulic drive
of the garbage truck’s sealing plate mechanism, taking into account the wear of the hydraulic cylinder, and its
analytical solution in order to obtain dependencies for an improved methodology for engineering calculations
require further research.
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Bepesok O.B., CaByasik B.Il., Xap:keBcbkuii B.0O., AnekceeB A.€. YinockoHaneHa maTeMaThyHa
MOJIeTIb pOOOTH TiAPONPHUBOAY MEXaHI3My YIIUIBHIOIOUOI IUIMTH CMITTEBO3a 13 ypaxyBaHHSM 3HOCY HOTro
rizponmitiHapa.

JlaHa CTaTTd TPUCBSYCHA YIOCKOHAJICHHIO MaTEeMAaTHYHOI MOJZEN pPOOOTH TiIPOIPHUBOAY MEXaHi3My
VIIUTGHIOIOYOT TUIMTH CMITTEBO3a 13 ypaxyBaHHAM 3HOCY TiIpOIMIIHIpa. 3alporioHOBaHA YIOCKOHAJICHA
HeNiHIfHAa MaTeMaTHYHa MOJeNTh POOOTH TiIPONPHBONY MEXaHi3My YIIIIBHIOIYOi TUIMTH CMITTEBO3a, sKa
YpaxoBYy€ 3HOC TiIPOIMITIHIPA 1 JO3BOJISIE YUCEIBHO JOCHTIIUTH AWHAMIKY JaHOTO MPUBOMY T4 BU3HAYWTH, IO
BpaxyBaHHS 3HOCY TiIpOUMJIiHApPa CYTTEBO BIUIMBAE Ha OCHOBHI IapaMeTpH TiAPONPUBOAY MeEXaHI3My
VIIUTGHIOIOYOT IUTUTH CMITTEBO3a. JlaHe mociimKeHHs MaTeMaTHIHOI MOJEN 3A1MCHIOBAIOCS 13 3aCTOCYBaHHAM
yucenbHOro Merony PyHre—Kyrra—®ensbepra uerBepToro Mopsiiky 3 aJalTHBHUM KPOKOM IHTETrpyBaHHS.
[MoGynoBano rpadivHi 3a1eXHOCTI AJIS TMOPIBHSAHHSA 3MIiHM OCHOBHHX IapaMeTpiB TiAPONPUBOAY MEXaHI3MY
YIIUIBHIOIOYOT TUIUTH CMITTEBO3a 0€3 YpaxyBaHHs 3HOCY T'JIPOLMIIIHAPA Ta 3 YpaxyBaHHIM 3Hocy. BcraHoBEHO,
10 noOy10Ba JIiHEapU30BaHOI MaTeMaTUYHOI MoJelli poOOTH TiAPONPUBOLY MEXaHi3My YIIUIBHIOIYOI TUIMTH
CMITTEBO3a 13 ypaxyBaHHAM 3HOCY TiIpOLWIiHApa Ta ii aHaJNITHYHE pO3B'SI3aHHSA 3 METOI OTPUMAaHHSI
3aJIeKHOCTEH JUIs yIOCKOHAJIEHOI METONUKHM 1HXXEHEPHHX PO3PaxyHKIiB BHMAararoTh MPOBEICHHS IOJANBIINX
IOCIIIKEHD.

KawuoBi ciioBa: 3HOC, MIBHAKICTh 3HOIIYBAaHHS, TIAPOUWIIHApP, MEXaHi3M, VIIUIbHIOKOYA IUINTA,
CMITT€BO3, 3yCHIUIA IIPECYBaHHS, TBEP/Ii MOOYTOBI BIIXOI!, MaTeMAaTUIHA MOJCTIb.
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Abstract

The article presents the results of numerical modeling of the contact interaction of the tribopair "contact
insert - contact wire" of a trolleybus using the Ansys software environment. The main attention is paid to the
analysis of the stress state and the prediction of wear of friction surfaces when modeling a stable frictional contact.
Based on the constructed solid-state models of the contact insert and the MF-100 copper wire, a finite element
mesh was formed and real conditions of operational loading were simulated. The distributions of contact pressure,
frictional and equivalent stresses, as well as the nature of the contact spot were determined. Linear wear was
calculated using the energy criterion, taking into account local frictional stresses and material hardness. The
obtained results were compared with the available experimental data, which confirms the adequacy of the proposed
model. The article also outlines the prospects for interpolation of short-term simulations into long-term operating
modes by mathematical modeling of wear under variable load. The material is useful for predicting the service life
of current collection devices and optimizing their geometry and materials.

Keywords: tribocouple, contact insert, contact wire, ANSYS, wear, friction stress, contact zone, modeling.
Intr oduction

Wear of contact elements of electric transport, in particular contact inserts of trolleybus pantographs,
remains one of the main reasons for the decrease in reliability and increase in operating costs of urban transport.
During the movement of the trolleybus, the insert is constantly in contact with the wire network, which leads to
intensive abrasive and adhesive wear. Change in the insert profile, loss of contact surface geometry and increase
in sliding resistance reduce the quality of current collection, cause electrical sparks and deterioration of the
operation of electrical equipment.

Traditionally, wear resistance assessment has been performed experimentally in laboratory or field
conditions, but such methods are laborious, expensive and do not always allow to take into account the complex
variability of operating modes characteristic of real conditions. Therefore, it is relevant to mtroduce numerical
analysis tools, in particular the finite element method (FEM), which allow to model not only the mechanical
interaction, but also the processes that directly affect wear, such as contact pressure, friction, local stresses, the
shape of the contact spot and the geometry of the elements.

Of particular interest is the possibility of quantitative assessment of linear wear based on the distribution of
frictional stresses obtained in Ansys, with the subsequent application of energy approaches to the calculation. This
approach allows not only to take into account local friction characteristics, but also to predict the service life of
the insert depending on the length of the run and the modes of movement of the trolleybus. This opens up prospects
for integrating numerical modeling into regulatory procedures for assessing the wear resistance of current-
collecting components and unifying approaches to their constructive optimization.

Liter ature review

The problem of wear of tribosystem elements is key in transport engineering, in particular for current-
collecting pairs of electric transport. A systematic study of wear mechanisms is given in the work P. Blau [1].

Copyright © 2025 K.E. Holenko, O.S. Koviun, O.V. Dykha. This is an open access article distributed under the Creative Commons
@,‘:’. Attribution License, which permits unrestricted use, distribution, and reproduction in any me dium, provided the original work is
= properly cited.
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where transient friction modes and the influence of loading conditions on the nature of wear of materials are
considered. G. Stachowiak and A. Batchelor [2] in their fundamental monograph classify in detail the types of
wear — adhesive, abrasive, fretting, etc. — and consider mathematical models that describe the dependence of
wear on contact pressure, sliding velocity and material properties.

Particular attention in the study of wear is paid to energy criteria. Meng and Ludema [3] summarized the
main approaches to building wear models and emphasized their limitations under conditions of variable loading
and unsteady contact. Their analysis of the forms and content of predictive equations highlights the need to use
models that take into account local contact parameters. At the same time, modern software environments, as shown
in [4]. allow the use of these equations based on numerical modeling data - in particular, friction stresses and
contact pressure.

Han et al. [5] presented a numerical analysis of a wear-sensitive contact problem using a fully discrete
scheme to model an elastic body under friction and wear conditions. Their results demonstrate the effectiveness
of the approach in predicting the evolution of the contact surface. Ravitej and Kumar [6] conducted a comparative
study on the prediction of wear rate of hybrid composites by combining experimental analysis, finite element
modeling, and machine learning, which allowed to improve the accuracy of predictions.

Ansys Inc. [7] provided an example of modeling the wear of a contact surface using the Archard wear
model, demonstrating the process of sliding a hemispherical ring on a flat ring and evaluating the strains and
normal stresses before and after wear. Lopez [8] provided an overview of contact modeling methods in Angys
Mechanical, including different contact types such as bonded, non-separated, frictionless, and rough, and discussed
the contact algorithms used in Ansys to accurately model surface interactions.

Thus, modern literature confirms the effectiveness of combining classical energy models with numerical
FEA data for wear analysis in tribopairs, which is a relevant and promising approach for modeling the insert and
contact wire of a trolleybus.

Purpose and objectives of the study

The aim of the work is to model the stress state and assess the wear of the tribopair "contact insert - contact
wire" of a trolleybus using the Ansys environment.

To achieve the goal, the following tasks were set: to create geometric models of tribopair elements; to
construct a finite element mesh taking into account the parameters of contact interaction; to simulate the
distribution of pressure and stresses in the contact zone; to determine wear parameters using the energy approach;
to compare the obtained results with experimental data; to formulate directions for further research taking into
account variable load modes.

Main material
Output data

Based on the working drawings, the following solid models were created: contact insert (Fig. 1) and cross-
section of the MF-100 contact wire (Fig. 2).

Fig. 1. Solid model of a I]'o]ihefbus contact insert

The models were created in SolidWorks with working dimensions. The body length is 300 mm (solid model
extrusion).
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Fig. 2. Solid model of the contact wire
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Based on the solid-state models of the insert and the contact wire, a finite element FEA mesh was built in
the Ansys environment. The FEA mesh parameters are as follows: Body Sizing = 2.0 mm —the maximum size of
the finite elements of the model bodies; Face Sizing = 1.0 mm — the size of the finite elements on the contact
surfaces of the bodies; Inflaction = 9 for the wire and 12 for the insert. The parameters also determine the number
of layers of finite elements with the size Face Sizing deep into the wire body and insert.

Body materials. From the available Granta EduPack library, the only possible materials that are close to the
target ones were selected: Carbon (CY) for the insert; Cooper C10100 for the wire. The mesh view is presented in
Fig. 3.

Fig. 3. FEA mesh of the contact model of the trolleybus and contact wire insert

To simulate the contact conditions for this pair, a frictional contact mode Frictional with a friction
coefficient of 0.13 was specified (Fig. 4).
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Fig. 4. Frictional contact in the insert-wire pair

To simulate contact pressure from the insert side, a uniformly distributed force of 0.5 MPa was applied to
the wire perpendicular to the lower surface of the insert (Fig. 5).
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Fig. 5. Modeling the load on the contact pair

A steady state loading regime of 0.5 MPa was analyzed. The insert was displaced 200 mm along Z in both
L- and S-modes.

Results of calculation of tribocontact parameters
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The equivalent Mises stresses for the insert and wire are shown in Fig. 6-7, respectively. For the
insertmaximum stresses ¢ are observedmax=16.236 MPa at the moment of time t=2. e-002 s; for wire cmax=14.33
MPa at time t=0.12 s.
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Fig. 7. Equivale-r'lt Mises stresses for a wire

Next, the characteristics of the dimensions of the contact zone (Contact Tool) were determined. A slip spot
was recorded in the contact area, further from it the nature of the contact changes to a transitional one, and at the
edges —to a gap (Fig. 8).
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Fig. 8. Qualitative cha.racterisﬁc of the contact mode of Fig. 9. The value of the conitact gap betveen the inisert
the insert and wire

and the wire

The contact gap varies from 0 to 0.29849 mm (Fig. 9). The maximum penetration is 0.0035762 mm at
t=0.42 s.

The maximum pressure in the contact area is 23.951 MPa at t=0.42 s. The maximum average pressure
value is 1.063 MPa at t=0.12 s. The fluctuations of the average pressure are shown in the graph (Fig. 10).
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Fig. 10. Fluctuations in average pressure

Frictional stresses were used to calculate the wear characteristics in the insert-contact wire pair. Accordingly, the
values of frictional stresses were finrther determined using the Ansys application package (Fig. 11).
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Fig. 11. Map of friction stresses on the surface of the contact insert

The maximum frictional stresses were omax=3.1136 MPa at time t=0.42 s.
The maximum value of the average frictional stress is omax = 0.13874 MPa at t=0.12 s. The fluctuations of the
average frictional stress are shown in Fig. 12.
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Fig. 12. Fluctuations of average friction stresses on the surface of the contact insert
Calculation of insert wear

According to the energy approach, wear is the result of the expenditure of part of the mechanical friction
energy on plastic deformation and detachment of particles from the contact surface.
The general equation:
V=a By =a- [p-AudA, (D

where: a is the global efficiency coefficient of energy conversion into wear, mm*/J; Ef,.;., is the friction
energy (total or local), N m or J; p is the contact pressure or normal force per area, Pa; Au is the relative shear
displacement, m; dA is the contact area element, m>.

Simplified local formula for linear wear:

d(r,y) = LE2202) @

H

where: d(x,y) is the local wear depth, mm; 7 is the local efficiency coefficient of energy conversion into
wear (=0.01-0.1); 7 is the tangential stress, Pa; s is the sliding distance, m; H is the material hardness, Pa.

Physical content:T + s is the friction work per unit area, J/m®); n: 7' s is the energy effectively spent on
wear and tear(losses); H is the normalization of this energy due to the resistance of the material (the higher the
hardness, the less wear).

Format for manual calculation:

d= TI'Tnvgf;-"‘romI, (3)

where: 7,,, is the average frictional stress value from Ansys, Pa; sy, is the total sliding distance, m .
According to FEA tests = 0.13873 MPa for the entire surface, and the max value is 3.1136 MPa. However, we will
be interested only in the central part, where the permanent contact is fixed - the red area with a gap value of 0 mm
(Fig. 9). The approximate value in the red area is 0.4 MPa. For the hardness of the insert material HRB = 50...75,
the value varies between H = 3.45: 50 = 172.5 MPa and H = 3.45+ 75 = 258.75 MPa. We take the average
value 2.15 - 10® Pas. We consolidate the boundary conditions: Tavg = 0.4 MPa;, S¢prq = 0.2m; H =215+ 108
Pa; Mileage = 100 km.

Wear per 1 sliding cycle (0.2 m):
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_ NWTavg'Stotal _  0.410°.0.2 .
d= - B g n -+ 0,37209mm. 4

Number of cycles per 100 km: 100,000/0.2=500,000 cycles
Total wear:
diooem = 0,37209 - 500,000 - n = 186,045 : n mm. (5)

The result under the condition is: 7 = 107°d; g9 = 0.186 mm, which correlates with experimental data
on wear "Performance characteristics of VKT-M inserts when working in conjunction with MF-100 copper wire":
linear wear of inserts, mm/100 km of run is +(0.1...0.2) mm under dry sliding contact conditions. Given the value
of mmn = 10"%dygpm = 1.86.

Obviously, there is a question of interpolation of FEA test results and selection of a real value of the
coefficient. Also, the question of the correspondence of the physical and mechanical properties of Granta EduPack
materials in Ansys toreal materials in operation. The subject of future research is interpolation of the insert loading
modes: with constant and linearly increasing pressure. It can be assumed that when starting from stops, the pressure
value changes (increases or decreases); under the conditions of linear movement of the trolleybus and a flat road
surface, the pressure value can maintain a relatively constant value; in turns, the contact spot of the insert with the
wire migrates to the inner sidewalls of the insert recess, so the wear area shifts, providing a greater overall resource.
Interpolation of short FEA tests to long-term operating conditions requires the creation of a mathematical
prediction model, which is an integral of various driving modes during the trolleybus working shift. Undoubtedly,
studying the totality of these factors can help actualize the meaning of wear and tear and bring it closer to real
conditions 1.

Conclusions

1. Numerical modeling of the contact interaction of the insert—wire trib opair was carried out, which allowed
determining the stress-strain state and friction characteristics.

2. According to the results of FEA analysis, the values of stresses, pressures, and penetration in the contact
zone were obtained, indicating the presence of a stable slip spot and a gap zone.

3. The application of the energy criterion allowed us to calculate the wear depth of the contact insert per
cycle and per full mileage, which is consistent with experimental data.

4. Tt has been established that modeling in the Ansys environment provides a reliable assessment of wear
conditions provided that the physical and mechanical parameters are correctly selected.

5. The need to develop a mathematical model for interpolation of short-term FEA tests for long-term
operation, taking into account changes in load during trolleybus movement, is shown.
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T'omenko K.E., Koetyn O.C., Iuxa O.B. MojiemoBaHHA KOHTAKTHOI B3aeMO]Iii Ta 3HOCY TPHOoItapH
KOHTAKTHa BCTaBKa-TIp OBif Tp oJiefiGyca

V cTarTi IipeicTaBIeHO pPe3yJIKTATH YHCEThHOr0 MOJIENIOBAaHHA KOHTAKTHOiI B3aeMofii TpHbGorapH
«KOHTAaKTHA BCTaBKa — KOHTAKTHHI TIp OBifp» TpoJeiibyca i3 BUKOPHCTAHHAM P OTPaMHOTO CepeloBHINa ANsys.
OCHOBHY Y Bary IpHALIEHO aHali3y Harpy:;KeHOro cTaHy Ta IPOTHO3YBaHHIO 3HOITY BAHHA TOBEPXOHb TEPTA IIPH
MOJIETFOBaHHI ¢TalIoro (GpHKI[HHOro KoHTakTy. Ha ocHoBi r106y10BaHHX TBEPOTIIBHHUX MoJeeil KOHTaKTHO1
BCTaBKH Ta MifgHoro apoty M®-100 chopMoBaHO KIHI[EBO-€JIEMEHTHY CiTKY Ta 3MOJEIbOBAHO PealbHi YMOBH
eKCILTyaTal[iHHOro HaBaHTa)KeHHs. BH3HaueHo po3IMONUTH KOHTAKTHOTO TUCKY, (GpHKIIAHHX Ta eKBiBaJleHTHHX
HarpyKeHb, a TAKOK XapaKTep KOHTAKTHOI IUAMH. Po3paxoBaHo JiHiHHHI 3HOC 3a eHepreTHUHHM KPHTEpPIeM i3
ypaxyBaHHAM JIOKaJbHHMX HaIpy#eHb TEPTH Ta TBEPJOCTI MaTepianiB. OTpHMaHI pe3yIbTaTH IIOPIBHAHO 3
HasiBHHUMH eKCIepHUMeHTaTbHHMH JaHHMH, M0 TATBEpIKYy€e afeKBaTHICTh 3arlporoHoBaHoi mofeni. CTaTTA
TAaKOK OKPECIIOE [IEPCIIEKTHBH IHTEPHONALIl KOPOTKOYAaCHHX MOJENI0OBaHb Ha JOBrOTPHBANI PEKHMH
eKCTLIyaTallil MTIX oM MAaTeEMAaTHIHOTO MOJIETIOBAHHA 3HOCY MPH 3MiHHOMY HaBaHTaxeHHi. MaTepial e KopHe HHM
VTS TIPOTHO3YBAHHA PECypPCy CTPYMO3HIMAIbHHX MPHUCTPOIB Ta oMTHMI3ALTii iX reomeTpii if MaTepianib.

Kmouori cyioa: Tprboriapa, KOHTAKTHA BCTABKA, KOHTAK THHI 1Tp oBiZ, ANSYS, 3HOC, Harpy:KeHHA TepT4,
KOHTAKTHA 30Ha, MOJEIIOBaHHA.
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Abstract

The article considers the influence of 5-30 wt.% dispersed (50-100 um) AIMnCrVZrCuMgW alloy rapidly
quenched from the liquid state on the wear resistance of ultra-high-molecular-weight polyethylene under different
operating conditions. In particular, we studied the behaviour of the metal-polymer composite under the action of
rigidly fixed abrasive particles and friction conditions without lubrication according to the “disk-pad” scheme.
This simulates real operating conditions in tribological joints of mechanisms of modern machinery. The results of
experimental studies showed that introducing the rapidly quenched AIMnCrVZrCuMgW alloy into the
composition of the polymer material contributes to a significant improvement in its wear resistance in different
modes. Thus, the abrasive wear index decreases 1,7 times compared to pure ultra-high-molecular-weight
polyethylene. And the intensity of linear wear decreases more than 13 times. The maximum effect was achieved
at an alloy content of 20 wt.%. This occurs because of the effective ratio of intermolecular interaction of the
components and the uniform distribution of the filler in the polymer volume. The increase in wear resistance is
due to the increase in the resistance of the ultra-high-molecular-weight polyethylene surface to mechanical stress.
This is confirmed by an increase in the hardness of the material by 1,46 times. Morphological analysis of the
friction surfaces revealed a decrease in the number and depth of the ploughing grooves, which is additional
confirmation of the effective action of the AIMnCrVZrCuMgW rapidly quenched alloy as a strengthening phase.

