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Abstract

The patterns of fretting wear of a number of structural materials and galvanic coatings were researched,
taking into account their mechanical and physicochemical properties. The influence of the composition of the gas
environment (air, oxygen) on the intensity of fretting wear was assessed, as well as the contact load with the
corresponding temperature recording in the friction zone. Data were obtained indicating the possibility of low-
amplitude fretting of metals in an air environment along with the oxidative processes of electrochemical corrosion.
The physicochemical prerequisites for the initiation of electrochemical processes in the zone of vibrational contact
during the formation of an ultradisperse oxide layer, which becomes a catalyst for the accelerated chemisorption
of oxygen and air moisture in radical and ion-radical forms, are considered. As a result, according to the electronic
theory of adsorption and catalysis on semiconductors (oxides), contact phenomena begin to develop through the
mechanism of autocatalytic corrosion. After a latent period of oxide accumulation, conditions are created for
electrochemical processes that contribute to corrosion-fatigue failure of mating surfaces. The results of the study
expand existing ideas about the nature of corrosion processes during partial and mixed sliding, focusing on the
possibility of using traditional methods of electrochemical protection to increase the fretting resistance of friction
units operating under vibration conditions.

Keywords: fretting wear, friction coefficient, fretting resistance, adsorption, corrosion, electrochemistry,
chemical-thermal treatment

Introduction

In many industrial equipment devices, machines, and instruments, the cause of failure is often fretting
corrosion, which affects nominally stationary or low-movement couplings during their relative oscillatory motion
with a small amplitude [1-4]. Such joints include, for example, bolted, splined, and threaded connections; gear
couplings and lock joints; press and hot fits on shafts of discs, bearings, and wheel hubs; pipe fittings, etc. [5-10].
The cause of relative slippage in connections is vibration of the entire structure or the connection performing its
working functions. In addition to loss of fit due to fretting wear, destruction due to fretting fatigue poses a great
danger.

It is generally accepted that fretting wear develops as a result of the synergistic superposition of a number
of contact phenomena, including adhesion (bonding), abrasive wear, delamination (surface delamination), contact
fatigue, and oxidation processes [11-14]. In addition to the strength and viscoelastic properties of structural
materials, their resistance to fretting wear is also influenced by chemical resistance, which, in combination with
the corrosive activity of the external environment and the physicochemical properties of wear products (oxides),
determines the specific vulnerability of metal joints [15-17]. However, the tribochemistry of fretting resistance of
friction contact under vibration conditions has not been sufficiently studied. In particular, the problem of the
influence of the nature of contact corrosion processes responsible for the degradation and destruction of
mechanical tribosystems during “dry” fretting in an air working environment remains relevant. While the
development of chemical corrosion (oxidation) during metal fretting in an air atmosphere is undisputed, there is
no consensus regarding electrochemical corrosion. It is known that the occurrence and rate of electrochemical
corrosion depend mainly on atmospheric humidity and temperature [18]. However, the question of how these
factors affect the electrochemical corrosion mechanism under fretting conditions remains open due to conflicting

Copyright © 2026 V.V. Shevelya, V.P. Oleksandrenko, O.V. Dykha, K.S. Sokolan. This is an open access article distributed under
@I}. the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
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experimental data. In some cases, an increase in air humidity or temperature increased fretting wear, while in
others it decreased it. For example, studies in which the rate of fretting wear decreased with increasing temperature
[2,19] indicate the possibility of electrochemical corrosion. However, on the other hand, there is data showing that
when the temperature was increased to 300°C, the wear rate during impact fretting increased by an order of
magnitude compared to room temperature [20].

Experiments in which a more than 10-fold decrease in the fretting fatigue life of metal in air compared to
vacuum was observed [4] support the idea that electrochemical corrosion can develop during fretting in a normal
air environment. Earlier [21], when studying the fretting resistance of joints consisting of a number of alloys in
contact with steel 45, it was shown that the more positive the electrode potential of the alloy relative to steel 45,
the less it wore out. Simultaneously with the increase in the nobility of the alloy, the wear of the counterbody —
steel 45, increased. This effect was associated with the accumulation of highly dispersed oxides in the vibration
contact zone, which actively adsorbed moisture and oxygen from the air, resulting in electrochemical corrosion
superimposed on the chemical corrosion (oxidation) process.