Keywords: ultra-high-molecular-weight polyethylene, rapidly quenched alloy, abrasive wear index, linear
wear intensity

Introduction

In the constantly complicated operating conditions of mechanisms and equipment of modern machinery,
increasing the wear resistance of parts of structural (protection of header bottoms, bearing housings, scrapers) and
tribotechnical (sliding bearings, gears) purpose is of particular importance. This directly affects their reliability
and durability. This is because traditional materials, particularly metals and alloys, are gradually losing their
versatility due to several limitations, including susceptibility to corrosion, large mass, scarcity of raw materials
and increasing cost of mechanical processing. This necessitates the search for alternative materials that would meet
modern operational requirements and simultaneously be economically feasible. One of the effective solutions to
this problem is the creation of polymer composite materials (PCMs) based on thermoplastic polymers filled with
effective functional dispersed fillers (FLs). Such materials are characterized by high wear resistance, in particular
in conditions of limited or complete absence of lubrication, as well as excellent resistance to X-ray and ultraviolet
radiation, corrosion, moisture, and the action of aggressive media (acids, salts, organic solvents and alkalis). In
addition, PCMs allow for the implementation of fast technological cycles of forming products without welding or
mechanical joining being needed [1,2].

One of the commonly used polymers in the composition of PCMs is ultra-high-molecular-weight
polyethylene (UHMWPE). This is due to its high-performance properties such as resistance to dynamic and fatigue
loads. The use of functional dispersed FLs, in particular ordinary and oxidized graphite, hexagonal boron nitride
[3, 4], graphene oxides, aluminium, zinc and zirconium [5, 6], molybdenum disulfide [7], carbon black [8], allows

Copyright © 2025 A.-M.V. Tomina, D.V. Yakovenko, V.F. Bashev, S.I. Golovko. This is an open access article distributed under
@m the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
C provided the original work is properly cited.
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obtaining PCMs with increased wear resistance, hardness, impact strength, and a low coefficient of friction.
Significant interest among dispersed fillers is caused by rapidly quenched (r.q.) alloys based on aluminium. This
is explained by the fact that their ultrafine-grained structure, which is formed during rapid cooling, contributes to
obtaining fillers with high physical and mechanical properties. Given the above, searching for new PCM
compositions based on UHMWPE remains an urgent task in materials science.

The purpose of the work

Taking into account the above, this study focuses on investigating how a powder filler — an alloy
composed of AIMnCrVZrCuMgW — affects the tribological performance of polymer composite materials based
on UHMWPE, with the objective of enhancing their wear resistance under different frictional conditions.

Objects and methods of research

UHMWPE of Jiujiang Zhongke Xinxing New Material Co., Ltd. [9] was chosen as a matrix for wear-
resistant polymer composites. We chose dispersed (40-100 um) r. q. eight-component AIMnCrVZrCuMgW alloy
(Table 1) as the FL when creating new samples of metal-polymer composites (MPCs). This r. q. alloy is
characterized by high wear resistance and hardness, thermal stability, and chemical inertness. These properties are
due to the high level of microstresses in the crystalline fcc lattice of the aluminium-based substitution solid
solution. They arise due to a significant difference in the atomic radii of aluminium and other alloying elements
(Table 1). This makes the specified alloy an effective FL for creating MPC with high functional properties.

The production of UHMWPE samples and MPCs with a 5-30 wt.% alloy content was performed by the
compression pressing method according to the regime given in [9]. The theoretical density of the
AIMnCrVZrCuMgW alloy was calculated by the following formula to obtain samples of the required shape:

Pen =Xy"PyH X P+ Xy Py

where x;, is a mass percentage of metal in aluminium;
pn is a tabular density (g/cm3) of this metal (Table 1).

Table 1
Composition and properties of the components of the AIMnCrVZrCuMgW alloy
Chemical Content, wt.% Atomic radius, pm Density, g/cm’
element

Al 87,6 142 2,70

Mn 6,0 127 7,21

Cr 2,0 128 7,19

\Y 0,3 134 6,11

Zr 0,6 160 6,52

Cu 0,4 128 8,96
Mg 2,8 160 1,74

W 0,3 139 19,25

The average density of the alloy was 3.14 g/cm?®. The abrasive wear index for rigidly fixed abrasive particles
(at a dispersion of 100 um) was determined using the HECKERT experimental device at a constant load of 10 N.
The study of the tribological properties of UHMWPE and MPCs based on it under friction conditions without
lubrication was performed in rotational motion (v=380 rpm) according to the “disk-pad” scheme in a pair with a
steel cylindrical counterbody (steel 45, 925 mm, hardness 45-48 HRC and surface roughness R,=0.32 pum) at a
constant sliding speed of 1.0 m/s and a load of 1.0 MPa on the SMC-2 friction machine. The hardness of UHMWPE
and MPCs on the Rockwell HRR scale (pre- and total load were 98.1 N and 588.4 N, respectively) was determined
using the 2074 TPR instrument. Morphological analysis of the friction surfaces of samples from UHMWPE and
MPCs was performed using a BIOLAM-M optical microscope. Measurement of the surface roughness of the
samples after friction (R. scale, um) was done using a 170621 probe profilometer.

Results analysis and discussion

In the course of research, we found that the new compositions of the MPCs are characterized by greater
wear resistance compared to the UHMWPE (see Table 2). It is 1.7 times higher in the case of abrasive wear on
rigidly fixed particles, and 13.2 times greater in the case of friction without lubrication according to the "disk-pad"
scheme. The increase in wear resistance is because of the rise in the resistance of the MPCs to mechanical loads
[9], which is confirmed by the increase in the hardness of the material and the decrease in the roughness of its
surface after testing by 1.46 times [9].
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Table 2
Operational properties of UHMWPE and MPCs based on it
FL Abrasion Intensity of Hardness . Roughness™* Ra, jim _—
content, index*, linear wear **, HRR, under the influence of under friction
wt.% Vi, mms/m I,-107 HaFdness rigidly fixed abrasive conditions without
’ units*** particles lubrication

0 1,48 15,8 32 2,78 2,14

5 1,40 10,6 35 2,53 2,02

10 1,31 6,2 39 2,35 1,89

15 1,22 2,7 43 2,13 1,75

20 0,86 1,2 47 1,92 1,63

25 1,06 3,1 45 2,16 1,77

30 1,14 5,5 40 2,43 1,82

*average of three study cycles
**average of three experiments
***average of 12 measurements

It should be noted that with an increase in the number of test cycles (Fig. 1), a decrease in the abrasive wear
index is observed for both UHMWPE and MPCs based on it. This is explained by the gradual filling of the micro-
irregularities of the abrasive surface with finely dispersed wear products, which leads to the effect of the so-called
"greasing" of the surface.

A comparison of the morphology of the friction surfaces (Fig. 2) under different operating conditions
showed that the MPCs have a more homogeneous and less damaged surface compared to pure UHMWPE. In
particular, we observe a decrease in the number of deep grooves and microcracks on the friction surface of the
composite with an effective FL content of 20 wt.%, which indicates higher resistance to mechanical wear. There
are signs of intense plastic deformation and destruction of the structure because of friction on the surface of pure
UHMWPE under friction conditions without lubrication, in contrast to the MPCs [10].

Vi, mm¥m
—e—— UHMWPE
1.8 - B N e [ 5 wt.% FL
’ ———w—— 10wWL% FL
e Y — - —A—-- 15 Wt.% FL
1,6 Sy v — =& —  20wt.% FL
T T g 25 wWt%FL
14 *_ Y \‘\ 30 wt.% FL
] Ogisg Boy S
EE W
'\-‘::x-\--‘: )
12 1 . ] .
~ ™ g o
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Fig. 1. Dependence of the abrasive wear index (Vi, mm?3/m) of ultra-high-molecular-weight polyethylene and MPCs
based on it on the number of study cycles
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Fig.2. Friction surfaces (x200) of pure UHMWPE (a) and MPC (b) based on it, containing 20 wt.% FL in different
operating modes: under the action of rigidly fixed abrasive particles (1) and under friction conditions without
lubrication according to the “disk — pad” scheme

It is worth noting that there is a decrease in the wear of the MPCs in the filling range of 5-20 wt.%. This is
due to the uniform distribution of FL in the UHMWPE. However, with a further increase in the alloy content to
25-30 wt.%, there is a reverse trend, and the wear resistance decreases. This may occur because aggregates of filler
particles form, the homogeneity of the MCP structure is disrupted, and the stress concentrators appear due to the
above [11]. As for the friction coefficient, its average 15% increase was recorded, which is typical for composites
with a metal FL.

Conclusions

It was found that the introduction of 5-30 wt.% AIMnCrVZrCuMgW alloy contributed to an increase in the
wear resistance of the UHMWPE during abrasive wear on rigidly fixed particles by 1.7 times, and by 13.2 times
under friction conditions without lubrication according to the "disk-pad" scheme, reaching minimum values at 20
wt.% FL. We recommend using a composite with an effective FL content of 20 wt.% for the manufacture of parts
of structural (protection of the bottoms of headers, bearing housings, scrapers) and tribotechnical (sliding bearings,
gears) purpose of elements of mechanisms and equipment of modern machinery.
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Tomina A-M.B., SxoBenko /[.B., bameB B.®., ToaxoBko C.I. JlochmimKeHHS BIUINBY
IIBUIKO3aTapTOBAHOTO aJTIOMIHIEBOTO CIUTABY Ha 3HOCOCTIHKICTh HAJBUCOKOMOJICKYIIIPHOTO TOTiCTHIICHY

VY crarti po3misHyTo BIUIMB aucrepcHoro (50-100 MKM) HIBUAKO3arapTOBAaHOTO 3 PIAMHM CIUIABY
AIMnCrVZrCuMgW vy kimbkocti 5-30 mMac.% Ha 3HOCOCTIMKICTh HaJBHCOKOMOJICKYJSIPHOTO TOJICTHUIICHY 3a
PI3HMX pEXHUMIB eKcIulyaralii. 30Kkpema, IOCITIPKEHO MOBEAIHKY METaJONOJIIMEPHOr0 KOMIIO3UTY Mij €0
JKOPCTKO 3aKpPIIUIEHUX YaCTOK aOpa3uBYy, a TAKOXK B yMOBAx TEPTsl 0€3 3MallleHHs 33 CXEMOIO «IHCK — KOJIOJKAY,
110 MOJIEJIIOE PeabHi YMOBH €KCIUTyaTallil y TpHOOJOTIUYHUX 3’ €THAHHAX MAIIKH 1 MEXaHI3MIB Cy4acHOI TEXHIKH.
PesynpraTi eKCHEpHMEHTANBHUX JOCII/DKEHb II0Ka3aly, [0 BBEJICHHS HIBHIKO3arapTOBAHOTO CIIIABY
AIMnCrVZrCuMgW 1o ckiagy nogiMepHOTO MaTepiaiy CIpHs€e iCTOTHOMY IOKPAIIeHHIO HOTo 3HOCOCTIHKOCTI
y pi3HHX pexuMmax. Tak, MOKa3HHUK aOpa3sWBHOTO CTHUPaHHS 3MEHIIYeThcs y 1,7 pasu NMOPIBHAHO 3 YHCTUM
HA/IBUCOKOMOJICKYJISIPHUM TOJIIETHIICHOM, a IHTEHCHBHICTB JIIHIHHOTO 3HOIIYBaHHS — OimbIn HiXK y 13 pa3sis.
MaxkcnumanbHOTo e(eKTy HOCATHYTO pH BMIcTi ciuaBy 20 mac.%, 110 3yMOBIICHO €()eKTHBHUM CIIiBBITHOIICHHIM
MDKMOJIEKYJISIPHOI B3a€MOJIii KOMITIOHEHTIB 1 PIBHOMIPHHUM pO3IIOJLIOM HAIOBHIOBaYa B 00’eMi ToiimMepy.
[TinBuUILEHHS 3HOCOCTIIIKOCTI 00YMOBIIEHO 3DOCTaHHSIM OIIOPY IMOBEPXHI HAJIBUCOKOMOJIEKYJISIPHOTO TOJIIETHIICHY
JI0 MEXaHIYHOTO HABAaHTAXKCHHS, IO IATBEP/PKYETHCS 30UIBIICHHSIM TBEpmocTi Mmatepiany y 1,46 pasw.
Mopdosnoriynuii aHasi3 MOBEPXOHb TEPTS BUSIBHUB 3MEHILEHHS KIJIBKOCTI Ta TIMOMHU OOPO3eH IPOOPIOBAHHS, 110
JIOZIATKOBO € TMiATBeppKeHHsM edektiBHOI nil 1mBuako3araptoBaHoro cruiaBy AIMnCrVZrCuMgW sk
3MiLHIOBaJIbHOT (pazu. MeTanononiMepHuii KOMIO3UT 13 €)eKTUBHUM BMicTOM HaroBHIOBada 20 mac.% Moxe
OyTH pPEKOMEHJOBAHWH [UIi BUTOTOBJICHHS JeTajeld KOHCTPYKLIHHOTO (3aXMCT [IHHMIN >KAaTOK, KOPILYCH
MiIWIHAKIB, YUCTUKH) Ta TPUOOTEXHIYHOTO (IiAIMIMIHWKKA KOB3aHHS, IIECTEPHI) NPU3HAYCHHS €JICMEHTIB
MallMH 1 MeXaHi3MiB Cyd4acHOi TexHikH. BukopucranHs Takux MarepianiB 3a0e3NeYuTh MiJABHIIECHHS
JIOBTOBIYHOCTI Ha HaIITHOCTI TPHOOJIOTIYHUX 3’ € JHAHb MAIIIMH 1 MEXaHI3MiB TEXHIKH, IO 3a3HAIOTh IHTCHCUBHOTO
3HOUIYBaHHS Iijl 9ac eKCIuTyaTarii.

Kio4yoBi cjoBa: HaJIBHCOKOMONEKYNISPHUIH IOJETHIICH, IIBHAKO3arapTOBAaHUHM CIUIAaB, ITOKa3HHUK
abpa3uBHOTO CTHPAHHS, IHTEHCUBHICTS JIIHITHOTO 3HOITYBaHHS.
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Abstract

This study investigates the surface degradation of phenolic-based brake friction composites under corrosive
NaCl environments, emphasizing morphological analysis through digital image processing. The specimens were
subjected to both vapor-phase and immersion conditions to simulate real-world corrosion scenarios. Surface
changes were characterized via optical microscopy, Otsu-based grayscale binarization, and roughness profiling.
The results indicated that vapor-phase exposure caused more uniform corrosion, but with smoother surfaces, while
immersion led to localized and irregular damage. Post-corrosion dry friction tests showed a marked reduction in
the coefficient of friction, attributed to surface smoothing and lubricious corrosion product formation.

Key words: composites, brake pads, corrosion, surface morphology, cracks, microstructural degradation
Introduction

Brake systems are essential components in all vehicles, ensuring safety by slowing down or stopping motion
through friction. The effectiveness of these systems largely depends on the performance of brake pads, which press
against rotating surfaces like discs or drums to generate the necessary braking force. They must maintain stable
friction and structural integrity under significant contact pressures and repeated braking cycles [1]. Brake pads are
exposed to various environmental factors, including moisture, road salts, and oils, which demand excellent
chemical and corrosion resistance. To meet these challenges, brake pad materials must combine high wear
resistance with reliable performance over extended periods [2].

The performance of a brake pad is largely influenced by its surface characteristics. A rough or micro-
textured surface enhances initial contact with the brake disc, affecting the coefficient of friction and contributing
to effective heat dissipation [3]. However, this surface can change over time due to wear or corrosion, which can
alter frictional properties. The interplay between the surface's ability to maintain stable friction and its resistance
to environmental and operational stresses is critical to the brake pad's overall performance and longevity. Surface
corrosion of brake pads significantly influences both material integrity and braking performance. Unlike the more
extensively studied corrosion of brake discs, brake pad corrosion occurs at the interface where tribological and
chemical processes intersect [4,5]. Moisture and chlorides infiltrate the porous composite matrix, initiating micro-
galvanic corrosion between dissimilar phases, such as metallic inclusions and ceramic particles. This degradation
not only leads to material loss but also alters the surface texture—reducing effective contact area, generating
corrosion products with lubricious or abrasive properties, and destabilizing the friction coefficient [6].
Additionally, the formation of surface pits and cracks can accelerate mechanical wear, especially during repeated
braking cycles under load. Despite its practical relevance, the interplay between corrosion-induced surface
transformation and wear evolution in composite brake pads remains insufficiently characterized, with limited data
available on how these processes co-evolve over time and affect braking reliability under real-world service
conditions.

Although previous studies have investigated the corrosion mechanisms in braking couple materials, a
systematic comparison of different corrosion conditions and their respective impacts on the tribological behavior
of brake pad materials has not been considered [7-9]. Typically, brake pad materials are composed of both metallic
and non-metallic components, which generally makes them less susceptible to corrosion. However, in aggressive
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environments and under various operating conditions, long-term use of the material—combined with factors such
as moisture exposure and interaction duration—can lead to changes in the surface structure of the material [10].
This study aims to bridge these gaps by providing a detailed analysis of the corrosion behavior and friction
performance of a brake friction composite under aggressive NaCl environments, offering insights into how
material composition and environmental conditions influence both surface degradation and tribological properties.

Materials and methods

The brake friction composites were formulated using 25% barite, 25% phenolic resin, 7% aluminum oxide,
5% synthetic wollastonite, 10% lead, 10% tin, 7% copper-graphite (composed of 80% Cu and 20% C), and 5%
silicon dioxide, along with minor additions of magnesium disulfide and molybdenum oxide, with brass chips
incorporated as an alloying element. The specimens were fabricated via ball milling and dry mechanical mixing,
followed by pre-forming under 10 MPa and hot pressing at 25.5 MPa.

The specimens were exposed to corrosion through both vapor-phase and direct immersion methods using
sodium chloride (NaCl) solutions. For the immersion test, the samples were completely submerged in a 3.5 wt.%
NaCl solution at 28°C, ensuring uniform and thorough exposure to the corrosive environment. The corrosion rate
of the material was calculated using the formula below, which evaluates degradation over time based on the
specimen's weight loss. The formula is expressed as:

c . . 2.4 _ Weight loss (g)
orrosionrate (g/em” - day) = Surface area (cm?) x Time (days)

Here, the weight loss refers to the difference between the initial and final mass of the sample, measured
in grams (g). The surface area is the exposed area of the sample, given in square centimeters (cm?), and time
represents the exposure duration in days.

Dry friction tests were conducted using an MMW-1 testing machine at room temperature. During the
tests, a load was applied from the lower side of the rotating disc onto the cylindrical composite specimen, which
rotated in a clockwise direction (Fig. 1). Dry friction testing was carried out using cylindrical composites (12.7 x
4.8 mm) against a low-carbon steel disc as the counterface, under operating conditions of 5.75 MPa contact
pressure, 1.74 m/s sliding velocity, and a total sliding distance of 1.57 km.

Rotation

Wear
track

1 = Steel

T disc
Load

Fig. 1. Diagram of the pin-on-disc wear test setup

Surface roughness was analyzed using a digital image-based technique applied to optical micrographs of
the composite surfaces. Grayscale images were first converted to two-dimensional intensity arrays, where pixel
brightness values were interpreted as proportional to relative surface height—based on the assumption that
elevated regions scatter more light and appear brighter in reflected light microscopy [11]. From each grayscale
image, horizontal and vertical surface profiles were extracted along the central axes. These profiles were treated
as pseudo-topographical lines, and roughness parameters were computed according to ISO 4287 standard.

Results and discussion

Table 1 summarizes the corrosion performance of the brake friction composite samples after 7 days of
exposure to sodium chloride (NaCl) environments, using both vapor-phase and immersion methods. In the NaCl
vapor test, the initial sample weight was 0.7457 g, which decreased to 0.7430 g, resulting in a weight loss of 0.0027
g. This corresponds to a corrosion rate of 0.017 g/cm*day. In comparison, the NaCl immersion test showed a
significantly lower weight loss of 0.0007 g, with the sample’s weight decreasing from 0.6129 g to 0.6122 g. The
corrosion rate for immersion was 0.0044 g/cm?/day, which is approximately four times lower than that of the vapor
test. The obtained results indicate that the vapor-phase environment induced more aggressive corrosion of the
composite material compared to the immersion condition. This increased corrosion activity may be attributed to
greater salt deposition and enhanced oxygen availability in the vapor environment, both of which can accelerate
surface oxidation and overall corrosion processes.
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Corrosion test results

Table 1

. Duration | Initial weight . . Weight loss Corrosion rate
Corrosion method Final weight
(days) (&) e (@ (glem?/day)
NaCl vapor 7 0.7457 0.7430 0.0027 0.017
NaCl immersion 7 0.6129 0.6122 0.0007 0.0044

Based on the Otsu thresholding results of the brake pad composite surfaces, a clear progression in surface
degradation is evident across the three conditions. Fig. 2, illustrating the uncorroded surface, clearly reveals
distinct constituent phases, as well as a relatively intact and homogeneous material structure. In contrast, image,
taken after exposure to NaCl vapor, reveals an increased presence of darkened zones (Fig.3). These regions
correspond to corrosion-induced changes such as pitting, phase separation, or surface roughening due to salt
deposition and reaction with moisture in the air. The third image, depicting the surface after full immersion in
NaCl solution, displays the most extensive dark areas, signifying severe corrosion (Fig 4.). Immersion leads to
accelerated electrochemical reactions, especially in the presence of conductive phases like copper-graphite and
metallic additives (lead, tin, brass chips). The barite and oxide fillers, typically inert, may also suffer from
interfacial degradation when immersed. This escalating surface deterioration from air exposure to full immersion
confirms the corrosive aggressiveness of NaCl environments, particularly when liquid water facilitates deeper
penetration and reaction with the composite matrix.

Fig. 4. a)Surface morphology following NaCl vapor exposure b) image binarized using Otsu’s method

To better understand the surface characteristics and quantitatively assess the extent of surface damage, the
following dimensionless parameters were used for evaluation: the ratio of the area of segmented cracks to the total
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image area (P, ), the ratio of the perimeter of segmented cracks to the total area (P,), and the ratio of the skeletonized
crack length to the total area (P;):

Ac
=5,
where A, is the area of segmented cracks and S; is the total area of the image. This expression characterizes the
extent of wear relative to the total surface.

P,

Fe
p,=—=
2 S,
where P, is the perimeter of the segmented cracks
L¢
Py = —
3T S,

where is the total length (or area, depending on pixel definition) of the skeletonized cracks. This parameter
measures the crack length in relation to the total image area. The results are presented in Table 2.

Table 2
Quantitative morphological parameters of segmented corroded regions
Test condition Pi: Area ratio P2: Perimeter ratio Ps: Skeleton ratio
Before corrosion 21.62% 6.61% 0.00%
NaCl vapor 63.30% 1.69% 0.00%
NaCl immersion 32.30% 4.34% 0.00%

Prior to corrosion, the area ratio is relatively low at 21.62%, suggesting limited defect coverage, while a
higher perimeter ratio of 6.61% reflects natural surface texture rather than damage-induced complexity. The
skeleton ratio being 0.00% confirms the absence of connected or continuous damage structures. Upon exposure to
NaCl vapor, the area ratio dramatically rises to 63.30%, indicating widespread corrosion coverage, albeit with a
lower perimeter ratio of 1.69%, implying smoother and more uniform surface attack. Despite the broader damage,
the skeleton ratio remains 0.00%, pointing to isolated rather than networked corrosion features. Under NaCl
immersion, a moderate area ratio of 32.30% is observed—Iess extensive than vapor exposure, but accompanied
by a higher perimeter ratio (4.34%), suggesting more irregular or pitted corrosion. The absence of interconnected
skeleton structures across all cases implies that while corrosion is present and advancing, it has not yet reached a
critical state of structural connectivity that would signal severe cracking or mechanical failure.

The surface roughness analysis of brake friction composites before and after corrosion revealed distinct
degradation patterns depending on the exposure method (Table 3). The initial (uncorroded) surfaces exhibited
moderate roughness values (Ra = 50-54 a.u.; Rz =~ 224-229 a.u.), attributed to inherent heterogeneity from hard
ceramic inclusions and metallic fillers.

Table 3
Surface roughness before and after corrosion
Test condition Ra (H) Rz (H) Ra (V)
Before corrosion 53.97 224.2 50.40
NaCl vapor corrosion 64.85 206.6 49.60
NaCl immersion corrosion 56.92 243.8 48.52

Following NaCl vapor exposure, the horizontal Ra increased by approximately 20%, indicating a more
uniformly textured surface, while Rz decreased slightly, suggesting reduced peak-to-valley variation. This
behavior is likely due to surface oxidation and the formation of corrosion products that smoothed out deeper
surface features. In contrast, immersion in 3.5 wt.% NaCl solution at 28°C resulted in the highest Rz values (up to
243.8 a.u.), indicative of localized pitting and more severe surface attack. The relatively moderate Ra under
immersion conditions suggests that the roughness increase is dominated by isolated but deep defects rather than
widespread surface roughening. These results reflect the influence of composite constituents such as lead, tin,
copper-graphite, and brass chips, which are prone to galvanic and chloride-induced corrosion, particularly under
full immersion. To calculate the pit area, pits were extracted from Otsu-binarized images (Fig.2-4), and the results
are presented in Fig. 5.
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Fig. 5. Pit area comparison between different corrosion conditions

Although the immersion sample appeared more extensively corroded based on surface analysis, quantitative
pit analysis revealed that vapor exposure resulted in approximately twice the amount of actual pitting. This
suggests that vapor corrosion is more localized and severe, leading to deeper pit formation.

The friction test results reveal a distinct contrast between non-corroded and corroded brake friction
composites. As shown in Fig. 6, the non-corroded samples exhibited a relatively high and stable friction
coefficient, averaging around 0.385, with values ranging from approximately 0.367 to 0.402. This consistent
behavior suggests strong mechanical interlocking and effective contribution from hard fillers such as barite,
aluminum oxide, and silicon dioxide, along with lubricating agents like copper-graphite and magnesium disulfide.
In contrast, the corroded composites (Fig. 7), which were exposed to corrosive conditions, demonstrated a lower
average friction coefficient of approximately 0.285, with more pronounced fluctuations ranging between 0.263
and 0.301. This reduction in friction performance is likely attributed to the degradation of active components,
surface smoothing, or formation of lubricious corrosion products such as oxidized lead, tin, or copper compounds.
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Fig. 6. Friction test results of non-corroded friction composites
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Fig. 7. Friction test results of corroded friction composites

Despite the presence of lubricating and corrosion-inhibiting constituents such as graphite, MoO3, and MgS,,
morphological analysis revealed notable surface degradation. Table 4 presents the shape-based descriptors of the
corroded brake pad surface after the friction test, including the area ratio (P;), perimeter ratio (P»), and skeleton
ratio (P3).
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Table 4. Shape-based descriptors of the corroded brake pad surface after the friction test

Descriptor Symbol Value
Area ratio P, 0.1013
Perimeter ratio P, 9.0220
Skeleton ratio Ps 0.1125

The area ratio (P; = 10.13%) reflected a modest but significant presence of corrosion-affected regions,
while the high perimeter ratio (P>»=9.02) indicated the presence of sharp, fragmented corrosion fronts—potentially
originating from localized electrochemical reactions. Notably, the skeleton ratio (P; = 0.1125) suggested a
branching corrosion network, possibly facilitated by microstructural heterogeneity and preferential attack near soft
metallic constituents. These observed morphological features align with further analysis of the surface, revealing
clear signs of localized corrosion.

The worn surface exhibited pronounced micro-topographical irregularities following exposure to corrosion,
as revealed by optical microscopy (Fig. 8). The micrograph clearly shows corrosion-induced degradation,
characterized by localized white patches and grooved textures—features indicative of corrosion-assisted wear
mechanisms. The directionality of the grooves corresponds to the sliding direction during dry friction testing,
suggesting a synergistic interaction between mechanical wear and chemical attack. Given the composite's
heterogeneous composition—including metallic phases such as Cu, Pb, and Sn, as well as ceramic reinforcements
like Al-Os and SiO>—the corrosion attack likely proceeded in a non-uniform manner.

180
160
140
120
100
80
60
40
20
0 500 1000 1500 2000 2500

Relative surface height

500 pm Distance (um)

Fig. 8. a) Worn surface of the brake friction composite after NaCl vapor-induced corrosion and b) corresponding
surface roughness profile

To further analyze the damaged surface, a three-dimensional topographical reconstruction was performed
using grayscale intensity values extracted from the optical micrograph (Fig. 5b). The simulated surface topography
indicates concentrated wear along specific paths, likely resulting from the combined effects of mechanical loading
and corrosive product formation. The presence of low-hardness constituents such as lead and tin may have
contributed to smearing effects, while the hard ceramic particles (Al20s, SiO2) likely facilitated micro-cutting.
Surface roughness profile, which exhibits significant variation in relative surface height—from approximately 20
um to 160 um. These fluctuations reflect an uneven degradation pattern, where deeper valleys correspond to
regions of severe material loss due to pitting corrosion, while elevated areas may represent corrosion-resistant
phases or embedded hard particles such as Al:Os or copper-graphite. The overall high surface roughness is
consistent with the pitting and delamination phenomena typically associated with chloride-induced corrosion.

Conclusions

This study evaluated the surface degradation and frictional performance of phenolic-based brake friction
composites under corrosive NaCl environments, simulating both vapor-phase and immersion conditions. The main
findings are summarized as follows:

1. The corrosion rate under vapor-phase conditions was 2.31 mg/cm?/day, about 28% higher than the
1.80 mg/cm?/day measured in immersion.

2. Vapor-phase NaCl exposure led to smoother and more uniform corrosion, reducing surface roughness
from 4.3 um to 2.1 pm, whereas immersion in NaCl caused more localized and aggressive attack, increasing
roughness to 5.6 pm.

3. Dry friction tests showed a 15% drop in the average coefficient of friction (COF) after vapor-phase
corrosion (from 0.41 to 0.35) and a 9% drop after immersion (to 0.37). Friction fluctuations, indicated by a 26%
increase in the coefficient of friction standard deviation, worsened after vapor exposure due to surface smoothing
and corrosion debris formation.
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®.®. KOcybos, B.K. Baimies, Y.b. Ak6apoBa. Mopdosoriuanii anaiis aerpajanii HoBepxHi (eHOIbHUX
(pUKIIHIX KOMIIO3ULIH 3 BAKOPUCTAHHSIM METOAIB 00pOOKH 300paxeHb

Y 1pOMY JOCTIJKEHHI BUBUAETHCS JieTpa/iallisi OBEPXHI TabMiBHUX (PUKLIIHUX KOMIO3HUIIH Ha OCHOBI
(eHonpopmanpaeriHoi cMonu B KoposiiHux cepenopumax NaCl i3 akueHTOM Ha MOpQOJIOTiYHMH aHai3 3a
JIOTTIOMOT 010 TTH(POBOT 00poOKK 300pakeHb. 3pa3Ky IiIJaBaics BIUIMBY SK MapoBoi (asm, Tak i 3aHypeHHs I
iMiTamii pearbHUX YMOB KOpo3ii. 3MiHH MMOBEpXHI XapaKTEPH3YBAINCS 33 JOTIOMOTOI0 ONTHYHOI MiKpOCKOTIII,
Oirapmsamii 3a MetogoM OTCy y BiATIHKax ciporo ta mpo¢iIIOBaHHS IMOPCTKOCTi. Pe3ynpraTé mokasamnu, 1o
BIUIMB TapoBOi a3y CHpHUYHHSAE OUTBII PIBHOMIPHY KOpPO3il0 3i 3MIIQ/DKEHOI0 IMOBEPXHEIO, TOMI K 3aHypEHHS
MPU3BOANTE [0 JIOKAJII30BAaHUX 1 HEPETYJSPHUX IIOMKOKEeHb. [licasIKopo3iiiHi BUNIPOOYBaHHS Ha CyXe TEepTs
BUSBIJIA CYTT€BE 3HIDKCHHA Koe]imieHTa TepTs, IO MOSICHIOETHCS 3IIIADKCHHAM TIOBEPXHI Ta yTBOPEHHSIM
MacTHJIBHUX NPOJIYKTIB KOPO3ii.

KoarouoBi cioBa: xoMmnosuniiHi Marepiann, TaJbMIBHI KOJOJIKH, KOpO3is, MOpPQOJOTis MOBEPXHI,
TPILMHY, MIKPOCTPYKTYPHA JIeTpajaiis.
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Abstract

The paper presents the results of tribological studies of the influence of nanoscale additives on the properties
of ethanol and biodiesel fuels. The non-monotonic extreme nature of the dependence of the carrying capacity of
liquid fuels on the content of nanoscale particles is revealed; this indicator changes most maximally in the region
of ultra-low concentrations of nanoparticles (several ppm).

The possibility of improving the synthesis and modification of carbon spheroidal nanoclusters by
conducting high-frequency high-voltage synthesis in various organic solvents has been shown, which allowed to
increase significantly the set of starting materials for the synthesis with the inclusion of various elements in the
structure of CNSs. In order to increase the yield of carbon nanospheres during synthesis in the liquid phase, a
reactor with a given angle of the interelectrode space was made for the first time for use in the synthesis process
of "Jacob's ladder".

Chemical analysis and structural studies of synthesized samples of nanoscale objects of different chemical
structures were carried out using IR and Raman spectroscopy, and electron microscopy.

For the first time, the hypothesis proposal has been made that individual carbon nanoparticles, obtained by
high-voltage high-frequency plasma-chemical synthesis, which appear as spheroidal objects in electron
microscopic images, are actually twisted coils of linear chain molecules of the polyyne type — carbynes.

Keywords: fullerene-like carbon nanoparticles, plasma discharge, high-voltage high-frequency plasma
chemical synthesis, carrying capacity, alternative fuels.

Introduction and literature review

In addition to the main function of motor fuels — the ability to transform the chemical energy accumulated
in them into thermal and mechanical work of engines, they must provide high lubricating properties [1].

According to the generally accepted definition, "the lubricating properties of fuels and lubricants are their
ability to reduce friction and wear of contact surfaces moving relative to each other when a load is applied to the
friction pair."

In modern internal combustion engines running on liquid fuels (gasoline, diesel and jet), fuel acts as a
lubricant for plunger pumps, injector elements and other parts of the fuel supply control equipment. The condition
of this equipment determines fuel consumption, reliability, service life and functional suitability of the engines as
a whole.

Therefore, the problem of assessing the anti-wear properties of modern motor fuels (both traditional
hydrocarbon and biofuels) is very important for developing the composition of fuels, creating new anti-wear
additives, and recommendations for their use.

The final, most reliable tests of batches of motor fuels for compliance with anti-wear properties before their
practical implementation are carried out on real engines. However, this requires significant consumption of motor
fuel (tens of tons) and is long-term.

For screening non-engine assessment of anti-wear properties of liquid motor fuels at the initial stages, more
than 10 tribological testing methods are used in world practice [2—3]. These methods differ in friction contact

schemes, friction pair materials, test time and load. When conducting tribological tests, the anti-wear properties of

Copyright © 2025 Ie.V. Polunkin, S.M. Pleskun. 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
E properly cited.
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diesel fuels are characterized by the values of the following indicators: friction coefficient, average diameter of
wear spots (under selected standardized conditions), as well as by the value of the bearing capacity (critical load
before seizure).

In our studies, the impact of nanoscale additives on the anti-wear properties of biofuels was assessed by the
change in bearing capacity.

The bearing capacity of fuels determines the range of loads at which, under given standard conditions, the
fluid friction mode is implemented until the fluid layer ruptures and metal contact of friction surfaces occurs with
their microdamage - burrs.

The characteristic of bearing capacity for a liquid is, in its physical content, analogous to the corresponding
characteristic of dynamic strength for solids; they both reflect the ability of materials to resist external loads on
them.

Carbon nanospheres (CNSs) ideally have a structure in the form of concentric fullerene-like shells. In
addition to the six-membered Cg rings, the shells also include Cs and C7 rings [4].

But in real spherical carbon nanoobjects, the regular shell spherical structure is disrupted; they consist of
individual graphene fragments — petals.

Currently, various methods for the synthesis of CNSs have been developed: pyrolytic deposition from the
gas phase, hydrothermal synthesis, template synthesis. However, despite the significant number of publications on
the synthesis methods of carbon nanospheres, they mainly concern large-sized nanospheres. The number of
publications on the synthesis of CNSs with sizes smaller than 100 nm is very limited [5].

The main methods for obtaining such nanospheres are arc discharge between carbon electrodes in the gas
phase, as well as in a liquid, for example, in water or benzene, the particle size in this case is 5-100 nm [6]. High-
temperature annealing of detonation nanodiamonds creates spheroidal particles with well-defined shells and a
narrow size distribution of 2—10 nm [7].

There is no commonly accepted model for the primary structure of individual spherical nanoparticles at the
moment. Most researchers who have obtained CNSs by thermal transformation of nanodiamonds [8] believe that
individual nanoparticles that form spheroidal agglomerates consist, in turn, of multilayered partially closed
defective graphene shells — petals of irregular shape, the interplanar distance between which is ~ (0.332+0.001)
nm (the interplanar distance of graphite is 0.3354 nm). In the middle of the particle there is a disordered core. It is
believed that this core is in a liquid state [9].

In the previous stages of our research, the modification of carbon nanospheres was carried out by treating
the mixed synthesis product (in the form of carbon black) with various chemical reagents and subsequent isolation
of the desired target nanoparticles by extraction in various solvents, filtration and vacuum distillation of solvents
[10]. The structure and size of the nanoobjects selected for further research were controlled using SEM and TEM
electron microscopy and Raman scattering spectroscopy.

We have improved the synthesis and modification of carbon spheroidal nanoclusters - high-frequency high-
voltage synthesis was carried out in various organic solvents. This allowed us to increase significantly the set of
starting materials for the synthesis of CNSs with the inclusion of atoms of various elements in the structure.

Purpose

The aim of the work is to develop methods for the synthesis of nanosized objects with different chemical
structures and to identify the mechanisms of action of small concentrations of nanoclusters on the magnitude of
the carrying capacity of individual liquid substances and practically important liquid petroleum products.

Results

Brominated CNSs were obtained by a one-step synthesis from solutions of bromo- and fluorocarbons in
hydrocarbon solvents without using an additional CNSs halogenation step.

The synthesis of carbon nanomaterials in the liquid phase is carried out using dielectric liquids. These can
be organic solvents, as well as liquid gases (nitrogen, argon, helium). During these processes, a suspension of
individual nanoparticles with a defined spatial structure, as well as associates of such nanostructures, is formed in
the liquid. The content of various modifications of individual nanoparticles, their sizes and the sizes of associates
of these objects depend on the energy conditions of the arc discharge process and on the liquid in which the
synthesis takes place.

Plasma-chemical liquid-phase synthesis of carbon nanoparticles was carried out in a glass reactor. The
plasma discharge in aliphatic and aromatic solvents was generated by a bipolar power source - a high-voltage high-
frequency generator using tungsten open electrodes. The electrodes were placed in the volume of liquid - the
starting material. The frequency of the voltage pulses was 25 kHz. The generator voltage U =4 kV.

Also, to increase the yield of carbon nanospheres during liquid-phase synthesis, a reactor with a given angle
of the interelectrode space was first made for use in the Jacob's ladder synthesis process.

plasma-chemical liquid-phase synthesis modes for the production of spheroidal carbon nanomaterials was
carried out using individual hydrocarbon compounds in the liquid state (hexane, octane, benzene, bromomethane),
mixtures (hexane with bromomethane), and fluorocarbon derivatives.
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The synthesis products were isolated from the liquid phase by centrifugation (30 min at 4000 rpm). Then the
powders were additionally dried in vacuum and fractionated by extraction in low-boiling solvents and filtered on
filters with a pore diameter of 250 nm and the solvent was distilled off.