Thus, the role of electrochemical processes in fretting corrosion of nominally stationary or low-mobility
joints remains controversial and requires further research. Obviously, much depends on the nature of the friction
pair materials, the amplitude-load operating mode, the composition and properties of wear products, and the stage
of fretting process development. The limited experimental data complicates the modeling of the physicochemical
processes leading to the failure of the mechanical tribosystems under consideration.

The aim of this work is to research the contribution and role of chemical and electrochemical corrosion in
the wear process of metal friction pairs under low-amplitude fretting conditions.

Research materials and methodology
The fretting resistance (fretting wear) of armco iron and a number of steels with mechanical and

physicochemical properties acquired as a result of heat treatment under standard conditions (Table 1) was
researched.

Table 1
Researched steels and their mechanical properties
Mechanical Steel 45 ShKh15 DI-3A 16KhGTA | 38KhA | 30KhGSA | 40KhNMA
properties
0,. MPa 1450 2200 1100 1050 1050 1200 1090
o.;. MPa 550 800 540 600 500 650 490
HV 420 770 430 310 460 440 500
0.V -0.35 -0.36 -0.37 -0.38 -0.38 -0.40 -0.30

The fretting wear of a number of electrolytic coatings on steel 45 (Zn, Cd, Pb, Sn, Ag) was also studied.

The tests were carried out on an M@K friction machine (Fig. 1) in accordance with GOST 23.211-80 [23],
according to which fretting corrosion was caused in a flat ring contact during oscillatory-rotational motion around
the axis of the bushing end face (movable sample) relative to the end face of a stationary fixed cylindrical sample
made of the material under study (Fig. 15).

In all cases, the material of the moving sample (bushing) was steel 45, hardened and tempered to HV = 600;
at the same time, the weight wear of both the stationary and moving samples was evaluated with simultaneous
control of the friction coefficient. In addition to air, oxygen was used as a gas medium, which was blown through
the gas chamber of the experimental setup, after which its flow was set with a slight excess pressure before the
experiment.
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Fig. 1. General view of the M®K setup («) and samples (b) for testing metals for
fretting corrosion

To evaluate the electrochemical activity of the studied steels, the steady-state electrode potentials in a 3%
NaCl solution (¢, V) were determined relative to a standard hydrogen electrode, and a potentiostatic method was
used to record the anodic polarization curves.

Research results and discussion

Given the vibrational, alternating nature of contact interaction that causes fretting corrosion, it is natural to
assume that the main cause of metal surface destruction under fretting conditions (apart from adhesion and abrasive
wear) is fatigue and corrosion processes. Obviously, the degree of structural damage to metals, as well as the role
of chemical factors, can vary significantly depending on the loading parameters (number of fretting cycles, specific
load, sliding amplitude, oscillation frequency), the aggressiveness of the external environment, and the stage of
development of the fretting process. It can be expected that the intensity of fretting wear at a certain stage of
damage will be related to the degree of dispersion of the surface layers in the contact zone. The disordered
ultradisperse structure of the metal acquires increased chemical and electrochemical activity in the presence of a
suitable environment.

Fig. 2 compares the fretting wear kinetics of armco iron and 45 steel, which reveals the following pattern:
up to a certain critical number of test cycles, armco iron wears out faster than steel, and above that number of
cycles, steel wears out more intensively. It can be assumed that in the initial stages of fretting, when corrosion
processes are not yet sufficiently developed, the wear resistance of the material is determined by its contact
strength. Naturally, steel 45 is more wear-resistant under these conditions due to its greater ability to resist plastic
deformation. The greater wear of steel compared to iron in the subsequent stages of fretting corrosion is obviously
associated with the activation of chemical processes in the contact zone, which should lead to a change in friction
conditions. Indeed, as fretting corrosion develops, a monotonic decrease in the friction coefficient is observed for
both materials (Fig. 3), and by the time the friction regime has stabilized, when the chemical factor begins to
manifest itself more significantly, the degree of decrease in the friction coefficient for steel 45 is always greater
due to the increased effectiveness of the shielding action of corrosion products.

o =
N =T
il
VS

Fig. 2. Dependence of fretting wear of armco iron (1) and steel 45 (2) on the number of
loading cycles: 4 = 0,05 mm; P =25 MPa; f=25 Hz

With an increase in the number of test cycles, steel wear increases compared to armco iron, which may
indicate the development of a corrosion process in the contact zone that is different from chemical oxidation. It is
quite likely that the wear products concentrated between the contacting surfaces initiate a series of corrosion
processes, and in the later stages, the development of electrochemical corrosion.
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Fig. 3. Change in the friction coefficient during the development of fretting corrosion of steel
45 (1.3) and armco iron (2.4): 1,2 - P=10 MPa; 3,4 - P=50 MPa

From an electrochemical point of view, steel 45, unlike armco iron, has a large amount of cathodic
impurities (cementite), which create an additional amount of microgalvanic couples. The effect of such impurities
depends on the nature of the corrosion process control [ 18]. With cathodic control, cathodic impurities will increase
the corrosion rate: the more cathodic impurities in the metal (steel 45) and the greater the potential difference
between the cathodic and anodic components of the metal, the higher the corrosion rate. Thus, it can be concluded
that at the beginning of fretting corrosion, chemical (gas) corrosion processes predominate, and with an increase
in the number of loading cycles, electrochemical processes may occur in the friction zone.

Comparative tests in air and oxygen (no moisture removal) of steel 45 (Fig. 4) demonstrated the possibility
of electrochemical processes developing under fretting corrosion conditions.

[, mg
2
4
)_/zl/‘(/
2 '
0
0 0,25 0,5 0,75  N-10%, cycle

Fig. 4. Dependence of fretting wear of steel 45 on the number of
loading cycles in air (1) and in oxygen (2): P =10 MPa; A = 0,05 mm;
f=25Hz

At the very beginning of fretting corrosion, when the chemical factor manifests itself in the predominant
oxidation processes, with an excess of oxygen in the external environment, a material with increased chemical
activity (45 steel) is more susceptible to fretting wear. Obviously, at this stage, due to the formation of an oxide
layer, the mechanical factor plays a secondary role, since friction conditions are facilitated. The latter is evidenced
by a decrease in the friction coefficient during tests in oxygen compared to air at the stage of wear stabilization.
On steel, which is more chemically active than armco iron, oxide films form and break down more quickly in
oxygen, which contributes to the earlier development of electrochemical processes.

In electrochemical corrosion with oxygen depolarization, when the cathodic process is the controlling
factor, an increase in the concentration of the cathodic depolarizer (oxygen) in the friction zone intensifies
corrosion. With an increase in load, the development of electrochemical processes begins at earlier stages of
fretting corrosion, since the corrosion rate with oxygen depolarization (which occurs in our case) is usually
determined by the rate of oxygen diffusion to the corroding metal surface [18]. As the contact load increases, the
access of atmospheric oxygen to the contact zone becomes more difficult, thereby significantly increasing the
concentration polarization of oxygen, i.e., cathodic control occurs earlier. Under such conditions, an increase in
the concentration of oxygen (cathodic depolarizer) in the environment leads to an observable increase in the
destruction of contacting surfaces due to the activation of electrochemical processes. In addition, it should be noted
that as the load increases, the processes of formation and subsequent destruction of primary oxide films accelerate,
so that the oxide layer between the contacting surfaces forms more quickly. Accordingly, electrochemical
corrosion begins to develop earlier due to the active adsorption of moisture and oxygen by oxides.
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Fig. 5 shows the change in the intensity of fretting wear of the metals under study depending on the specific
load. The number of cycles (N = 3-10°) corresponding to the stabilization of wear values, when corrosion processes
prevail and the behavior of the material is significantly determined by its chemical activity, was taken as the basis
for testing.
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Fig. 5. Dependence of fretting wear of armco iron (1,2) and steel 45 (3,4) on contact load in
air (1,3) and in oxygen (2,4); 5 — change in contact temperature: N = 3-10° cycles;
A=0,05mm; f=25 Hz

The dependence of wear on specific load is parabolic in nature: the amount of wear increases up to a load
of about 80 MPa, and then decreases. It should be emphasized that the sliding amplitude remained constant at all
load levels. Obviously, at specific loads corresponding to the ascending branches of the characteristics, the
oxidizing environment enters the friction zone relatively more easily. The reduction in wear at loads above critical
values may be due, firstly, to the difficulty of access of the oxidizing environment to the contact zone and the
activation of the setting process, and secondly, to the increase in temperature at the contact, which can significantly
worsen the conditions for the formation of a corrosive environment. Indeed, the effect of reducing fretting wear of
the materials under study upon reaching a certain critical contact pressure (80-100 MPa) can be associated with an
increase in temperature to 230-250°C recorded in the contact zone (using a thermocouple), which is precisely the
temperature limit for the removal of adsorbed moisture and oxygen [24]. Dehydration of the oxide surface leads
to a decrease in adsorption activity.