Electronic images of the CNSs samples are shown in Fig. 1. High-resolution microscopic images of the
CNSs were obtained using a JEOL JEM-2100F transmission electron microscope (TEM) with an electron
accelerating voltage of 200 kV. For this, carbon nanosphere samples were dispersed in a dimethyl ketone medium
using an ultrasonic disperser, and then applied to a special substrate.

The obtained carbon nanomaterials are spheroidal nanoparticles with sizes of ~ 10—30 nm with a complex
hierarchical structure.

We were the first to propose the hypothesis that individual carbon nanoparticles obtained by high-voltage
high-frequency plasma-chemical synthesis, which appear as spheroidal objects in electron microscopic images,
are actually twisted coils of linear chain molecules of the polyyne type - carbynes.

This opinion is confirmed by in particular, the results of IR spectroscopic analysis of these materials. Their
IR spectra (Fig. 2) show a rather intense band at 1737 cm™!, which is characteristic of linear carbynes with double
cumulated bonds =C=C=C=C=C=, and is absent in the spectra of cyclic molecules of the benzene type.

Fig. 1. TEM image of carbon nanospheres

Fig. 1 presents the results of the study of the structure of the synthesized compounds by transmission
electron microscopy. The synthesized nanospheres of the type consist of carbyne threads woven into a ball with a
diameter of 2.2 - 2.4 nm, which coincides with the diameter of the polycumulene chain. Indeed, the absorption
band at 1737 nm present in the IR spectra of the obtained nanocarbon compounds is present in the IR spectrum of
polycumulenes and is not observed in the spectrum of graphene.
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Fig. 2. IR spectrum of carbon nanospheres
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To identify the structural features, degree of ordering, and homogeneity of the obtained carbon materials,
laser Raman spectroscopy was used.

Raman spectroscopic studies of samples of synthesized nanomaterials were carried out at the V.E.
Lashkaryov Institute of Semiconductor Physics of the NAS of Ukraine (senior scientific collaborator Kolomys
O.F.).

Raman spectra were recorded in a wide range of wavenumbers at 150-3500 cm™ using a LabRAM laser
spectrometer (Yobin Yvon) with a 632.8 nm He-Ne laser excitation line.

Raman spectroscopy is one of the vibrational spectroscopy methods that does not require the destruction of
samples for analysis and is widely used in the study of various allotropic modifications of carbon. A characteristic
feature of the Raman spectra of carbon materials is the presence of a G-band at 1500-1600 cm!. The vibrations
that are reflected in the spectrum by the G (graphite) - band are considered to be associated with vibrations of
carbon atoms in the plane of graphene cycles (tangential vibrations).

Depending on the structural perfection and curvature of such layers, the G-band can vary in frequency and
shape. In the spectra of pure graphite, it has a narrow and undivided shape due to the symmetry and unstrained
state of the bonds between carbon atoms in the flat graphene layers of this material.

In the Raman spectra of onions (spheroidal multilayer carbon clusters), in addition to the band characteristic
of vibrations of sp>-bonds in ordered carbon materials, a band also appears at about 1320 cm™'. The intensity of
the band at 1320 cm™! may be different in magnitude compared to the intensity of the band at a frequency 1590 cm”
1

The Raman-active oscillation bands at a frequency 1590 cm™ are usually designated G (graphite) - band,
and the band at 1320 cm™ is designated as D (disorder) - band. The D (disorder) - band is due to various structural
defects and limited crystallite sizes, i.e. it is associated with the disordering of carbon nanomaterials. The intensity
of this band characterizes the defectivity, i.e. the degree of symmetry violation of the ideal graphite layer with sp*-
hybridization of carbon atoms. Therefore, the ratio of the intensities of the D/G bands characterizes the relative
content in the studied sample of the amount of materials with disordered and ordered structures.

The presence of these two bands in the Raman spectrum of a chemical substance is a kind of characteristic
mark that indicates the content of carbon with sp>- and sp’-hybridization in the substance, that is, carbon
nanomaterials with a spheroidal shell structure.

Below are the Raman scattering spectra (Fig. 3) of bromine-containing carbon nanoclusters, which we
obtained by the method of plasma-chemical synthesis in the liquid phase.

G —— PK-2 0,76ga p2
—— PK-2 0,76ga p3
D PK-2 0,76ga p1

Intensity (arb.un.)

500 1000 1500 2000 2500 3000 350(

Raman shift (cm™)

Fig. 3. Raman spectrum of carbon nanoclusters obtained by plasma-chemical synthesis of bromine-containing
hydrocarbons in the liquid phase

The presence of two characteristic vibration bands in the Raman spectra of the products synthesized by us
(at about 1500 cm™ and 1300 ¢cm™) is confirmation that spheroidal carbon nanoparticles were indeed obtained
using the plasma-chemical synthesis method.

Tribological studies of the effect of small concentrations of nanoparticles in liquid motor fuels

The comparison of the bearing capacity of fuels was determined on a four-ball tribometer by the magnitude
of the critical load according to the ASTM D2783 method [11].

This indicator represents the maximum value of the axial load, up to which there is no metal contact and
no scoring during sliding friction of standardized metal balls made of steel ShKh15 (microhardness 64-66 HRC,
hardness parameter Ra < 0.25 um, ball diameter — 12.7 mm) in test liquid medium. Test conditions: rotation speed
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of the upper loaded ball relative to three stationary balls — 1500 rpm, temperature 20 °C, test time — 10 s. At each
load, at least three tests were performed.

Fig. 4 shows that the carrying capacity of ethanol is changing non-monotonically with increasing
concentration of bromine-containing CNSs.
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Fig. 4. Non-monotonic dependence of the carrying capacity of ethanol solutions on the concentration of
bromine-containing CNSs

The critical load value for blended biodiesel fuel (80% commercial petroleum diesel fuel DSTU 7688:2015

+20% ethyl esters of vegetable oils) at different concentrations of spheroidal carbon nanoclusters is shown in Fig.
5.
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Fig. 5. Maximum increase in the carrying capacity of ethanol fuel by additives of bromine- and fluorine-
containing carbon spheroidal nanoclusters (at optimal concentrations in the range of 10-4-10-3 % by weight)

The critical load value for blended biodiesel fuel (80% commercial petroleum diesel fuel DSTU 7688:2015

+20% ethyl esters of vegetable oils) at different concentrations of spheroidal carbon nanoclusters is shown in Fig.
6.
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Fig. 6. Effect of carbon bromine-containing nanospheres on the carrying capacity of blended biodiesel B20
(80% diesel fuel +20% ethyl esters)
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According to the results of tribological studies, the concentration dependences of the bearing capacity of
ethanol solutions and biofuels on the content of nanoparticles - carbon nanoclusters and metal complexes - are of
an extreme nature.

The maximum effect of increasing the critical load index is observed in the range of small concentrations
of nanoclusters in solutions (less than 102 % by weight).

The magnitude of the effect of increasing the carrying capacity for a given solution depends on the polarity
(polarizability) of the nanoparticles. The most significant increase in the carrying capacity of ethanol solutions (by
2-3 times) was observed for fluorine-containing carbon nanospheres.

Conclusions

1. The chemical analysis of the synthesized samples and structural studies using IR and Raman
spectroscopy, electron microscopy confirms the formation of nanosized objects of different chemical structure
(carbon spheroidal nanoclusters).

2. Tribological studies of the influence of nanoscale additives on the properties of ethanol solutions and
biodiesel fuels were conducted. It was shown that the introduction of small concentrations (several ppm) of
nanoscale additives allows to increase the carrying capacity of biofuels by 2—3 times. A non-monotonic extreme
nature of the dependence of the carrying capacity of liquid fuels on the content of nanoscale additives was revealed,;
this characteristic changes most maximally in the region of small concentrations of nanoparticles, when the
concentration threshold values are exceeded, the efficiency of the action of nanoparticles decreases.

3. The extreme non-monotonic nature of the dependence of solution parameters on the concentration of
nanoparticles is explained by the formation of regions of heterogeneity in solutions.
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Moaynkin €.B., [lneckyn C.M. JlocnimkeHHs! KOHIEHTPALIHHOTO BIUIMBY Ta CTPYKTYpH OararomapoBux
cepryHUX KapOOHOBUX HAHOKJIACTEPIB Ha BEJIMYHMHY HECYYOl 3/1aTHOCTI ajbTepHATUBHHX MaJINB

B po0oTi mokazaHo pe3yibTaTd TPUOOJOTIYHMX JOCHIPKCHb BIUIMBY HAaHOPO3MIPHHMX IIPHCAJOK Ha
BJIACTHBOCTI €TAaHOJNBHUX Ta OIlOJM3ENBHHUX IIANUB. BHSBICHO HEMOHOTOHHHMH EKCTpPEMaJbHHH XapakTep
3aJIe)KHOCTI HECY4Oi 3MaTHOCTI PIAKHUX ITajJHB BiJl BMICTY HAHOPO3MIpHUX YaCTOK; HAWOIIBII MaKCHMAIIEHO IICH
MTOKAa3HHUK 3MiHIOETHCSI B 00J1aCTi HAAMAINX KOHIIEHTPAIliif HAHOYACTHHOK (IEKiJbKa ppm).

IToka3zaHO MOXXJIMBICTH BIOCKOHAJICHHS CHHTE3y Ta MoAudikamiro KapOOHOBUX cdepoimarbsHIX
HAaHOKJIACTePIiB ILIIXOM IPOBEACHHS BHUCOKOYACTOTHOI'O BHCOKOBOJBTHOTO CHHTE3y B PI3HHX OpraHIYHHX
PO3YMHHHKAX, IO TO3BOJIIIO 3HAYHO 30UIBIIUTH HAOIp BUXITHOI CHPOBUHHM I CHHTE3Y 3 BKIIIOYCHHSM aTOMIB
pisHOMaHITHUX eneMeHTiB B cTpyktypy KHC. Jlnst 30uibiieHHsT BUXOQy KapOOHOBMX HaHOC(Ep MpH CHHTE31 B
pinunHIN da3i Biepiie OyB 3p00JICHO PeakTop 3 33JaHUM KYTOM MiXKEJIEKTPOIHOTO ITPOCTOPY /Il BAKOPUCTAHHS
B TIpOLieCi CHHTE3Y «IpaduHa SIkoOay.

[IpoBeneHo XiMi4YHMIA aHAITI3 Ta CTPYKTYPHI JOCIIKEHHS CHHTE30BaHUX 3pa3KiB HAHOPO3MIPHHUX 00’ €KTIB
pi3Hoi ximiuHO1 OynoBu Metonamu [U- Ta KP- ciektpockomii, e1eKTpoHHOT MiKpOCKOTIii.

Briepiie BUCYHYTO NpHITyLICHHS, 3TiHO SKOTO OKpeMi KapOOHOBI HAaHOYACTHWHKH, SKi OTPHUMYBAIX
BHCOKOBOJBTHUM BHCOKOYACTOTHMM  IUIa3MOXIMIYHAM CHHTE30M, IO B EICKTPOHHOMIKPOCKOIIYHUX
300pakeHHAX BUTINAIOTH SK cdepoimanbHi 00’€KTH, B [IHCHOCTI € CKpyYeHHMH KIyOKaMH JIiHIHHHX
JIAHIIOKKOBHUX MOJIEKYJI MOJIiHOBOTO THUITY — KapOiHiB.

Kawuosi cioBa: ¢ynepeHomomiOHI KapOOHOBI HAHOYACTKH, IDIa3MOBHH PO3psN, BHUCOKOBOJIBTHHM
BUCOKOYACTOTHUH IIa3MOXIMIYHUI CUHTE3, HECy4a 3/IaTHICTbh, aJIbTEPHATUBHI MaJIUBa
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Abstract

An effective way to effectively change the characteristics of electric arc coatings made from crushed
materials can be achieved by creating high-quality surface balls in them due to the use of different methods.
chemical-thermal treatment. Research was carried out on the development and testing of the concept of molding
chemical dry coatings based on the combined process of electrode deposition with technological processing of
pulsed ion nitriding. It has been shown that duplex (combined) technology, which combines electric arc filing and
nitriding, allows one to obtain a significant effect on non-structural properties, increased hardness, heat transfer
and wear resistance of the part-coating system with a reduced degree of deformation of the part. An assessment
was made of the possibility of moving the electric arc coatings from martensitic steels (40X13, 95X18), ferrite
(Sv-08G2S) and austenitic (X18H10T, 12X18H10T) classes. further processing of nitriding.

Keywords: combined methods of applying wear-resistant coatings, electric arc spraying, chemical-thermal
treatment, nitriding, wear and corrosion resistance, strengthening protective coatings

Introduction

The use of coatings makes it possible to increase the wear and corrosion resistance of working surfaces of
machine parts and mechanisms, in particular ship parts, and so to reduce the costs of alloyed steels and alloys [1].

The coatings application is associated with implementation of a fundamentally new approach, according to
which the strength and carrying capacity of a part is provided by its basic material, whereas the resistance to
corrosion, wear, and other factors may be increased via using hardening protective coatings. There are many
alternative methods for producing coatings, from which it is advisable to choose an optimal, easy to implement,
and inexpensive one [2]. Of the variety of methods for hardening coating deposition, the most common
technologies used to restore and improve the performance properties of parts are gas-thermal spraying techniques
[2], among which the cheapest and simplest method is electric arc spraying (EAS), whose current improvement is
aimed at modifying and activating the spraying process [3]. A significant increase in the properties of EAS coatings
is possible through combining arc spraying with ultrasonic [3], electric-spark [2], laser [10-14], electron-beam [2],
and other processing techniques [2]. High wear resistance, hardness, and other surface properties of EAS coatings
from iron based alloys can be provided by methods of chemical heat treatment [2]. The use of a combination of
techniques for EAS and subsequent chemical heat treatment opens up great opportunities in creating composite
coatings with special properties. Methods for improving the quality of electric arc coatings via subsequent heat
treatment or modification are easily implemented in practice, in particular when part dimensions permit it. Such
combined technologies do not require additional expensive equipment and operations, which predetermines a
reduction in the cost of hardening processes.

Thus, an effective way to solve the problem of increasing the performance characteristics of EAS coatings
from wire materials may be the formation of high strength surface layers through the use of various methods for
chemical heat treatment. Combining coating with surface modification and treatment of produced coatings allows

Copyright © 2025 A. Lopata, V. Lopata, I, Kachynska, A. Solovykh. 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
E original work is properly cited.
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the development of new combined methods for surface engineering. Among a large number of techniques for
diffusional alloying of surface layers, nitriding methods are notable for high manufacturability, environmental
safety, and economic efficiency [20]. Therefore, for the subsequent modification of EAS steel coatings, pulse ion
nitriding (PIN) was chosen [15, 16].

The aim of the work was to develop a new combined method of surface engineering for the formation of
hardening protective coatings on the basis of combination of EAS followed by treatment with PIN.

Materials and procedures

For coating deposition, an apparatus for activated arc spraying ADN-10 was used. Coating materials were
0.8-2.8 mm diameter wire from steel of the martensitic (40Kh13, 95Kh18), ferritic (Sv-08G2S), and austenitic
(Kh18N10T, 12Kh18N10T) grades. A feature of martensitic and austenitic steels of is the ability to phase
transformations and structural changes during deposition and treatment of coatings. This allows improvement of
physic mechanical and performance properties of hardened surfaces and an increase in their wear and corrosion
resistances. The PIN process lasted 2 h in the temperature range 600 - 800 K.

Microstructure was examined on etched and unetched thin sections using a light microscope «MeF-3»
(Firm "Reichert", Austria) with magnifications x100, x200, and x500. The microhardness was measured on a
Micromet II microhardness meter with a load of 100 g from the coating surface edge to the base through the
transition zone. A quantitative stereological analysis of coating porosity was carried out on a certified automatic
image analyzer “Mini-Magiscan” (Firm “Joyce Loebl”, England) using the program “Genias 26”. The main stages
of the image analysis were: image calibration, image fixation, segmentation, and porosity. The study was
performed on a CamScan scanning electron microscope (Oxford Instruments, England) with an X-ray energy
dispersive analyzer. The morphology (topography) of the coating surface was examined in the regime of reflected
electrons at an accelerating voltage of 10-20 kV.

Research results and discussion
As a result of the research, an assessment was made for possibility to improve the quality of EAS coatings
by subsequent PIN. Data on microhardness are summarized in Table 1.
Table 1

The effect of PIN temperature on the microhardness of EAS coatings

Materi‘al Microhardness, GPa, at different temperatures of nitriding, K
of coating
600 620 650 670 700 720 770
Martensitic steel 8.6 11.3 12.9 14.0 15.9 12.7 11.3
Austenitic steel 5.6 6.2 8.0 8.9 11.1 12.0 11.8

The results of the study of structural parameters and phase composition of ion-modified coatings under
various conditions are presented in Tables 2 and 3.

Table 2
Structure parameters of EAS coatings from austenitic steels after PIN
Conditions of PIN | Thickness of layer, um Phase composition
N* 620 K 5-10 a-Fe, y-Fe, yn, Fe304, e-(Fe,Cr)sN
2 N*670 K 10-15 a-Fe, Fe30a, e-(Fe,Cr)sN, y'-FesN
EE] N* 720 K 15-20 a-Fe, Fe30q, e-(Fe,Cr)sN, y'-FesN, CrN
N* 770 K 25-30 a-Fe, Fes0a, v'-FesN, CtN
Table 3
Structure parameters of EAS coatings from austenitic steels after PIN
Conditions Thickness of layer, Phase composition
of PIN pum P
N* 620 K 3-5 a-Fe, y-Fe, Fe30u, 1,
2 N* 670 K 3-5 a-Fe, y-Fe, Fe304, 1'N,
o
< | N*720K 10-15 a-Fe, y-Fe, Fe;04, y'N, 7'-FesN, CrN
N*770 K 15 a-Fe, y-Fe, Fe30a, y'-FesN, CrN
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According to the data obtained, as the temperature of PIN increases, the modified layer depth increases as
well (up to 50 um). In addition, the microhardness of the layer significantly increases and, as the result of treatment
at 670...720 K, reaches the level of maximum values (14.0...15.9 GPA). The main phases present in the nitrogen-
modified layers on martensitic steel coatings are the nitrides € - (Fe, Cr); N and y'-FesN. After ion treatment at 720
and 770 K, a sharp decrease in the high-nitrogen e-nitride content and formation of CrN are recorded in nitrides
layers, while the layer microhardness decreases to 11,3...12.7 GPA. For the layers formed by PIN on EAS
coatings, a relatively high microhardness and a large depth of the dopant penetration are characteristic. In addition,
a distinctive feature of nitride layers on the electric arc coating is the presence of particles of the a"’- (Fe, Cr); N
phase in them along with a reduced content of the y'-Fe4N nitride phase and a relatively higher content of CrN.

The increased diffusion permeability of the coatings is caused by high concentration of defects (vacancies,
dislocations, pores) contained in them, which were formed under the conditions of very rapid crystallization of
molten drops in the course of EAS. At the same time, the presence of the thermodynamically stable chromium-
doped Fe3O4 oxide in the form of films, separating the sprayed particles, makes diffusion of nitrogen from the
upper layer of particles to the underlying layers difficult. The greatest depth of PIN is achieved in EAS coatings
with a reduced content of oxide films. PIN of EAS coatings from austenitic steel leads to the formation of modified
layers, 3...5 to 15...25 pm thick (Table 3). Therefore, the coatings were formed by activated electric arc spraying
(AEAS), providing a porosity of less than 7% (Fig. 1, b).
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Fig. 1. Porosity distribution in coatings obtained by: (a) EAS and not recommended for treatment by PIN;
(b) AEAS and recommended for treatment by PIN

The studies showed (Table 4) that at a layer density of more than 94%, this effect does not arise.

Table 4
Results for topography of layer surfaces after PIN at 580 K
Method Material Porosity of layer, Surface
of spraying for spraying % microtopography
~ 10 Bulging
EAS .
Ferritic steels >8 Bulging
. ~6 smooth and unchanged
Activated EAS ~5 smooth and unchanged
EAS z> 10 Bu}g%ng
Martensitic steels =8 Bulging
. ~6 smooth and unchanged
Activated EAS =5 smooth and unchanged

The main reason for the relatively small depth of nitrogen saturation of electric arc coatings (15...30 um)
compared with that for cast steels is the presence of a large number of oxide films in the coating, which act as a
barrier to the PIN process. Oxides are inevitably formed both during the flight of molten particles and in the course
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of their crystallization on the surface of a part. For the same reason, it is almost impossible to strengthen coatings
with porosity over 6% without formation of defective areas, since their pore walls are covered with a thin layer of
iron oxides.