A comparison of the rate of deterioration of iron and steel 45 depending on the specific load during tests in
air and oxygen (see Fig. 5) shows that the lower wear of these materials in air compared to oxygen could be
explained (given the higher friction coefficient for air) by the greater intensity of adhesive bonding and mutual
transfer of metal from one surface to another. Considering that armco iron has reduced hardness, the adhesion
factor for this material should be most significant. However, the wear of armco iron in both environments differs
little, while steel 45 deteriorates more in oxygen and to a greater extent the higher the pre-critical load. Obviously,
in this case, the tendency of the material to electrochemical corrosion plays a decisive role. In fact, for chemically
inactive armco iron, an increase in the oxygen content in the external environment does not significantly intensify
fretting wear. At the same time, for a more corrosion-active material (steel 45), the role of an environment with a
strong oxidizing effect becomes decisive in the destruction of the joint.

Obviously, if contact is made between materials of the same name, electrochemical corrosion should be
caused by microgalvanic couples (structural heterogeneity, different crystal orientation, structural imperfections,
etc.). It is natural to assume that electrochemical processes will manifest themselves more clearly if contact is
made between dissimilar materials that differ in their electrochemical properties (macrogalvanic couple). When a
corrosion-active environment arises in the contact zone, electrochemical processes should develop according to
the mechanism of contact corrosion [18].

To verify this possibility, a study was conducted, the first stage of which examined the fretting corrosion
of 45 steel in contact with electrolytic coatings (Zn, Cd, Pb, Sn, Ag). The counterbody (movable sample) was 45
steel — hardened.

The following pattern was established: the more noble the surface in contact with the steel, the less wear that
surface experienced and, in turn, the more fretting wear the steel itself experienced (Fig. 6).

It can be seen that the coatings with which steel 45 worked are arranged in an electrochemical series in order
of increasing positivity of their electrode potential. Coatings with a more negative electrode potential than steel 45
(Zn, Cd), while protecting the steel from corrosion, are themselves intensively destroyed: steel itself begins to play
a similar role when it is in contact with tin and silver. It is noteworthy that at a relatively low specific load
(P =10 MPa), steel samples in contact with zinc showed not only no wear, but also an increase in weight.



Problems of Tribology 11

I, mg | P=50MPa |

P =10 MPa X

(9]
]
T

NN

A

0  (zn) (cd) (Fe) (Pb)

(Ag)

Fig. 6. Dependence of fretting wear of steel 45 on the nature of metals in contact with it,
arranged in an electrochemical series: N = 5-10° cycle; A = 0,05 mm; /=30 Hz

Considering that under normal test conditions (air), intermetallic contact in fretting corrosion is quickly
disrupted due to the formation of an oxide layer, and also taking into account the observed strong dependence of
the intensity of destruction on the composition of the external environment (oxygen concentration, humidity),
preference should be given not to a series of contact potential differences, but to a series of normal electrode
potentials. In the second stage, the effect on fretting wear of 45 series steels with different mechanical and
physicochemical properties acquired as a result of hardening heat treatment using the technology commonly
accepted for each material and having a similar electrode potential (Table 1) was researched. For each of these
materials, the tangent of the slope of the anodic polarization curve (Tafel constant - b), which characterizes the
activation overpotential of electrochemical dissolution, was additionally determined using a potentiostat [18]. It
turned out that the higher the Tafel constant of the material in contact with steel 45, the more the steel wears out,
and vice versa (Fig. 7).
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Fig. 7. Fretting wear of steel 45 depending on the value of the Tafel constant () of the
counterbody: N = 5105 cycles; P =10 MPa; A = 0,05 mm; f= 30 Hz