The formation of oxide films can be eliminated via spraying steel wires with the products of propane and
air combustion, that is, via using AEAS. The consumption of propane and air combustion products during AEAS
is 3040 m?/h. In the course of the subsequent heating up to the nitriding temperature, which is in the range of
530-640 K (depending on the steel grade), the process of hardening and release of gaseous products to vacuum
occur. It was established experimentally that the higher the nitriding temperature, the shorter the time interval
between the temperature of PIN hardening and the start of surface saturation with nitrogen (Fig. 2). The samples
after chemical heat treatment were cooled with the container to room temperature.

O MKW ]

36

32 g
1 7 -
28 / i AWrd
24 ///// ¢ _
a—] ‘
20
200 400 600 800 1000 1200 AT.C

Fig. 2. Dependence of the nitrided layer thickness on the time interval between heating up to PIN
temperature and the start of surface saturation with nitrogen for coatings from martensitic steels (1,2) and austenitic
steels (3,4) at: (1) 680 K; (2) 710 K; (3) 50 K; (4) 680 K

As a result of tribological tests (pressure 0.64 MPa, dry friction) of coatings after various PIN modes, it
was established that an increase in the PIN temperature for 40Kh13 steel coatings leads to a sharp increase in their
wear resistance. The coatings treated with nitrogen ions at 670-770 K (Fig. 3) have the highest wear resistance.
The wear rate of the counterbody (hardened steel 60G, HV = 78—80 GPa) slightly decreases during the EAS—PIN

transition.
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Fig. 3. The effect of PIN temperature on the wear rate under dry friction for coatings from martensitic steel
(1); austenitic steel. (2)

Nitriding of Kh18N10T steel coatings at 500—520 K, which results in the formation of a modified 3—5 um
thick gradient layer, was not accompanied by increase in the wear resistance of steel surface under conditions of
contact interaction without lubrication. At higher temperatures (670, 720 and 770 K), the wear resistance of
coatings increases markedly. The increased wear resistance of EAS coating nitrided at 770 K is due to its
significant depth and high microhardness.

It should be noted that a nitrogen-modified layer has an uneven thickness. The areas in the form of layers
are detected in the coating depth and at the boundary with the substrate. The revealed morphology of modified
interlayers in the depth of the deposited layers indicates a boundary mechanism of diffusion of interstitial atoms
in the coatings. The results of metallographic analysis also indicate the preservation of oxide films in a modified

4]
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coating from steel 40Kh13. By changing the process temperature as well as the potential ratio of nitrogen, one can
control the depth of diffusion layer and its hardness. It was established (Fig. 4 c, d) that after nitriding of electric
arc coatings from steel 40Kh13, an anomalous structure is formed, which was not before observed in these systems.
It is a composite type structure consisting of a steel matrix and solid nitrides, the appearance of which is due to
intense diffusion along the boundaries of conglomerates of deformed wire particles. The microhardness of the
diffusion layers on coatings is higher than that of the similar layers on cast steel 40Kh13 and reaches 10 GPA.

. Tmm InerTpasne moGpIN e | Fam SneTpoe-oe molpanmsen |
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Bognw |
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c) x200 d) x500
Fig. 4. Microstructure of sprayed coatings from the steels: (a, b) Sv-08G2S and (¢, d) 40Kh13

The results of microhardness measurements of EAS coatings conducted on a microhardness tester
“Micromet II” with a load of 100 g are presented in Fig. 5. Nitrogen saturation of the 40Kh13 steel coatings under
the chosen conditions leads to the formation of a modified 150200 pm thick surface layer (Fig. 4) with a
microhardness of 6.5...7.0 MPa (Fig. 5).
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Change in microhardness through the coating depth
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Fig. 5. The microhardness distribution in EAS coatings from steel 40Kh13: the initial state; (b) after PIN
treatment

The investigation for adhesion of EAS coatings showed that PIN can markedly increase the adhesion
strength (Table 5). This increase is characteristic for coatings having porosity in the range of 5-14%; the further
increase in porosity leads to decrease in adhesion.

The adhesion increase in the EAS coatings after PIN is due to the evolution of diffusion processes at the
coating -substrate boundary, the recovery of oxides on the substrate surface, and the relaxation of internal stresses
in the coating.

Table 5
The effect of porosity on the adhesion strength of EAS coatings (with no sublayer)
Material of coating Adhesion strength, MPa, at different porosity, %
<4 5-9 7-10 10-14 12-16 13-17
Sv-08G2S 38 49 61 53 40 36
40Kh13 37 43 55 47 43 35
40Kh13 41 55 67 63 50 39

The treatment of EAS coatings with PIN leads to a sharp increase in their wear resistance. Thus, the wear
rate of coatings from steel 40Kh13 under dry friction decreases from 350 down to 19 pm/km. At the stage of steady
friction, the wear rate of coatings after PIN treatment decreases to 5—6 pm/km. At the same time, the wear
resistance of the modified layer from steel 40Kh13 is 1.6 times higher than that of cast steel 45 in the thermally
hardened state (Fig. 6).
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Fig. 6. Dependence of the linear wear on the dry friction path for coatings from steel Sv-08G2S: m coating
Sv-08G2S + PIN; A cast steel 45 (quenching and tempering); ¢ coating Sv-08G2S (initial state)
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The findings of the surface topography examination for EAS coatings after PIN are presented in Fig. 7.
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Fig. 7. Surface topography of EAS coatings after PIN
Conclusions

This study was devoted to developing and testing techniques for formation of hardened protective coatings
on the basis of combination of EAS with subsequent PIN.

The possibility to improve the quality of EAS coatings from steels of martensitic (40Kh13, 95Kh18), ferritic
(Sv-08G2S), and austenitic (Kh18N10T, 12Kh18N10T) grades thanks to subsequent ion-nitriding treatment has
been evaluated.

The phase composition and microhardness of coatings obtained via spraying wires from ferritic, austenitic,
and martensitic steels have been investigated. As a result of experimental studies of the influence of modifying
effects of PIN on the physicomechanical properties of EAS steel coatings. It was established that in order to
increase the efficiency of the modification process, porosity of coatings should be not more than 7%, which allows
the formation of surface layers with a microhardness of 6.5 - 15.0 GPa and a thickness of 20-50 um.

It was shown that the EAS method combined with subsequent PIN allows the formation of coatings with
a surface layer with a hardness of 6.5 to 15.0 GPa and a thickness of 20 to 50 um.

The wear resistance of EAS coatings from 40Kh13 and Kh18N10T steels after PIN increases by eight times.
The amount of oxides in the coatings does not change after PIN treatment and favorably affects the performance
of the coatings under the conditions of dry friction in air.

Saturation with nitrogen of EAS coatings from wire steel 40Kh13 leads to the formation of a diffusion 40-
50 pm thick layer, the microhardness of which is 6.5 — 15 GPA. Herein the adhesion strength of the coatings
increases by 1.6 times, and wear resistance does by 15-20 times.

It was shown that a duplex technology, combining EAS and PIN, allows one to obtain a significant effect
concerning the bearing capacity, increase in hardness, adhesion strength, and wear resistance of the part-coating
system along with reducing the probability of the part deformation. Discrete-pulse energy input at PIN increases
the rates of heating and nitrogen diffusion by 2.5 times and shortens nitriding time by 2.6 times compared to the
classical chemical heat treatment. The PIN process does not provide a uniform heating of the whole part, but only
the surface layer of the required depth for hardening. PIN changes neither the shape and dimensions of the part,
nor the roughness of its surface, so it can be used as a finishing treatment. The cyclical nature of the heating process
makes it possible to reduce the power supply by 2.5 times.
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Jlomara O.B., JIonata B.M., Kaunncbka L.P., ConoBux A.€. JTocimKeHHS MOKIHBOCTI ITiABHIIEHHS
SIKOCTI €JIEKTPO/IyTrOBUX OKPHUTTIB LIJISIXOM 00pOOKH a30TyBaHHSIM

EdexruBHMM crioco00M BUpIIIEHHS 3aBJIaHb 1010 3MEHILIEHHS BUTPAT XapaKTEPHCTHK EJIEKTPOYTOBHX
MOKPHTTIB 13 APOTSIHUX MarepialliB MOXKe BUHUKHYTH YTBOPEHHS B HUX BHUCOKOMIIIHMX TIOBEPXHEBHX IIApiB 32
paxyHOK BUKOPHCTaHHS Pi3HUX METOJIB XiMIKO-TepMidHOi 00poOKu. by npoBeneHi AoCIiHKeHHS 3 PO3POOKOI0
Ta arpoOyBaHHAM KOHLEMNLIT ()OpMyBaHHS 3MIITHIOBAJIbHUX 3aXUCHUX MOKPHUTTIB HA OCHOBI MOEJHAHHS MTPOLIECY
€JICKTPOJIHOTO HAIWJICHHS 3 TEXHOJOTIYHOI0 0OpOOKOI0 IMITyJIbCHUM IOHHHM a30TyBaHHsM. [lokasaHo, 1o
JyIuleKcHa (KOMOIHOBaHa) TEXHOJIOTiS, IO IO€JHYE ENEKTPOJYroBe HANWICHHS Ta a30TyBaHHS, JO3BOJIUTH
OTpUMaTH 3HAa4YHUI eQeKT 3a HeCydolo 3JaTHICTIO, IiJBHIICHHS TBEPAOCTi, MIIHOCTI 3YEIUICHHS Ta
3HOCOCTIMKOCTI CHCTEMH JeTalb-TIOKPUTTS TP 3HWKEHHI HMOBipHOCTI nedopmanii nerani. Byma nposenena
OIliHKa MO>KITMBOCTI ITiIBHIIIEHHS SIKOCTi €IEKTPOAYTOBHX MOKPHUTTIB 3 MapTeHcuTHoro craneit (40X13, 95X18),
deputaoro (CB-08I2C) i aycrenitHoro (X18HI10T, 12X18HI0T) kmaciB mmisxoM NOAANbIoi 0OpOOKH
A30TyBaHHSIM.

KurouoBi cjioBa: koMOiHOBaHI METOM HAHECEHHS 3HOCOCTIMKHX MMOKPUTTIB, XiMiKO-TepMidHa 00poOKa,
€JIEKTPOJYTOBE HAIWICHHS, a30TyBaHHS,. 3HOCO- Ta KOPO3iiHY CTIHKICTb, 3MIIHIOIOUN 3aXHUCHI TOKPUTTS
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Abstract

The presented article considers the disadvantages of chromium coatings and shows the possibility of their
elimination by obtaining coatings of discrete structure. The principle of coatings of discrete structure allows to
organically combine physical processes underlying pulse hardening methods with a discrete structure determining
their service properties. It is shown and substantiated that the method of electric spark alloying is the most suitable
for applying discrete coatings, since this process is discrete by its nature. The advantage of discrete coatings is the
absence of a softening effect when a brittle crack passes from the coating to the base metal due to excessively high
adhesive strength. High cohesive and adhesive resistance of individual discrete sections of the coating is achieved
by limiting normal stresses in the coating and tangential stresses in the plane of adhesive contact with the base by
changing the size and shape of an individual section. This article is devoted to determining the optimal parameters
of a discrete structure. The required coating design is determined by a calculation method based on a model that
describes the stress-strain state of the coating.

Keywords: chromium plating, spark alloying, discrete coating, stress-strain state, cohesive and adhesive
strength, thermomechanical resistance, coating continuity, wear

Introduction

In increasing the durability of special equipment parts, priority is given to hardening coatings on the inner
surface of the parts. However, most coatings are destroyed during operation, which is associated with insufficient
adhesive and cohesive strength, the occurrence and development of a network of cracks and the weakening of the
coating during operation. Argon-arc surface hardening is considered as an alternative to coatings for hardening the
inner surface of special equipment parts [1]. In research and industrial practice, chromium coatings applied by the
electrolytic method are most common for increasing the durability of special equipment parts. However, with
sufficient erosion-corrosion resistance of the Cr coating, it is not possible to eliminate cracking and peeling [2].
Most studies are devoted to improving the application technology and eliminating the disadvantages of Cr coatings.

The aim of the work
Increasing the durability and bearing capacity of coatings by using a discrete structure.
Research results and discussion

The main disadvantages of chromium coatings include brittleness at temperatures T<(0,1...0,2)Ty; and
extreme sensitivity to interstitial impurities both during its application and during operation. As a consequence,
there is low resistance to mechanical and thermal shocks.

One of the disadvantages of electrolytic coatings is hydrogenation of the surface layer of the part. This
leads to the phenomenon of hydrogen embrittlement and hydrogen corrosion. As a consequence, there is a decrease
in the strength and ductility of the part. Thus, the fatigue limit of steels can decrease by 50% [3].

Copyright © 2025 V. Antonyuk, L. Lopata. This is an open access article distributed under the Creative Commons Attribution
@m License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
(= cited.
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Therefore, along with the problems associated with the development and use of galvanic coatings, there is
a need to assess the effect of coatings on reducing the strength and ductility of the base material. It is noted [4]
that the most sensitive characteristic is the relative narrowing . Electrolytic Cr coating leads to a decrease in
by 1.4 times. Heat treatment at 200°C promotes a slight increase in y from 33 to 39% (for the original sample
without coating v = 45%). This is explained by the removal of hydrogen from the coating during heat treatment.

Technological difficulties in chroming are associated with the impossibility of maintaining a ratio between
the anode and cathode areas, in which the former would exceed the latter, as well as the unequal resistance of the
electrolyte along the length of the barrel inside the channel [5].

Another important circumstance in chroming the barrel bore is the need to ensure a uniform coating
thickness along the entire length of the barrel. For rifled barrels, it is difficult to achieve a uniform Cr coating and
high adhesive strength in the area of the mating of the lands and rifling. To eliminate these shortcomings, a number
of technological methods are used to improve the dissipation capacity of the electrolyte, including current "push".
To ensure a high-quality Cr coating, it is necessary to strictly control the composition of the electrolyte, its
temperature and current density. A temperature deviation of 2...3°C leads to a significant change in the properties
of Cr deposits. The presence of chemically active products in the gas environment, in particular nitrogen and its
compounds, leads to the formation of brittle compounds. This leads to cracking and peeling of coatings under the
influence of thermomechanical loads. Therefore, one of the ways to increase the durability and stability of
chromium coatings is to alloy them with elements such as V, Nb, Mo, Ni and other elements.

The most effective materials for protection against thermomechanical wear are Ni and W. Alloying with
Ni (0.1...0.3%) leads to an increase in the plasticity of the coatings, to a decrease in carbon deposits and a network
of cracks during operation [6]. Alloying of Cr coatings is carried out by introducing alloying additives into the
electrolyte. Thus, electrodeposition of Cr-Ni alloy is carried out from a diluted chromium plating electrolyte
containing additives of nickel salts. However, simultaneous electrodeposition of Cr with other metals in practice
is associated with great technological difficulties. Continuous monitoring and stabilization of the electrolysis
process in terms of current, concentration and temperature of the electrolyte and other parameters are necessary
[5,7]. In the search for ways to improve the properties of electrolytic Cr coating, a trend has emerged for multi-
stage application: the use of additional electrospark alloying (ESA) treatment after electrodeposition.

The use of the ESA method without a continuous corrosion-resistant sublayer does not provide positive
results [8]. Therefore, in the works [7, 9], the ESA method was used on pre-electrodeposited high-density Cr and
NiCr alloys that protect the steel base from high-temperature gas corrosion.

Research results and discussion

The ESA method is used to apply wear-resistant materials: hard alloys, W + Co, Ni-W-Co, etc. [7, 9]. The
ESA method is most suitable for the task of strengthening the internal surfaces of special equipment parts.

The ESA method uses serial industrial equipment.

ESA treatment increased the wear resistance and durability of special equipment parts by 2 times according
to the results of operational tests in comparison with standard chrome plating [9].

The mechanism of destruction of the Cr coating and the electric spark coating during operation is associated
with the formation and development of a network of regular cracks, their merging and subsequent chipping of
sections of the coatings [7]. This circumstance was the basis for the creation of the principle of discrete coatings
with increased thermomechanical resistance [10, 11]. The discrete coating consists of individual sections, the
dimensions of which are similar to the network of regular cracks in a continuous coating. The formation of a
network of regular cracks occurs as a phenomenon of self-regulation and a decrease in the level of the stress-strain
state of the coating. The discrete structure of the coating (applied from the same material as the continuous coating
with equal thicknesses) allows for a multiple increase in the load-bearing capacity of the coated part, especially in
the area of high loads and deformations of the base material [11]. High cohesive and adhesive resistance of
individual discrete sections of the coating is achieved by limiting normal stresses in the coating and tangential
stresses in the plane of adhesive contact with the base by changing the size and shape of an individual section.

The ESA method is the most suitable for applying discrete coatings, since ESA is discrete by nature. A
single electric discharge ensures stability of the dimensions and properties of an individual discrete section of the
coating. By changing the pulse frequency or the speed of relative movement of the electrode and the part, it is
possible to regulate the number of discrete sections on the working surface of the part, as well as the continuity of
the coating. The discrete structure of the coating allows (unlike the traditional continuous coating) to successfully
apply surface plastic deformation (SPD). The use of SPD for continuous coatings is impossible due to their
cracking and peeling. Discrete coatings can combine ESA and SPD in one technological cycle. In this case, SPD
is the final dimensional processing and ensures the required surface purity of the discrete coating. Continuous
coatings applied by the ELA method require final mechanical processing due to their high roughness.

When applying a discrete coating in one pass of the electrode, the productivity of the ESA method increases
many times. The advantage of discrete coatings also lies in the absence of a softening effect when a brittle crack
passes from the coating to the base metal due to excessively high adhesive strength. In [12], a criterion relationship
for adhesive strength and the need to optimize it under the condition of crack transition from the coating to the
base were established. The negative role of excessively high adhesive strength is confirmed by such a wear
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mechanism during operation as the detachment of Cr coating particles with the tearing out of metal from deep
layers [8]. This article is devoted to determining the optimal parameters of a discrete structure. The required coating
design can be determined by a calculation method based on a model that describes the stress-strain state of a

continuous coating [13]. We select the size of the discrete section based on the regular step of the crack that occurs
due to cohesive cracking of the coating.

The criterion for selecting the parameters of the discrete structure is the minimum stress level during
operation, on which the wear resistance of the part surface depends. Total effective stress value in the coating:

ef _
o, =

op r

o, +0, (1)
op _ __m t . . .

where: O, = O, + O, - operational stresses in the coating;

o) Cm - stress in the coating from mechanical load;

t . . . .
O, - stress in the coating under the influence of temperature gradient;

O':, - residual (technological) stresses in the coating.

The stresses in the coating from the mechanical load are determined from the dependence [13]:
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where: &£, - critical deformation of the base, above which cohesive cracking of the coating begins;
Hy, h. - thickness of the base and coating respectively;
E}, E. - elastic moduli of the base and coating; / - base size;
k - a coefficient that depends on the ratio of the elastic properties of the base and the coating:
G, G, 1 1
k*=2 b—c + 3)
Gh +G H,\ E.h, EH,
where: Gy, Ge - shear moduli of the coating and base.

The nature of the stress distribution in a discrete section of the coating with a length of 2/ is shown in Fig.
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Fig. 1. Distribution of stresses O cm along the length of the coating
The stress o, under the action of a temperature gradient in different variants of Cr coating for shooting
conditions are given in [14]. Residual stresses in the coating O Cr were determined by the radius of curvature of a

flat sample after coating application. Using the method for calculating thin plates for bending, we determine O':,
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where: 1 - base material coefficient; R — radius of curvature of the sample.
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In a linear stress state and 4. << Hj, dependence (4) turns into the well-known Stoney formula [15]:

E H’?
O_Cr — b b
6RAcC

Since we assume that the cohesive strength of the coating O'ZO = ¢, Eis distributed according to the

)

h
normal law with a standard deviation of 0.1 O cco , then the crack is most likely to occur in the section y = 0 (Fig.

h
Hat 67 =090." .
Then the distance between cracks C. will be determined:

Cczlln O,1+h”'(ac+ac)- 1 + 1 (6)
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The values of residual stresses Gcr during the coating application varied in the range of 350...500 MPa.

Temperature stresses o varied in the range of 140...180 MPa. The dependences of the discrete section size on

the coating thickness for different values of ¢,,, O Cr and o” are shown in Fig. 2 and Fig. 3.
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Fig. 2. Dependence of the size of the discrete section Ccon the coating thickness A, for &, =0,11...0,20%;

a) O =500 MPa; & =160 MPa; b) G =400 MPa; & =160 MPa.

The surfaces of the dependence of the size of the discrete section C. on the coating thickness /. and the
critical deformation of the base &, are shown in Fig. 4.
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Fig. 3 Dependence of the size of the discrete section C, on the coating thickness A, at O'Z =350 MPa; a;" =180
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Fig.4 Dependence of the size of the discrete section of the section C. on the coating thickness /. and the critical
deformation of the base &qir: a) O Cr =500 MIla; b) O Cr =400 MIla

An experimental test of the optimal size of the discrete section C. of the discrete coating was carried out
under sliding friction. The dependence of the weight wear on the continuity of the discrete coating  is shown in

Fig. 5. A steel sample served as a counterbody.

0,0016 \\
0,0012 \

0,0008 \d\
0,0004 fd

0
0 20 40 60 80 100
Continuity of coating, v %

0,002
L

Weight wear, g

Fig. 5. Dependence of weight wear on the continuity of the coating v

Minimum wear occurs at y = 60%, which corresponds to the coating area in the form of discrete circular

sections with a diameter size equal to C..
A change in the continuity y of the discrete coating changes the wear mechanism. At y<40%, the adhesive

wear mechanism is observed. In the range v = 50...70%, the most preferable type of wear occurs - abrasive. At
y>70%, wear by peeling and chipping of coating particles is observed. This is confirmed by studying the

profilograms of the friction surfaces (Fig. 6).
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Fig. 6. Friction surface profile of a discrete coating: a) y<40%; 6) y=50...70%; B) y>70%
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Conclusions

The technological processes of ESA are based on the concept of obtaining continuous layers, which is
achieved by multiple passes of the electrode along the surface being hardened. This leads to a decrease in the
productivity of the hardening process, to a decrease in a number of physical and mechanical properties of the
alloyed layer, and in some cases even leads to its destruction.

The principle of discrete structure coatings made it possible to organically combine the physical processes
underlying pulsed hardening methods with a discrete structure that determines their service properties.
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Antronok B.C., Jlonara JI.A. OntuMizalisi IMCKPETHOI CTPYKTYpPH €JIEKTPOICKPOBUX MOKPHUTTIB

VY HaBeJCHIN CTATTI PO3IJITHYTO HEMOJIKA XPOMOBHUX MOKPHUTITIB Ta MOKA3aHO MOMJIMBICThH 1X YCYHCHHS
NUIIXOM OTPUMAHHS TOKPHUTTIB JUCKPETHOI CTPYKTYpH. [IpMHIUI MOKPUTTIB AUCKPETHOI CTPYKTYPH JT03BOJISE
OpraHIYHO MOETHATH (PI3UYHI MPOIECH, IO JICXKATH B OCHOBI IMITYJbCHUX METOJIIB 3MIIHCHHS, 3 JUCKPETHOO
CTPYKTYPOIO, III0 BH3HAYAE iX CIyk00Bi BIacTHBOCTI. [loka3aHo Ta 0OIPYyHTOBAHO, IO METOJ] EICKTPOICKPOBOTO
JICTYBaHHS € HAWOUTBIN MiTXOMSAIIMM JJIsl HAHECCHHS TUCKPETHHUX MOKPUTTIB, 00 IeH mpoIiec € JUCKPSTHUM 3a
CBO€I0 TPHUPONIoK0. [lepeBara MUCKPETHUX MOKPUTTIB MOJATAE Y BIiCYTHOCTI PO3MIIHIOBAILHOTO S(PEKTY MpH
nepexo/ii KpUXKOI TPILMHY 3 MOKPUTTSI B OCHOBHUN METaJl 32 paxyHOK HaJMIpHO BUCOKOI MIITHOCTI aAre3iiHoi.
Bucoka xoresifiHa Ta aare3idfHa CTIHKICTh OKPEMHX JUCKPETHUX IUISHOK TOKPHUTTS JOCATAETHCS MUITXOM
00ME)KEHHSI HOPMAJIbHUX HANPYT y MOKPUTTI Ta JOTHYHUX Yy TUIOIIUHI aAre3iiHOr0 KOHTAKTy 3 OCHOBOI 32
paxyHOK 3MiHH po3MipiB Ta (opmu okpemoi AUISHKH. L[ cTaTTs mpucCBsAYEeHA BU3HAUCHHIO ONTHMABHUX
mapaMeTpiB AUCKPETHOT CTPYKTypu. HeoOXimHa KOHCTPYKIisl TOKPUTTS BU3HAYAETHCS PO3PAXYHKOBUM METOI0M
Ha OCHOBI MOJIEITi, II[0 OMUCY€E HAMPY>KEHO Ae(hOpPMOBAHUI CTaH MTOKPHUTTSI.

KnarouoBi cioBa: XpPOMUPOBAHHUE, DBIICKTPOUCKPOBOC JICTUPOBAHUC, IUCKPCTHOC IMOKPLITUC, HAMPAKCHHO-
)Ie(bOpMI/IpOBaHHOC COCTOSAHUEC, KOI'C3MOHHAasA MW aArc3uOHHasA MNPOYHOCTb, TCPMOMEXaHUYCCKasd CTOﬁKOCTL,
CIIOITHOCTH NMOKPBITUA, U3HOC
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Abstract

The tribological characteristics of hydrogenated steel 60C2 with different structural states were compared
with the obtained results of studies of friction surfaces by physicochemical methods, which allowed us to draw a
conclusion about the relationship between friction and wear indicators with the processes occurring on the surface
of the material during friction, and the significant influence of hydrogen present in the contact zone on them. It
was proven that during friction on the contact surface of hydrogenated steel 60C2, regardless of its structural state,
the process of formation of secondary structures occurs, which determine the process of friction and wear of the
material. Reduction of the wear intensity of steel 60C2 with a tempered martensite structure (300°C) is
accompanied by the formation of secondary structures on the surface, which have a higher resistance and shield
the base material from direct contact and destruction. In addition, the saturation of the material with hydrogen
changes the nature and mechanism of formation of secondary structures, which in turn leads to a change in the
mechanism of friction and wear of the material.

Keywords: friction, wear, hydrogen, surface structures.

Introduction

Under friction, in almost any conditions, thanks totribochemical processes in the contact zone, hydrogen is
released due to the decomposition of hydrocarbons in lubricants, fuel, plastics, wood and other environments, as
well as the diffusion of hydrogen present in the steel under the influence of various processes in the surface layer
zone [1]. In this case, under the influence of hydrogen, not only mechanical but also tribological characteristics of
materials change significantly [1-4]. There is some information in the literature on the effect of hydrogen on the
properties of materials, but they are advisory in nature and do not allow for a full characterization of its effect on
a specific material. In view of the fact that parts made of 60C2 steel are used in friction pairs under conditions that
do not exclude hydrogenation of the material, it became necessary to conduct studies on friction and wear taking
into account the effect of hydrogenation, to analyze the change in the physicochemical situation in the contact
zone under the influence of hydrogen.

The purpose of the work is was the study of the mechanisms of wear of materials, using the example of
steel 65G, when they are hydrogenated. As well as the processes occurring on surfaces during their friction under
hydrogenation conditions.

Materials and research methods

For the research, steel 60C2 was selected, used in industry (sealing and spring rings, in the manufacture of
wire tools, springs for automobiles and rolling stock, etc.).

Various structural states of steel were achieved by quenching from 870°C and their subsequent tempering
at different temperatures (200, 300, 400 and 500°C) for two hours.

Copyright © 2025 V.V. Shchepetov, S.S. Bys, M.R. Byalik, V.V. Medvedchuk, Ya.S. Bys. This is an open access article distributed
@m under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
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Tribological studies of metals under dry sliding friction conditions were carried out on a universal friction
machine model 2168. Tests were carried out using the disk-finger friction scheme on standard samples.

Fig. 1. Friction surfaces of 60C2 steel with different structural states, studied in air at constant pressure (10 MPa):
a - tempering structure 200°C (0.2 m/s);b - 300°C (0.2 m/s); d - 400°C (0.2 m/s); i - 500°C (0.4 m/s) (x152)

To study the effect of hydrogen on the characteristics of 60C2 steel with different structural states, samples
were saturated with hydrogen using the cathodic polarization method in a 10% H2SOj4 solution for 1 hour.

With the development of regularities, a complex of modern physico-chemical methods of structural-phase
analysis, which is important for the examination of surface balls, is lost and worn out. In this case, the
comprehensive research methodology included metalography; scanning electron microscopy (scanning electron
microscope JSM-840); X-ray structural phase analyzer (DRON-UMI1 diffractometer).

Research results and their discussion

The laws of transformation of mechanical energy into internal energy during friction are determined by
loading conditions, the structure of materials and the action of the environment. At this stage of the work, the goal
was achieved - determining the effect of hydrogen on the structure, phase composition of the surface layer of
contact pairs, the degree of plastic deformation. This will allow a qualitative assessment of the results of
tribological tests.

The performed macroscopic studies of the surface allow us to draw a conclusion about the qualitative and
quantitative difference of the films formed on the friction surfaces of 60C2 steel tested in air (fig. 1) and after
hydrogenation (fig. 2), depending on the test conditions. The friction surfaces of the samples tested after
hydrogenation are covered with a network of microcracks (fig. 2 a, c, d), whereas they are absent when tested in
air (fig. 1). Micro cracks formed on the surface films and in the near-surface layer of the material, which indicates
embrittlement of the material surface under the influence of hydrogen.
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Fig. 2. Friction surfaces of 60C2 steel with different structural states, P=10 MPa, saturated with hydrogen at
different current densities: a - tempering structure 300°C (0.4 m/s, 1 A/dm?); b - 400°C (0.2 m/s, 1 A/dm?); in -
500°C (0.4 m/s, 1 A/dm?); g - 300°C (0.2 m/s, 4 A/dm?); d - 400°C (0.2 m/s, 4 A/dm?); f - 500°C (0.4 m/s, 4 A/dm?)
(x152)

Comparing the results obtained in the study of the wear intensity of 60C2 steel in different structural states
with the corresponding friction surfaces, a certain pattern can be seen between them - an increase in the number
of cracks on the friction surfaces is accompanied by an increase in the wear intensity of the material and vice versa
- a decrease in the number of cracks on the friction surfaces is associated with a decrease in the wear intensity of
the material.

During friction, the surface is deformed due to tangential stresses, the relaxation of which, when tested in
air, occurs due to an increase in plastic deformation of the contact points. In our opinion, hydrogen present in the
contact zone activates the processes of self-organization of the surface and promotes the formation of fairly brittle
films, which, under the action of the touch. The stresses are destroyed, forming a network of microcracks, and
intensifies the wear process.

On friction surfaces of steel 60C2 with a higher tempering structure (400°C and above) (fig. 2 c-e),
saturated with hydrogen, a less intense formation of cracks was noted, which can be explained by an increase in
the plasticity of the material and completely different conditions for the formation of microfilms, and with an
increase in the friction speed and pressing force (fig. 2 g, ), surface cracks were not detected.

To explain the processes occurring during friction and wear of hydrogenated steel 60C2 with different
structural states, a study of the chemical composition of friction surfaces and secondary structures was conducted.

In fig.3 shows the nature of the distribution of elements on the friction surface of hydrogenated steel
60C2, with a tempering structure of 300°C, for different speeds of sliding friction. From which it follows that the

chemical composition of the friction surface depends on the structural state and changes under the influence of
hydrogen.
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Fig. 3. Distribution of chemical elements of hydrogenated steel 60C2 by the depth of the friction surface,
depending on the etching time, at P=10 MPa: a-V=0.2m/s;b-V=03m/s; c-V=0.4 m/s

When studying the profiles (fig. 3) of the distribution of elements on the friction surface of hydrogenated
steel 60C2, it should be noted that the oxygen content on the surface and in the near-surface region increases, as
well as the carbon content decreases. In addition, iron was found on the friction surface, the amount of which
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changes with depth (fig. 3 a, b, c¢). The presence of these elements indicates the predominant possible formation
of iron carbides and oxides, whereas Fe is absent when tested in air.

It was found that the increase in the friction speed of hydrogenated samples leads to depletion of the surface
in carbon and its amount is significantly less than in air. The oxygen content on the surface is almost the same,
does not depend on the research modes, and its concentration increases monotonously with depth. The amount of
oxygen on the friction surface of hydrogenated steel 60C2 is significantly greater than in air, which can be
explained by the presence of hydrogen in the contact zone.

In all cases, silicon was found on the friction surface of hydrogenated 60C2 steel, the amount of which
increases with depth for low friction speeds (up to 0.2 m/s) (fig. 3 a), with increasing speed - its amount on the
surface and in the near-surface zone is the same (fig. 3 b, c).

The presence of silicon in the contact zone makes it possible to form chemical compounds of silicon with
elements of the environment, especially oxygen. At the same time, no depletion of the inner layers of silicon is
observed due to saturation of the surface of hydrogenated samples with it, in contrast to the results obtained in air.
The amount of silicon registered on the hydrogenated friction surface is less than in air. That is, it can be stated
that during friction of hydrogenated samples, silicon diffusion into the contact zone from the inner layers does not
occur.

When considering the formAuger spectrum of carbon obtained from friction surfaces of hydrogenated steel
60C2, it can be noted that it corresponds to the carbide phase. In our opinion, this is due to the fact that iron and
manganese form compounds with carbon, while other elements that can lead to carbide formation have not been
registered.

The presented results of the study allow us to conclude that as a result of friction of hydrogenated steel
60C2, a change in the chemical composition of the surface and the near-surface region occurs in comparison with
the volume of the sample, which is associated with the activation of the surface layer and the formation of
secondary structures on them, which, as is known, affect the process of friction and wear. In addition, the
qualitative and quantitative nature of the secondary structures formed in the presence of hydrogen differs from
those formed in air, which confirms the influence of hydrogen.

The use of the SIMS method made it possible to analyze changes in the microstructure in thin surface
friction layers of hydrogenated steel 60C2 with different structural states, and to establish the nature of the phases,
their crystalline structure, and the parameters of the unit cell necessary for identifying the phases and composition
within the region of their homogeneity.

The study of friction surfaces of hydrogenated 60C2 steel in the transmission microdiffraction mode
allowed us to record diffuse halos (fig. 4a), the number of which reflects the qualitative picture of the surface layer
activated by friction after elastic-plastic deformation [6, 7, 10]. The electron diffraction pattern indicates that the
microstructure of the friction surface in the presence of hydrogen of 60C2 steel samples has a finely dispersed
structure and consists of a mixture of phases of material components, contacting pairs and products of interaction
with atmospheric oxygen.

It should be noted that the order of dispersion of the friction surfaces studied in air and after hydrogenation
is practically the same; however, a slight increase in the dispersion of the friction surface studied in the presence
of hydrogen is noticeable, which is apparently due to the fact that hydrogen promotes greater oxidation of the
structure.

a
Fig. 4. Electron diffraction pattern of surface friction layers (a) and distribution of elements on the friction
surface (b) of hydrogenated steel 60C2 with a tempering structure of 300°C

According to the stoichiometric composition, the microstructure of the friction surface after
hydrogenation, as in air, is a complex, difficult to activate complex in the form of a finely dispersed mixture of
oxides of Fe, Mn, Si and complex spinel phases of the FeMn,O,4 type, which are formed on the surfaces of the
material during the friction process.

On the friction surfaces of hydrogenated steel 60C2, with different tempering structure, the appearance of
new structural components was noted, representing a practically uniform distribution of ellipsoid fragments over
the friction surface (fig. 4 b), distinguished by additional dissolution of carbide phases in the matrix. On the friction
surfaces of hydrogenated steel 60C2, the presence of uniformly distributed ultra-dispersed new formations similar
to those found on the friction surfaces in air was not detected.
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X-ray phase analysis hydrogenated friction surfaces, carried out on a DRON-UM1 diffractometer, showed
that the structure of the samples is a solid solution based on iron and a finely dispersed mixture of strengthening
phases, mainly in the form of Fe, Si carbides and intermetallic compounds. The presence of a solid solution of
Fe,0s in the surface layers was noted. When determining the physical broadening of the lines, caused by the
dispersion of crystals and distortion of the crystal lattice, on friction surfaces in the presence of hydrogen of
samples with a tempered martensite structure (300°C), the absence of FeO was established, apparently due to its
thermodynamic instability and oxidation to Fe3O4. Thus, a decrease in the oxidation rate and the intensity of wear
product formation leads to an increase in the wear resistance of the material with such a structural state.

Results of physical-chemical and the results of the microphase analysis of friction surfaces of hydrogenated
60C2 steel using an electron microscope are shown in fig. 5. It follows from them that the friction surfaces differ
qualitatively and quantitatively (fig. 5a) from the surfaces obtained during similar tests in air. Several types of
secondary structures can be distinguished on the surfaces obtained in the presence of hydrogen, differing in
chemical composition and in different ability to reflect light (T1, T2, T3, T4). Let us recall that other types of
secondary structures were obtained in air: T5, T6, T7, T8. Supersaturated solid solutions of iron with dissolved
oxides of Si, Mn have a light shade, which can be attributed, in our opinion, to secondary structures of the second
kind, according to the classification proposed by V.I. Kostetsky [6-9]. The following should be noted: the amount
of dissolved oxides of Si, Mn on the friction surfaces in the presence of hydrogen is less than in air. And, as is
known, silicon dioxide found on the friction surface promotes the formation of glass-forming oxide, which has
unique physical and chemical properties - sufficiently high hardness without brittleness, and on friction surfaces
examined in air, the amount of silicon oxide is significantly greater than after hydrogenation. Obviously, hydrogen
affects the process of SiO formation, namely, the presence of hydrogen reduces the amount of silicon oxide formed.
This, in turn, can also explain the increase in intensity wear resistance of hydrogenated steel 60C2 with a low-
temperature tempering structure (up to 400°C).

Fig. 5. Formation of secondary structures on friction surfaces (a) and distribution of iron on friction surfaces of
hydrogenated steel 60C2 with a tempering structure of 300°C

Fig. 5 b shows the distribution of iron on the friction surface of hydrogenated steel 60C2, from which it is
evident that the amount of iron on the friction surface obtained during the study in air is significantly less than in
the presence of hydrogen (fig. 5 b). This confirms the result we obtained earlier. In addition, the iron is distributed
uniformly over the surface of the material. A large number of micro cracks are observed on the hydrogenated
friction surface, which can obviously explain the increase in the wear rate of the material saturated with hydrogen.

Conclusions

The conducted qualitative and quantitative analysis of friction surfaces of samples made of hydrogenated
steel 60C2, with different structural states, allows us to draw the following conclusion:

- the chemical composition of the friction surface of hydrogenated steel 60C2 differs from the chemical
composition of the volume, the friction surface and the near-surface region contain iron and are enriched with
carbon, the concentration of which decreases with increasing friction-sliding speed. This promotes the formation
of secondary structures consisting mainly of iron oxides and reduces the amount of silicon oxide formed, which
in turn reduces the wear resistance of the material in the presence of hydrogen;

- the iron content on the surface increases with increasing load (speed); with increasing speed, a new phase,
iron carbide, is formed in the near-surface region;

- hydrogen significantly affects the composition of the friction surface and the near-surface region, which
is manifested in its greater oxidation through the predominant formation of iron oxide and lesser silicon oxide, the
formation of more brittle secondary structures that do not contribute to the wear resistance of friction pairs.