The patterns observed indicate that electrochemical factors play a significant (and sometimes leading) role
in low-amplitude fretting [22]. The peculiarity of the conditions of interaction between contacting surfaces during
fretting corrosion (vibration, low sliding amplitude, preservation of wear products—oxides—in the friction zone)
contributes to the occurrence of specific topochemical reactions, which, in turn, change the nature of contact. The
transition of the surface layers of metal in the initial stage of fretting corrosion to an amorphous or near-amorphous
(ultradisperse) state accelerates surface oxidation reactions [2]. The resulting degradation products in the form of
oxides, which are usually semiconductors, can give the process an autocatalytic character (wear products accelerate
oxidation and corrosion) [24]. Moreover, the fine grinding of oxides increases the free surface area and the number
of active centers, which contributes to the activation of adsorption and catalysis processes. The catalytic effect of
oxides manifests itself in the acceleration of oxygen and moisture adsorption, with the adsorbed molecules
transforming into a more easily activated form under the influence of surface forces or available free valences.
Indeed, the nature of molecules in the gas phase and in the chemisorbed state is different. According to the
electronic theory of adsorption and catalysis on semiconductors, adsorbed molecules undergo significant
deformation and weakening of intramolecular bonds, as well as involve free carriers (electrons and holes) in the
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chemisorption bond. The localization of free carriers on the adsorbed particle converts it into a radical or ion-
radical form, which has high reactivity due to the acquisition of a charge state (03,07, H,0%, etc.). Moreover, the
adsorption of a molecule may be accompanied by its dissociation with the formation of new valence-saturated and
unsaturated compounds. Thus, in chemisorbed water molecules in a state of coordination bond with the oxide
surface, deformation results in the weakening of O-H bonds [24]. In this case, the water molecule is protonated,
and at elevated temperatures it can even lose a proton and turn into an OH group. Protonated water molecules
adsorbed by the coordination mechanism are new centers for subsequent water adsorption by the mechanism of
hydrogen bond formation. During the adsorption of an oxygen molecule as a result of the transfer of two electrons
from two negative ions of the oxide crystal lattice, the double bond of the molecule may break. Subsequently, the
localization of the hole or the recombination of the hole and the free electron of the oxide may convert the oxygen
atom into a reactive radical form. In addition to acquiring anomalous properties, adsorbed water and oxygen
molecules change the electrophysical properties of the oxide and, in particular, charge its surface. Chemosorbed
oxygen molecules, being acceptors, localize free electrons, charging the semiconductor surface negatively. The
adsorption of H>O molecules (donor particles) charges the surface positively and increases the electrical
conductivity of the oxide. The opposite nature (donor-acceptor) of the adsorbed water and oxygen molecules
increases the adsorption activity of the oxide surface.

The processes of chemisorption of water and oxygen on oxides create conditions for the emergence of an
electrochemical environment between contacting surfaces, capable of giving the fretting process the character of
catalytic corrosion, when the mobility of surface metal atoms increases, resulting in the rapid redistribution of the
substance between different areas of the surface. In particular, the activation polarization of the metal should
decrease (the ionization overvoltage will decrease). The catalytic action of oxides manifests itself in the emergence
of reactive radical and ion-radical forms of chemisorption on them. Indeed, our qualitative reaction to peroxide
compounds in the products of fretting corrosion of steel, bronze, etc. (based on the reaction with solutions of starch
in water and potassium iodide in acetic acid) showed the presence of peroxide forms, probably in the form of the
ion radical O;. Charged forms of chemisorption and induced reaction flows should activate electrochemical
processes during fretting corrosion. Thus, the emergence of an accelerating field during oxygen adsorption
(03, 07) reduces the ionization overvoltage of the metal (facilitating the anodic process). The presence of radical
forms of adsorbed moisture H,0% and the course of topochemical reactions via the self-oxidation mechanism
should accelerate the cathodic process. The oxides formed are capable of acting as a cathode, which, together with
the emergence of elements of differential aeration (which is particularly favored by the conditions of the contact
under study), creates additional prerequisites for the development of electrochemical corrosion.

Thus, it has been experimentally shown that under conditions of fretting corrosion, the intensity of
destruction of contacting metals depends on their electrochemical properties, as well as on the presence of
components in the external gas environment that affect the kinetics of electrochemical processes (oxygen,
moisture). It has been established that fretting corrosion of metal surfaces creates conditions conducive to
electrochemical processes, which, along with other factors (e.g., fatigue phenomena), determine the mechanism
and selectivity of the destruction of contacting metals. Electrochemical corrosion develops due to the accumulation
in the contact zone of a highly dispersed layer of oxides saturated with adsorbed oxygen and moisture in charged
forms. From the point of view of the adsorption-electrochemical mechanism of fretting corrosion, a number of
known experimental facts can be explained. Thus, in some experiments [2], when the relative humidity of the
environment was increased to 30-40%, an increase in the intensity of fretting corrosion of steel was initially
observed, and with a further increase in humidity, the damageability of the contacting surfaces decreased. Since
the adsorption activity of oxides increases with the degree of surface hydration, an increase in the concentration
of adsorbed oxygen and moisture molecules in the friction zone within certain limits should be accompanied by
an increase in fretting corrosion from the point of view of the adsorption-electrochemical mechanism. However,
with a further increase in the concentration of adsorbed oxygen, the corrosion rate should decrease due to the
passivation of steel [18]. The growth in the intensity of fretting corrosion at low temperatures is obviously
associated with an increase in the adsorption activity of oxides, and the usually observed high susceptibility to
fretting corrosion of surfaces with an increased purity class [1,2] is probably explained by the fact that polished
surfaces are more susceptible to electrochemical corrosion. Taking into account the possible development of
contact fatigue and corrosion fatigue processes under fretting conditions, the protective effect of diffusion
chemical-thermal coatings was researched, which are known to contribute to an effective increase in the corrosion
fatigue strength of steel. In many cases, parts subjected to chemical-thermal treatment (CTT) do not require anti-
corrosion protection. The interaction of compressive stresses created by diffusion coatings with stresses from
external loads leads to a significant increase in resistance to cyclic loads. The creation of a surface diffusion layer
during CTT increases the critical stress of dislocation sources and inhibits the processes of shear formation and
plastic flow transfer from grain to grain. When two- or multi-phase structures with sharply different plasticity are
formed, materials acquire high relaxation capacity under cyclic loads [12]. We studied the fretting resistance of
normalized 45 steel treated with several types of diffusion saturation during CTT, as well as, for comparison, steel
in a hardened state (Table 2). Chemical-thermal treatment was carried out in appropriate reaction mixtures using
standard methods. A cylindrical (fixed) sample was treated (see Fig. 1 b), and the indenter was a movable sample
made of 45 steel, hardened and tempered.

Table 2
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Effect of chemical-thermal treatment of 45 steel on fretting resistance
(P=30 MPa; A =0,05 mm; f=30 Hz)

No. Type of processing Fretting resistance,
01073 cycle/um

1 Steel 45 (normalization) 40

2 Steel 45 hardened 65

3 Vanadium coating 70

4 Siliconization 114
5 Boronization 120
6 Chromium plating 160
7 Alitization 175
8 Boronization 185
9 Borosilication 450

The criterion for fretting resistance O was taken to be the ratio of the number of fretting cycles to the linear
wear of the friction zone at a given specific load, slip amplitude, and vibration frequency (based on
Nr=5-10° cycles). This value shows the number of load cycles required to destroy a surface layer of a unit depth.
Of the types of CTT studied, chromium plating, alitization, boronization, and borosilication showed the most
significant increase in fretting resistance. The positive effect of chromium plating is due to the fact that chromium
is an easily passivated element, so that such alloying of the surface layer, along with substructural hardening and
the creation of residual compressive stresses, leads to the inhibition of anodic processes, increasing the corrosion
resistance of steel. The high fretting resistance of the aluminized layer is due to the ability of aluminum to form a
stable Al,O3; oxide film during oxidation, which has high protective properties and protects the metal from
corrosion. However, it is necessary to saturate to a depth of no more than 0.05 mm, since a greater saturation depth
(0.1-0.2 mm) leads to a decrease in the fatigue strength of steel. It is important to note the high effectiveness of
boron-containing coatings in resisting fretting corrosion. Indeed, conventional boronizing increases the fretting
resistance of steel more than fourfold, while borosilicating increases it tenfold. After boronizing, the modified
layer consisted mainly of two types of solid borides—FeB and Fe,B—in the form of needles directed perpendicular
to the saturated surface (Fig. 8a).

Fig. 8. Microstructure of diffusion coatings on 45 steel (x450): @ — boronization; b -
borosilication

To increase the load-bearing capacity of the transition zone, the boronized samples were subjected to
hardening (from 840°C) and low-temperature tempering (200°C), which formed a tempered martensite structure
in the boride substrate. Borosilication forms needles of iron borides (mainly Fe;B) elongated in the direction of
diffusion of the saturating elements, and in the space between them, a phase representing a solid solution of silicon
and boron in iron (Fig. 8b). Such a compositionally heterogeneous structure with high hardness is characterized
by high damping capacity (internal friction), which, in addition to corrosion protection, provides an increase in
contact fatigue strength [12].

Conclusions

Data has been obtained that expands theoretical understanding in the field of physicochemical mechanics
of contact interaction during low-amplitude fretting.