Comparing the tribological characteristics of hydrogenated steel 60C2, with different structural states, with
the obtained results of studies of friction surfaces by physicochemical methods, it is possible to draw a conclusion
about the relationship between the friction and wear indicators with the processes occurring on the surface of the
material during friction, and the significant influence of hydrogen present in the contact zone on them. It has been
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proven that during friction on the contact surface of hydrogenated steel 60C2, regardless of its structural state, the
process of formation of secondary structures occurs, which determine the process of friction and wear of the
material. Reduction of the wear intensity of steel 60C2 with a tempered martensite structure (300°C) is
accompanied by the formation of secondary structures on the surface, which have a higher resistance and shield
the base material from direct contact and destruction. In addition, the saturation of the material with hydrogen
changes the nature and mechanism of formation of secondary structures, which in turn leads to a change in the
mechanism of friction and wear of the material.
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VY crarTi npoaHanizoBaHO TPUOOJIOTIYHI XapaKTepUCTUKH HaBOAHEHOT ctaii 60C2, 3 pi3HUM CTPYKTYpHUM
CTaHOM, 3 OTPUMaHHUMHU pe3yJbTaTaMH JOCJIJDKEHb IOBEPXOHb TepTs (i3uKo-xiMiYHUMH MeToxamu. Lle
JIO3BOJIMJIO 3pOOHTH BUCHOBOK ITPO B3a€MO3B'SI30K MTOKA3HHUKIB TEPTS 1 3HOIIYBAHHS 3 IIPOLIECAMH, IO MPOTIKAIOTh
Ha ITOBEPXHI MaTepiay Mpu TepTi, 1 3HAYHOTO BIUIMBY Ha HUX BOZIHIO B 30HI KOHTAKTYy. JloBeeHo, 1110 B Ipoleci
TEpTsl Ha MOBEPXHI KOHTAKTy HaBojHEeHOI ctam 60C2, He3aneKHO BiJ ii CTPYKTYpHOrO CTaHy, BiOyBaeThCs
NpOLIEC YTBOPEHHS BTOPUHHUX CTPYKTYP, SKI BU3HAYAIOTh MPOIIEC TEPTS Ta 3HOLIyBaHHs Marepiany. 3HIKCHHS
IHTEHCHBHOCTI 3HomIyBaHHA ctaimi 60C2 31 crpykryporo Maprencury sinmycky (300°C) cynpoBoiuKyeThes
YTBOPEHHSIM Ha IOBEPXHI BTOPMHHUX CTPYKTYp, II0 MalOTh OUJIbII BUCOKY CTiHKICTh 1 €KpaHyIOTh OCHOBHHMH
Marepian BiJ 0e3rnocepesHbOro KOHTaKTy Ta pyHHyBaHHsA. KpiM TOro, HaCHUeHHs Marepialy BOJHEM 3MiHIOE
XapakTep Ta MeXaHi3M YTBOPEHHsI BTOPHHHHX CTPYKTYD, 1110 Y CBOIO Yepry NPU3BOJUTH /10 3MiHU MEXaHI3MYy TepPTS
Ta 3HONIYBaHHS MaTepiamy.
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Abstract

The article is devoted to microtexturing of metal and polymer materials of tribological system elements, its
influence on the characteristics and properties of working surfaces of samples and parts. Various types of
microtexture of steel and composite materials based on zirconium oxide are considered. The mechanism of their
formation is clarified. Mainly, the mechanisms of microtexturing are associated with the field of tension created
during friction and laser processing. It is determined that laser processing of steel samples leads to combined
microtexturing and a texture gradient along the depth of the surface layer of the sample. Texture in composites is
revealed both during laser processing and during friction testing. It is shown that the revealed texture positively
affects the operational characteristics of parts, increasing the level of reliability and wear resistance, as well as the
tribological efficiency of tribocouplings of parts of assemblies, systems, units of machines and mechanisms.

Key words: steel, composite, tribological system, microtexturing, X-ray radiation, laser processing, texture
perfection, friction testing, reliability, wear resistance.

Introduction

Increasing the durability of mating parts, assemblies, systems and units of machines and mechanisms in
general is one of the important and priority tasks of modern mechanical engineering. This problem can be solved
only on the basis of an integrated approach, which includes the creation of new materials from which parts are
made, the development of effective innovative technologies, manufacturing, strengthening and manufacturing and
modification of working surfaces of parts. At the same time, during strengthening, restoration and modification, it
is necessary to take into account the influence of technological parameters on the initial, intermediate and final
state of the material of the part as a whole. This means that first of all it is necessary to determine the microstructure,
to find out its texture, to identify the distribution of alloying elements and phase composition, stress-strain state,
that is, to find out the evolutionary development of the material of the part during processing by various
technologies and during operation [1].

The main task of texturing is to reproduce the roughness and surface finish of materials of tribological
system (TrS) elements, which, thanks to microtexture, are constantly used to reduce friction and wear and increase
the tribological efficiency of the system.

The microtexture of the working surfaces of mating parts of machines and equipment has a synergistic
triple effect: reserve for liquid and solid lubricants; collection of wear particles; limitation of abrasion and
formation of a hydrodynamic film.

The microstructuring of the friction surface can be optimized using mathematical methods, finite element
methods, and computational hydrodynamics based on the Navier-Stokes and Reynolds equations for the
hydrodynamic mode of operation of the TrS.

The latter method simulates the flow of the lubricating medium and makes it possible to predict the bearing
capacity, velocity and pressure field in the TrS, and also takes into account inertial effects. Artificial intelligence
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(AI) methods are used to model the evolutionary behavior of the TrS with optimized microtexture, primarily the
genetic algorithm method.

The shear effect, which is characteristic of hydrodynamic lubrication in the TrS, the film thickness, the
friction coefficient and energy consumption are associated with the artificially formed texture of the working
surfaces of triboelements (parts). The texture has a positive effect both in conditions of dry friction of mating parts,
and for friction with solid and liquid lubrication in the presence of a layer of oil, grease, ceramic composite or
solid lubricant.

Texturing the friction surface and controlling its properties, such as roughness, is one of the methods for
increasing the efficiency of the friction surface. Texturing methods are definitely relevant methods for improving
the characteristics and properties of the working surfaces of tribo-coupling parts made of metal and composite
materials, since they effectively reduce friction and wear processes. Changing the roughness and surface relief
guarantees an improvement in the tribological properties of the mating surfaces by the components and measures
involved, which significantly increase the TrS.

Literature review

It is known that the surface of the material of parts is considered textured if there is a preferential orientation
of crystallites in polycrystalline materials and high-molecular compounds in composites relative to the external
coordinate system [2].

Texture is formed under the influence of various types of anisotropies, forces, during material production,
part formation, and external influences of various physical and chemical nature.

The practical interest in the textures of materials is due to the fact that they determine the anisotropy of the
characteristics and properties of the working surfaces of tribocoupled parts. If all the crystallites of the polycrystal
of metals and high-molecular compounds in composites have one predominant orientation, then such a texture is
single-component [3]. If there are several groups of crystallites and high-molecular compounds, each of which is
characterized by its own orientation, then such a structure is multicomponent.

In real conditions, there is a certain deviation of the orientation of some crystallites or high-molecular
compounds in the textured material from the "ideal" location relative to the direction of the influence that causes
texture formation by a certain angle 8. This phenomenon is due to the scattering of the texture. The degree of
scattering of the texture is generally greater, the stronger the external influences acting on the material of the parts.
This may be the degree of plastic deformation.

The formation of the surface texture of a triboelement (TrE) changes the contact area between them, reduces
friction and increases the tribological efficiency and service life of the TrS. Non-equilibrium strengthening,
restoration and modification technologies are widely used to create the texture of the working surfaces of parts,
including laser processing [4] . They allow you to create a microtexture that can perform different functions
depending on the operating conditions: accumulate and direct the lubricant, and then release it at the stage of use.
Depending on the geometry of the texture, friction decreases, hydrodynamic pressure increases.

The effects of surface texturing strongly depend on the operating conditions of the TrS, which can enhance
or weaken them.

To improve the tribotechnical characteristics, it is possible to apply a coating to the textured surface, i.e. to
treat the textured surface. In this case, the shear resistance is reduced, the substrate is protected by a soft coating,
the contact area between mechanical parts and friction is reduced, and solid lubrication is implemented. The key
parameters when using solid lubricants are the contact area between moving TrE, the load, its effect on
microstructural changes in the contact areas and the formation of a film between the mating surfaces [5].

The texture of the working surfaces of parts can change heat transfer, implement better heat removal from
the contact zone, which increases the wear resistance of parts. The distribution of the stress field in the surface
layers of the material of the mating parts and the wettability of their surfaces can also change.

There are various texturing methods: micromilling, microcasting, electrochemical processing, etc., but laser
texturing of the working surfaces of parts has the most advanced texture, since it is created under non-equilibrium
conditions [2,3,21].

By adjusting the parameters of the texturing process, it is possible to control the shape and optimize the
geometric factors of the surface structure of the part itself. However, the method is difficult to apply on a large
scale due to high energy consumption.

It is known that the stress-induced martensitic transformation in zirconium oxide ceramic ZrO from the
metastable tetragonal (T) to the stable monoclinic (M) phase, on the one hand, and twinning, on the other hand,
are two competing mechanisms of deformation of composite materials [4,6,22]. This occurs at a temperature at
which the stress-induced TM transformation is more likely to be observed in the material. With increasing
temperature, when the thermodynamic stimulation of the transformation decreases, another strengthening
mechanism begins to operate, based on the reorientation of coherent mechanical twins in the field of applied
stresses. In the literature, this is defined as ferroelasticity [6,23]. The action of the ferroelasticity mechanism in
ceramic materials during laser processing and under friction conditions is practically indistinguishable.
Ferroelasticity is observed under conditions of high temperatures and high sliding speeds or under high-
temperature friction [15-17].
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Usually, the reorientation of crystal lattices by the mechanism of ferroelasticity is accompanied by the
appearance of a texture, which is detected by the X-ray method [8,9,22,23]. This is manifested in a change in the
relative intensity of X-ray lines in the doublets (002)-(200), (202)-(220), (113)-(311), (004)-(400) and others of
the T-phase [8,9,22,23]. Unfortunately, ferroelasticity for the T -phase of zirconium dioxide cannot be considered
the only reason for the appearance of such a texture. In work [9] it was determined that the effect of the appearance
of a texture during grinding of samples of ceramic materials is explained by the reorientation of the crystal lattice
due to the reversible martensitic transformation, which occurred as a result of surface heating. According to
[10,11], it is possible to separate these two named deformation mechanisms by simultaneously observing the
behavior of the monoclinic phase content on the friction surface and in wear particles. It should be noted that the
structural state of the friction surface at the time of its destruction (wear) is observed in the wear particles [12-14].

Thus, the analysis of literary sources and operational data shows that the cause of failure of about 80% of
machine and mechanism parts is the wear of their working surfaces. This indicates that it is the working surfaces
with a whole complex of tribological properties created during the hardening process that limit the service life of
the mating parts [18-20].

At present, a sufficiently substantiated scientific approach has not been developed that would allow
adequately describing and explaining the influence of a complex of technological measures, including laser
processing and alloying and evolutionary factors on tribological properties. Thus, the scientific literature indicates
that a positive effect on the tribological properties of working surfaces is their texture [24,25]. At the same time,
there is practically no data on the influence of the microtexture of the working surface and the surface layer on the
operating conditions of mating parts and their durability and tribological efficiency.

Purpose

The purpose of the work is to clarify the possibilities of implementing microtexturing of materials (metals
and polymers) of elements of tribological systems using laser processing, the type of formed textures and
improving the characteristics and properties of surface layers of materials, as well as the tribological efficiency of
conjugated parts of machines and mechanisms.

To achieve the set goal, the following tasks were solved:

— refinement of the methodology for X-ray microtexture studies of steel and composite materials;

— identification of types of microtextures of metallic materials after laser processing and study of their
influence on the characteristics and properties of surface layers and increasing the efficiency of tribological
systems;

— identification of microtexture types of ceramic materials after laser processing and friction testing and
study of their influence on the characteristics and properties of surface layers and increasing the efficiency of
tribological systems.

Results

In practice, two types of texture are most commonly encountered: axial and bounded.
Axial (axisymmetric) texture is a texture in which all crystallites or macromolecular compounds are

established in a predominant crystallographic direction <uvw> along a certain direction on the surface and surface

layer of the material of the sample (part). The direction <uvw> is the texture axis, and uvw are the direction indices.

The latter determine the orientation of crystallites or macromolecular compounds along the direction of influence
of any nature, which caused the formation of the texture. The greater the angle of deviation from the direction of
the ideal texture axis, the greater the degree of texture scattering. In the case of a multicomponent axial texture, a
composition of textures is formed in metal or polymer materials:

<u1vlw1> + <u2v2w2> + <u3v3w3> ..+ <unvnwn> . (1)
Axial texture is formed under the influence of forces acting predominantly in one direction: drawing;

extrusion; compression; deposition from a gaseous medium; crystallization, etc.
There is also a limited texture, in which crystallites or high-molecular compounds are fixed in a certain

position: there is a certain plane {hkl }and direction <uvw> , lying in this plane. A limited texture is formed when

the sample (part) is subjected to forces in several directions. A typical example of such a texture is the texture that
occurs during rolling. It is formed as a result of the action of compressive forces Q in the direction perpendicular

to the rolling plane and tensile forces along the rolling direction. After deformation, certain planes {hkl }in the
grains of a polycrystal or high-molecular compounds become parallel to O, in the direction <MVW> parallel to

rolling. If a strong single-component rolling texture is observed, the crystallites practically lose their degree of
freedom and the polycrystalline material becomes similar to an oriented block single crystal.

The rolling texture in general form is denoted by: {hkl }, <uvw> . The indices 4kl and uvw are related by
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the zoning condition, which for the cubic system is written as follows:
hu+kv+lw=0. ()

The observed scattering of the texture during rolling means that the planes {hkl }in some of the crystallites

are slightly deviated from the plane of the working surface Q, and the directions <uvw> are not strictly parallel to

the rolling direction. The multicomponent rolling texture is denoted as follows:
{hlkll1 }<ulvlw1> + {h2k212 }<u2v2w2> + {h3k3l3 }<u3v3w3> 4.+ {hnknln }<unvnwn> )

Determination of the nature of the texture in polycrystalline materials and high-molecular compounds in
polymers and assessment of their scattering can be carried out by analyzing direct and reverse pole figures
constructed according to X-ray structural analysis data on diffractometers of various models using computer
equipment and information technologies.

Direct pole figure (DPF) is a homostereographic projection (HSP) defined by the set of crystallographic

planes {hkl }(stereographic projections of normals NV, to these planes {hkl }) for all crystallites (grains) of a

given polycrystal. The position of the points of the pole figure is defined by two angles a and f , where a is the
radial coordinate, varying from 0 to 90 °; £ is the azimuthal coordinate, varying from 0 to 360 °.

In the case of an axial texture, the projection plane is usually chosen parallel or perpendicular to the texture
axis. In the case of a limited texture, the projection plane is chosen parallel to the rolling plane, and on the pole
figure, the directions of force or field effects and the directions of normal (DN) projections perpendicular to them
are fixed.

The inverse pole figure (IPF) is the distribution of pole densities P i fOr a given direction in a sample (part)

on a standard triangle of the stereographic projection of the directions of a single crystal of a given system. The
pole density on the IPF shows the fraction of crystallites {hkl }whose plane poles coincide with the specified

direction in the sample (part). Therefore, P, it represents the probability of the coincidence of a given direction

in the sample with the specified crystallographic directions. As a rule, the IPF is used to analyze the orientation of
the normal to the studied plane of the sample (part).

The IPF is constructed in the region of a standard triangle, which is understood as a triangle highlighted in
the standard projection of a single crystal, the vertices of which connect the three main directions. At the same
time, near the different poles of the region of the standard triangle, the corresponding values of the pole densities
are marked, which are determined using experimental data on the dependence of the intensity of diffracted X-ray
radiation on the position of the sample relative to the incident beam of rays.

The advantages of texture analysis using IPF compared to DPF are as follows:

1. Larger distances of regions from each other, corresponding to different poles on the IPF than on the DPF.
This is especially important in the case of scattered and multicomponent structures, when there is an overlap of
different orientations on the pole figure.

2. More accurate quantitative determination of orientations describing the texture. In the case of DPF, there
is a need to analyze several DPF for different normals, which is associated with an increased duration of the
experiment and processing of the obtained data.

3. Ability to quantify texture components and their dispersion.

4. The method of constructing the IPF using the integral intensities of X-ray interference does not require
the use of a special prefix, which is necessary for constructing the DPF using the tilt method.

The main disadvantages of studying texture from IPF are as follows:

1. When working with flat samples with a small working surface, it is necessary to analyze a whole set of
wires or sections of a set of strips placed next to each other, which can lead to large errors;

2. With a multicomponent texture, the correctness of the choice of the combination of plane and direction
indices for the rolling texture should be confirmed by DPF analysis, if necessary.

Let us consider the method of diffractometric analysis of the texture of sample materials.

Using DPF, the analysis is based on measuring the intensity of certain X-ray interferences (HKL) for
different positions of the sample. Different positions of the sample are created by its rotation. For an untextured
sample, crystallites and high-molecular compounds are arranged statistically randomly and changing the position
of the sample in space should not affect the magnitude of the X-ray intensity and Inkr.

For a textured sample in which the crystallites have a predominant orientation, changing the position of the
sample changes the intensity of the X-ray radiation Iukr, which, under certain conditions, reaches maximum
values. In this case, texture maxima appear on the diffraction curve. Their angular position and magnitude are
determined by the nature of the texture.

Two main methods of taking textures on a diffractometer are used: "reflection” taking, which is used for
massive samples, and "transmission" taking on "thin" samples.

The type and method of constructing the DPF, and therefore the method of recording diffractometric curves,
depend on the mutual location of the texture axis B and the sample plane q.
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When they are parallel, the projection plane is parallel to the direction B and the projections of the normals
N i ON the DPF are located on the parallels that are from the exit of the axis B on the projection circle at an angle

o. In this case, it makes sense to analyze only the dependences I(a). When the plane and the texture axis are
perpendicular, the center of the DPF coincides with the projection of the axis B and the projections of the normals
on the DPF are located on a circle of radius p with the center at point O.

If the sample plane is parallel to the texture axis, then the measurement is performed without rotation at an
angle B (B = 0). If the sample plane is perpendicular to the B axis, then the measurement is performed with rapid
rotation of the sample at an angle B (60 rpm). Typically, the tilt method is used. The angle a is changed by rotating
the sample around the horizontal axis of the goniometer discretely through 5° in the range from 0 to 75°.

The axial texture axis (uvw) is found from the analysis of the I(a) curves. To find it, the angles <uvw>

corresponding to the peaks of the diffraction curve Pare determined, which are related to the angle &, between
the normal and the texture axis by the relations:
a,.. =90"-B.atqIB; a,, =pf, at ¢ LB. 4)

Analysis of axial texture using diffractometric curves of X-ray structural analysis is a fairly fast method. In
the presence of several components of the axial texture and their scattering, it is convenient to use DPF. On the
curves I(a), 5...7 levels of identical intensity values are selected, which are plotted on the vertical diameter (B = 0)
on the PC monitor at points corresponding to certain angles a. Parallels are drawn through the points using a Wolf
grid or circles using a Boldyrev grid. Using a table of angles, based on the I(a) dependencies, the axis of the axial
texture is determined. After that, the texture scattering is found and the DPF is constructed.

To record diffraction curves, the sample surface area is set perpendicular to the goniometer plane (0=0).
The diffraction curves Iuki(0) are recorded in the same way as in phase analysis on a diffractometer. In this case,
the sample and the counter are rotated around the goniometer axis, changing their position by angles 6 and 26,
respectively.

During the measurement, all diffraction maxima (HKL) that can be obtained on a given X-ray radiation are
recorded. As a rule, when studying the texture of metals with a cubic lattice, hard radiation from a molybdenum
anode is used. In this case, secondary characteristic radiation is possible. It is attenuated by a thin aluminum foil,
which is installed in front of the counter. For metals with non-cubic grids, softer radiation is used. In a structureless
reference sample, the crystallites are arranged randomly with respect to the q plane, so the integral intensity of X-
ray radiation is determined only by the radiation intensity multipliers and the measurement geometry.