The susceptibility of metals to fretting corrosion develops in accordance with the following three stages:

1. Period of adhesion-deformation strengthening of contact surfaces and cyclic flow of subsurface layers
with their transition to an ultradisperse (nanocrystalline) state with high reactivity (chemical corrosion).
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2. Incubation period, which is accompanied by the accumulation of fatigue damage in the subsurface layer
and the formation of a reaction-active interlayer of oxides in a highly dispersed state.

3. The period of corrosion-fatigue failure of mating surfaces, when conditions favorable for the
development of electrochemical corrosion are created, which, along with fatigue phenomena, determines the
mechanism and selectivity of fretting wear at this stage.

Electrochemical corrosion becomes the leading process after the formation of a highly dispersed oxide layer
saturated with oxygen and moisture adsorbed in reactive radical forms in the contact zone. Metal oxides, as
semiconductors, have specific properties that influence the processes of adsorption and catalysis in tribochemical
reactions. These data expand the scope of application of traditional methods of electrochemical protection capable
of changing the nature and kinetics of tribochemical reactions under fretting conditions.
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IleBens B.B., Onexcangpenko B.IL., Inxa O.B., Coxonan K.C. Tpuboximist yIKoIKEHHs METaIEBUX
CIIOJIy4YeHb NPH PPETTUHT-KOPO3iT

JociimkyBaichk 3aKOHOMIPHOCTI (PPETTHHT-3HOCY psy KOHCTPYKLIMHMX MarepialliB Ta TaJbBaHIYHHUX
MOKPHTTIB 3 ypaxyBaHHSM X MeXaHIYHUX Ta (Pi3MKO-XIMIYHUX BiIacTUBOCTEH. [IpoBoauiack OliHKa BIUIMBY Ha
IHTCHCUBHICTh (DPETTHHT-3HOCY CKJIAAy Ta30BOTO cepenoBHIIa (TOBITP, KHCEHB), a TaKOXX KOHTaKTHOTO
HABaHTAXXCHHS 3 OJHOMMEHHOIO PEECTPAIli€l0 TeMIlepaTypH B 30HI TepTs. OTpUMaHO IaHi, MO CBigYaTh MPO
MOJKJIMBICTh PO3BUTKY INPH MaJOAMIUTITYTHOMY (PETTHHTY METaliB y IOBITPSHOMY CEPENOBHII HOPSII 3
OKHCIIOBATEHUMH TIPOIIECaMH eIeKTPOXiMiuHOi Kopo3ii. Po3risHyTO (i3nKo-XiMiuHI TepeyMOBH iHIIFOBaHHS B
30HI BiOpaIiifHOTO KOHTAaKTy EJEKTPOXIMIYHUX IpOIeciB MpH (OPMyBaHHI YIBTPAIUCIEPCHOTO MPOIIAPKY
OKCH[IIB, fKi CTalOTh KaTalli3aTOpPOM IPHCKOPEHOI XeMocopOmii KHCHIO 1 BOJOTH Yy paJWKaIbHAX Ta 10H-
pamukanpHuX (opmax. B pesympTari, 3riHO 3 CICKTPOHHOIO TEOPI€0 ancopOlii Ta KaTtamizy Ha
HaliBIPOBITHUKAX (OKUCIIaX), KOHTAKTHI SBUILNA MMOYUHAIOTH PO3BUBATUCS 3a MEXaHI3MOM aBTOKATaJIITUYHOI
kopo3ii. [licyist maTeHTHOrO Nepioy HaKOMMYESHHS OKCUIIB CTBOPIOIOTHCS] YMOBH JUIS €JIEKTPOXIMIYHUX MPOIIECIB,
IO CHIPHAIOTh KOPO3iHHO-BTOMHOMY pYHHYBaHHIO CIIOJIy4YEHHUX IIOBEPXOHb. Pe3ysbTaTé JOCIiKEHHS
PO3LIMPIOIOTH YSBICHHS NPO TPHPOAY KOPO3IMHMX TNPOIEciB NPH YaCTKOBOMY Ta 3MilIaHOMY KOB3aHHI,
OPIEHTYIOUN Ha MOXJIUBICTH 3aCTOCYBaHHS TPAJULIHHUX METOJIB EIEKTPOXIMIYHOTO 3aXUCTY JJIS ITiJABUIICHHS
(hpeTTHHTOCTIHKOCTI BY3IIiB TEPTS, IO MPAIIOIOTh B YMOBaX BiOparrii.