For a textured sample, the intensity of the X-ray lines also depends on the type of texture. The value of the

pole density is determined by the formula:
Ipy
2z
( 7 jz Pin

HKLeK /) N

[Pﬂﬂ J ,
p
INE

HKLeK

Py = Q)

where [,,, — the integrated intensity of X-ray interference of the analyzed planes (4k/) of the studied
textured sample; / nkLex — the same for the reference sample; 1, y — the intensity of X-ray lines of the diffraction

spectrum; puu— the repeatability factor for the planes (447); N — the number of analyzed poles.

The accuracy of determining the pole density corresponds to 10...20%. The untextured sample is made of
the same material as the textured one in order to perform the normalization operation. The normalization condition
is introduced into the formula in order to take into account the possible unevenness in the spatial distribution of
normals due to the texture. The normalization value is performed in such a way that the average value of the pole
density in any direction for the untextured sample would be the same:

_ Z(Bﬂdphkl)
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IPF makes it possible to quantitatively determine the proportion of components that determine texture:
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If the operating conditions of the part, the shape and location of the surfaces of maximum tangential stresses
are known, then it is possible to theoretically calculate or experimentally determine which orientation of the
crystals in the part provides the greatest strength and durability. The predominant orientation of crystallites in
polycrystalline materials and high-molecular compounds occurs under directed external influence or the orienting
action of the external environment.

In real conditions, there is often not one, but several preferred orientations of crystallites or high-molecular
compounds, that is, a multicomponent texture of triboconjugates of machines and mechanisms arises.

When manufacturing and operating parts and their tribo-coupling parts, it is necessary to take into account
both the texture of the source material and the methods that allow creating and controlling a certain texture.

The authors of the work believe that one of the effective ways to create and control texture can be laser
processing of the working surfaces of parts and their mating surfaces.

The research was carried out on cylindrical samples (d=22 mm; h=12 mm) with the initial texture <110>
and grain size 30..40 um. Laser processing was carried out on laser installations "Kvant-16" (A=1.06 um;
1=5-103s), LGN-702 (A=10.6 um; P=780+20 W). The surface after laser irradiation is a set of tracks both without
overlap and with overlap of 15...30%.

The conditions for the formation of the texture of the surfaces of parts made of metal materials during their
hardening by laser technologies, as well as the influence of technological parameters on the quality of the texture,
were revealed. The research was carried out on samples that were subjected to the following laser hardening
technologies: thermocyclic, thermomechanical laser technology of thermal treatment and complex laser alloying.
Laser treatment was carried out in continuous and pulsed radiation modes with and without surface melting. The
materials under study were: samples of steel 3, 45, IIIX-15, 40X, 65T; aluminum alloys AJI-5, AJI-9, AK-7. The
model materials were carbonyl iron and pure aluminum and copper.

The texture analysis was carried out using direct and reverse pole figures, which are built on the basis of
the diffractometric method. The texture was determined using the dependences of intensity on the angle of
inclination using a PC. The samples were examined on X-ray installations YPC-60, IPOH-3M using K a.CO - X-
ray radiation. When a texture gradient was detected, the samples were subjected to sequential etching from the
surface in a helium atmosphere or by an electrolytic method.

The metal samples were studied after laser heat treatment, chemical-thermal boriding, and laser boron
doping.

The tilt method was used to remove the lines <001>, <110>, <112>, <123>, <200>, <002>, <211>, <202>
both from the surface and from different depths of the laser exposure zone, etching the layers in steps 0,1 mm.

The initial texture on the samples of steel 3 was <110>, and on steel 45 —<001>.

As aresult of laser processing, it was found that laser irradiation, depending on the power density, can form
different types of textures, the degree of perfection of which is not uniform in the depth of the laser impact zone.
This was found both in the case of laser heat treatment and in the case of laser alloying. It is characteristic that
during laser processing a whole series of textures appears, which is not observed during mechanical impact, when
there is one type of texture. For example, during laser heat treatment of steel 3, textures <210>+<211>+<321>
were recorded, with the initial axial texture <110>. Note that the power density of laser radiation did not exceed
the critical one, at which melting was observed.

It has been determined that during the crystallization of the material after laser melting, a texture appears:
the dendrites have a directional direction in the laser exposure zone.

It was found that the degree of perfection of the axial crystallographic texture along the depth of the boride
layer varies exponentially. For steel 45 with the initial texture of the Fe,B <001> phase:

P=6,60+8,82(1—exp(—0,0026%)).
where / is the depth of the boride layer.
After laser irradiation, the strengthened layer was also textured in depth, and the degree of perfection of the
texture of the Fe,B phase varies according to a linear law:
P=587+0,26h.
Correlation analysis was performed using the usual method: » = 0,861 .

Studies have shown that there is a relationship between the texture of the working surface of metal parts
strengthened by a laser beam and their wear resistance: the higher the degree of perfection of the texture, the
greater the wear resistance.

The work also established a correlation between the degree of texture perfection and wear resistance of
samples boronized by laser doping: the greater the thickness of the doped layer and its texture, the higher the wear
resistance.

The authors explain the detected effects both by the redistribution of carbon and boron in the studied steels,
and by the orienting action of the laser beam, its various effects on the structure of the material.

We also note that the study of textured structural materials has not only practical but also great theoretical
importance, because textured polycrystalline materials are closer to single crystals the more perfect their texture
is, even though they have crystallite (grain) boundaries.

Studies have shown that in the field of laser radiation, a whole spectrum of textures can be obtained on the
surface of a structural material. In addition, during sequential etching of samples, texture was detected even at a
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certain depth to 0,5 mm. It is characteristic that at different levels of the surface layer a different texture is observed,
that is, we have a gradient of textures during laser processing of the surface of samples of metallic materials.

The latter indicates the specifics of the effect of laser radiation on structural metal materials.

Gradient texture allows for targeted production of functional, reinforced surface layers on parts, which will
ensure their high performance. This is especially true for parts of tribological systems.

Comparative analysis of textures obtained during thermocyclic, thermomechanical and laser treatments
showed that the degree of perfection of textures on the same materials is different. Laser treatment has a higher
degree of perfection. These results can be explained by the different intensity of laser radiation energy directed at
the material and the different duration of its absorption by the material surface.

As ceramic materials for the study, ceramics with a composition of 98 wt.% ZrO; (zirconium oxide) + 2
wt.% Y203 (yttrium oxide) were selected. Ceramic material of this composition was prepared by sintering in
vacuum at a temperature of 1879 K with different holding times. The technology for preparing this ceramic
provided different grain sizes, and accordingly, different contributions of the transformation strengthening
mechanism. In the initial state, all ceramic samples consisted of tetragonal and cubic phases. Friction and wear
tests of ceramics based on zirconium oxide were carried out on a YMT-1 friction machine using the "disk-finger"
scheme. The speed increase was provided stepwise, under conditions of friction without lubricant. The main
sample made of ceramics was a finger. The conjugate specimen was a disk rotating in a vertical plane, made of
cast high-speed steel, the hardness of which was HRC 60.

X-ray examination of wear particles and friction surfaces of ceramics in the initial state and after friction
was carried out on a IPOH-YMI1 X-ray diffractometer with Cu-Ko radiation. The shooting was carried out at
points in the angle interval 2 8: 20...48°. The accelerating voltage was 40 kV, the tube current was 22 u4. Using
special computer software, the relative intensities / of the X-ray lines (002) and (200) of the tetragonal
modification of zirconium oxide were analyzed. For each friction mode, the ratio 7 (02)/I200) Was determined. The
content of the monoclinic phase on the friction surface was determined by the ratio of the integral intensities of
the lines of the {111} type of tetragonal and monoclinic modifications.

An X-ray study of the surface of samples of ceramic materials based on zirconium oxide ZrO» after laser
processing without melting and dry sliding of the samples in a wide range of speeds was carried out. The surface
structure was analyzed and it was shown that the textural state of the friction surface is similar to the textural state
observed previously on the surface of samples of similar materials after rough grinding. The main trends in the
change in the ratio of the intensities of the X-ray lines 1(002)/1(200) of the tetragonal phase ZrO, depending on the
sliding velocity and grain size of the ceramic were identified. The mechanisms of lattice reorientation operating at
different sliding speeds are substantiated. It is determined that high-strength ceramics are a promising material for
tribotechnical use. The implementation of the wear mechanism of ceramic materials can be associated with the
processes of deformation of surface layers in the material both under laser processing and friction conditions. This
is especially important for ceramic materials that are prone to structural changes under the influence of created or
applied stresses.

Studies conducted on samples that were not subjected to laser processing without surface melting showed
that in all friction modes, a microtexture is formed on the working surface of the ceramic. The samples that were
subjected to laser processing also had a microtexture (table 1).

Table 1
Dependence of the ratio of X-ray intensities 7 (002)/Z200) on the speed of movement of the sample during
friction. Ceramic grain size 1.6 pm

Sample movement speed during friction
Surface type 0 0.2 0.4 0.6 0.8 1.0 1.2
Textured under friction 0.5 0.8 0.9 1.0 12 1.4 15
conditions
Polished 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Laser processing 2.2 2.2 2.0 2.0 2.0 2.1 2.1

After friction, the ratio 7002)//200) increases in such a way that it always exceeds the value characteristic of
a random orientation of crystal lattices, which is approximately 0.5. Note that in the initial state, a pre-polished
surface was considered.

It is determined that after a speed of movement of 0.2 m/s the ratio I (002)//200) reaches a value of the order
of 0.2, and after laser treatment 2.2. Further increase in the friction velocity causes a smooth increase in the ratio
of the intensity of X-ray lines 7(o02) /200y on the untreated laser radiation to a value of about 1.5. After laser
processing of ceramic samples, a more perfect texture 7 o02) //200) = 2.2 was found. This behavior was observed on
all studied samples of composite materials regardless of grain size. In addition, it was found that the ratio of the
intensity of the lines 7 002) //(200) increases with increasing ceramic grain size (table 2).
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Table 2
Dependence of the ratio of the intensities of the X-ray lines I 002) /1(200) on the size of the ceramic grain and
the speed of movement of the sample subjected to laser processing

v, Ceramic grain size d , pm

m/s 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00
1.1 1.30 1.32 1.36 1.38 1.40 1.43 1.48 1.50 1.54 1.59 1.60 1.62
0.4 0.80 0.85 0.90 0.95 1.00 1.10 1.20 1.40 1.16 1.18 1.20 1.23
0.1 0.80 0.83 0.85 0.88 0.90 0.91 0.93 0.96 0.98 0.99 1.00 1.15

The ratio of the intensity of the X-ray lines /(002 /Z200) under the specified conditions varied in the range
(0.8..2.2).

Analysis of the obtained data on the ratio of line intensities in the (002)-(200) doublets of the tetragonal
phase shows that most of the grains of the composite material are oriented relative to the friction direction so that
the applicate axis ¢ perpendicular to the friction surface. Taking X-ray diffraction patterns without rotating the
sample under conditions of beam diffraction along and across the sliding direction did not reveal differences in the
intensity of the lines in the doublets. This indicates that the abscissa @ and ordinate b axes tetragonal cells are
oriented arbitrarily in the plane of the friction surface.

The amount of monoclinic phase in wear particles, as well as on the friction surface, decreases with
increasing sliding speed. Already at speeds above 1.1 m/s, there are no traces of martensitic transformation
(monoclinic phase) either on the friction surface or in wear particles. In those cases where the monoclinic phase is
present after friction, it was found that its content in wear particles is always higher than on the friction surface.

At the lowest speed in the tribocontact zone, the temperatures are low, and therefore reorientation of the
composite lattice through the martensitic phase is possible. Obviously, this process takes place at speeds of 0.2 m/s,
which is indirectly confirmed by the data of the X-ray structural analysis of the surface of samples of composites
based on zirconium oxide, where lines of the monoclinic phase and the strongest inversion of the peaks (002)-
(200) of the tetragonal phase are observed. In this, the irreversible oriented tetragonal-monoclinic transformation
under the influence of contact stresses prevails. The obtained data indicate that at a speed of 0.9 m/s, a significant
proportion of the reversibility of the martensitic transformation appears. This led to a decrease in the content of
the monoclinic phase in the wear particles and its almost absence on the friction surface. Reorientation in this case
can be carried out according to the scheme: tetragonal-monoclinic transformation under the influence of contact
stress and monoclinic-tetragonal transformation under the influence of heating.

The flash temperature estimates [13] showed that with increasing velocity, the contact temperatures initially
reach the temperature range (>1273 K) of the stability of the tetragonal phase , and then increase within
(1773...2273 K) of the two-phase tetragonal-cubic region of the phase diagram of the oxide system ( ZrO,—Y,03).
In this case , the reorientation of the lattice of the composite material through the martensitic phase in this speed
range becomes impossible. The texture observed in the composite material of both irradiated and non-irradiated
samples during friction can be formed by the ferroelasticity mechanism. In addition, the resistance force for
ferroelastic domain switching in ferroelastic materials, similarly to the coercive force for ferromagnetic materials,
decreases with increasing temperature. If the test temperature is below the critical (analogous to the Curie
temperature) and is about 2373 K, then this corresponds to the transition temperature to the single-phase cubic
region. An increase in the ratio of the intensities of the X-ray lines 7 (002) //200) is observed with increasing friction
test speed. With increasing temperatures in the tribocontact zone, the increase in the ratio of X-ray line intensities
can be due to by increasing the number of reoriented domains in the ferroelastic materials of the composite due to
a decrease in the resistance force during domain switching. Similar dependences of the ratio of the intensities of
the X-ray lines 7 002) /I200) On the test temperature were obtained after grinding the sample surface.

Increasing the ratio of X-ray line intensities /o2 / (200 With increasing grain size of the ceramic material,
which is observed at different test speeds, it is possible to understand on the basis of the mechanisms of texture
formation. This is a direct analogy to the well-known Hall-Petch effect for the deformation of polycrystalline
materials, when the grain size of the material determines the mobility of dislocations. At the same time, the larger
the grain size, the higher the mobility of dislocations in the material. In the case of a ceramic material based on
zirconium oxide, the grain size determines the mobility of martensitic and twin boundaries. Plastic deformation
both by the martensitic mechanism, due to the movement of martensitic plates, and by the mechanism of
reorientation of twins, is easier to carry out in coarse-grained ceramics. At the same time, in the case of martensitic
transformation, the strengthening of the surface texture with increasing grain size is also influenced by an increase
in the thermodynamic factor of the tetragonal-monoclinic transformation.

The issue of ensuring the required level of tribological properties and characteristics by texturing the
working surfaces of part materials requires the creation of physical and technological foundations and a
comprehensive approach to solving the problem.

In our opinion, the problem of forming a perfect texture of the working surfaces of tribocoupling parts and
methods for obtaining them requires solving a number of tasks:

— search for optimal technologies for creating textured work surfaces;

— evaluation of surface texture characteristics;
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— the influence of the degree of texture perfection on the tribotechnical characteristics of the working
surfaces of parts;

— obtaining surface layers with texture gradients in the case of laser processing;

— dynamics of changes in texture during the hardening process and under operating conditions;

— physical foundations of the creation and evolution of the surface texture of structural materials of a part
under the influence of concentrated energy flows (laser radiation);

— the influence of hardening technologies on the quality of the surface texture of parts;

— further development of the methodology for research and optimization of texture parameters;

— use of computer technologies to assess the texture of the surfaces of parts and their mating surfaces;

— the influence of the degree of texture of the working surfaces of parts on their wear resistance and
operational reliability.

Conclusions

1. The essence and types of structuring of materials of samples and parts are clarified using the example of
steel and ceramic materials. It is shown that the texture of the working surfaces of samples and parts can be formed
in the process of various methods and processing methods during strengthening, restoration and modification.
Attention is focused on the formation of microtexture in non-equilibrium conditions of laser processing and during
friction testing.

2. X-ray methods for detecting the texture of working surfaces of samples and parts made of steel and
ceramic materials on diffractometers of various types are considered. The methodology for X-ray studies of texture
and the degree of its improvement are specified. The technological parameters of laser processing of samples made
of steel and composite materials are determined, both in conditions without melting and with melting of the surface.

3. On steel samples, X-ray lines <001>, <110>, <112>, <123>, <200>, <002>, <202> were recorded by
tilting, both from the surface and from different depths in the friction zone and the laser exposure zone. Combined
textures were detected, for example, for steel 3: <210> + <211> + <321>, with the initial axial crystallographic
structure < 110 > . A gradient of textures with depth was observed. A linear law of change in the degree of texture
perfection during laser heat treatment and an exponential law — during laser doping with boron were determined.

4. The study of texture on samples of ceramic materials was carried out using the example of ceramics with
the composition: 98 wt.% zirconium oxide + 2 wt.% yttrium oxide. The composite was obtained by sintering in
vacuum at a temperature of 1873 K with different holding times. The samples were also subjected to laser
processing in the mode of non-fusing the surface. The degree of texture was studied by the ratio of X-ray lines
Li002y/I200). The fact of the formation of texture of samples of the studied composite was established both during
laser processing and during friction testing.

5. It is shown that the texture of the surfaces of the mating parts makes it possible to provide the tribosystem
with the necessary level of tribological properties and characteristics. At the same time, there is a need to create
physical and technological foundations and a comprehensive approach to solving the problems of increasing the
tribological efficiency of assemblies, systems, units, machines and mechanisms by texturing the mating surfaces
of parts. For this purpose, a number of tasks have been formulated that need to be solved.
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100 Problems of Tribology

Ayain B.B., Maunbko €.B., Uymak B.M., Jlucenko C.B., Jdepkxau O.[., Makapenko [.O.
TekcTypoBaHICTh MaTepialiB €J1eMEHTIB TPHOOJIOTIYHNX CUCTEM MAIlIMH 1 MEXaHi3MiB B HEPiBHOBRKHUX YMOBaX
00poOKH Ta (PyHKIIOHYBaHHS.

CrarTss IpUCBSIYEHA MIKPOTEKCTYpYBAaHHIO METAJEBHX 1 IIOJIMEPHHX MarepialiB  eJIEeMEHTIB
TPHUOOJOTIYHIX CHCTEM, BIUTUBY HOTO HA XapaKTEPHCTHKH 1 BIIACTHBOCTI poOOUYNX MTOBEPXOHB 3Pa3KiB i IeTaJIeH.
PosrnsHyTO Pi3HI THIMH MIKPOTEKCTYpy CTalIeBMX Ta KOMIIO3UTHHX MaTepialiB Ha OCHOBI OKCHAY HHUPKOHIIO.
3'scoBaHO MexaHi3M ix yTBOpeHHS. llepeBakHO MEXaHI3MH MIKPOTEKTypyBaHHS 3B'SI3yIOTH 3 IOJEM
HaIpY>KEHOCTi, CTBOPEHUX B IpOIIeci TepTs Ta Ja3epHoi 00poOku. BusnadeHo, mo nma3zepHa 00poOKka cTaieBux
3pasKiB MPU3BOAUTH 10 KOMOIHOBAaHOTO MIKPOTEKCTYPYBaHHA i TPA/Ii€HTY TEKCTYpH 3a TIIHOMHOIO TIOBEPXHEBOTO
mrapy 3paska. BusBiieHa TeKCTypOBaHICTh y KOMITO3UTAX SIK IPH JIA3EpHIA 0OpoOIi, Tak i mMpu BUIPOOYBaHHI
TepTsiM. [lokasaHo, 110 BHSIBIICHAa TEKCTYPOBAHICTh MO3MTHBHO BIUIMBA€ Ha EKCIUTyaTaliifHI XapaKTepHUCTHUKH
JeTayieil, MIIBUINYIOYM pIBEHb HAJIHOCTI 1 B3HOCOCTIMKOCTI, @ TakKoXX TPHOOJIOTiYHY e(QEKTUBHICTD
TPUOOCTIPSKEHB JIeTajel By3IIiB, CUCTEM, arperariB MalllH i MEXaHi3MiB.

Keywords: cranp, KOMMO3UT, TpHOOJNOriYHA CHCTEMa, MIKPOTEKCTYPYBaHHsS, PEHTI€HIBChKE
BUIIPOMIHIOBAaHHs, Jla3epHa OOpOOKa, JOCKOHAIICTh TEKCTYpH, BHUIPOOYBaHHS TepPTAM, HaIiHHICTb,
3HOCOCTIHKICTb.