KawuoBi caoBa: QpertuHT-3HOC, KOEQIIiEHT TepTs, (QPETTHHTOCTIMKICTh, ancopOris, Koposid,
eJIeKTPOXiMis, XiMiKO-TepMigHa 00poOKa
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Abstract

Lifetime testing of contact brush units of automotive power machines is held. Friction contact of copper
and graphite under working voltage and current within ordinary atmosphere environment was simulated on the
friction test bench. Wear resistance and friction losses have been detected. Wear mechanisms and friction surfaces
were investigated using the scanning electronic microscopy. This study allows recommendation the optimal
surface treatment of copper elements of contact brush unit of alternators or commutator unit of power starters.

Keywords: AC power machines, alternator, vehicle starter, contact brush unit, friction in power contact
Introduction and review of publications

Formerly the optimal technological modes of electrospark coating of aluminium on copper substrate were
detected. Kinetics of mass transfer and coating thickness were researched. Using the scanning electronic
cmicroscopy the structure of acquired coating was thoroughly investigated. Presumption of good electric
conductivity together with good adhesion to copper subsrate under moderate heating was made and as well. The
last issue can be checked only during the benchmark friction testing with research of friction surfaces.
Considerations of the latest investigations in this area are the following.

So in the research [1] sliding wear behavior of copper-graphite composite for maglev vehicles and high-
speed railway train was investigated. The samples were formed by cold pressing at 300 MPa and by hot sintering
(950°C % 3 h) in a hydrogen atmosphere. After specimens were cooled to room temperature with the furnace,
further pressing at 300 MPa was performed. Wear tests were conducted with a specially designed sliding apparatus
to simulate the tribological condition of sliding current collectors in a maglev system. The material was slid against
a stainless steel band under unlubricated condition. Worn surfaces of the material were analyzed by SEM and
field-emission-gun environment SEM equipped with an energy dispersive X-ray spectroscopy. Within the studied
range of normal pressure and electrical current, wear loss increased with increasing normal pressure and electrical
current. Adhesive wear, abrasive wear and arc erosion were the dominant mechanisms during electrical sliding. It
provides principle for designing suitable sliding counter parts for the current collection device in maglev system.

The publicaion [2] is about that copper-graphite is an important tribological material used in the
applications of electrical sliding contact like generators and electrical brushes. A series of experimental tests were
conducted on a pin-disc tribometer in air and dry sliding condition. The pair of material was subjected to electric
current ranging from 0 to 10A, normal loads of 5 to 30N and sliding speed of 0.5 m/s. The duration of each test
was 30 minutes. Experimental results indicated that the friction coefficient decreases and wear rate increases with
increasing load with and without applied electric current. The changes in surface chemistry and topography of the
tribo-surfaces were characterized using Raman spectroscopy, scanning electron microscopy (SEM) and energy
dispersive spectrometer (EDS). This later technique was used to analyze the transfer of pin materials to the
counterface, and also to understand how copper and graphite influence the tribological properties. Results indicated
that, electric current and normal load have more or less significant influence on the tribological behavior of the
pair of materials and the effect of oxide layer created at interface of the pairs in contact.

As stated in article [3] the copper matrix composites were prepared by spark plasma sintering (SPS). The

current-carrying friction and wear tests were carried out on a self-made HST-100 high-speed current-carrying
Copyright © 2026 A.H. Dovhal, O.M. Biliakovych, L.B. Pryimak. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
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friction and wear tester, and the effect of the graphite content on the current-carrying friction and wear properties
of the composite material was studied. The results show that with an increase in graphite content, the average
friction coefficient and wear rate of the two materials decreased significantly, the fluctuation amplitude of the
friction coefficient was also significantly reduced, and the average friction coefficient of copper-coated graphite
composite with graphite content of 10 wt.% was 0.100; when the graphite content was the same and more than 5.0
wt.%, the average friction coefficient and wear rate of copper—graphite composites were slightly higher than
copper—copper-coated graphite composites; the current-carrying efficiency and current-carrying stability of the
copper matrix composite were obviously higher than that of copper material; there was a mechanical wear area
and arc erosion area on the wear surface of the composites, with the increase in graphite content, the adherence
and the tear of the mechanical wear area weakened, the rolling, plastic deformation increased, and the surface
roughness decreased obviously. The surface roughness of the wear surface of copper—copper-coated graphite
composites with graphite content of 10 wt.% was 3.17 um. The forms of arc erosion included melting and
splashing, and were mainly distributed in the friction exit area.

Good influence of organosilicon dopant to the brush materials is stated in work [4]. The brush materials
modified with organosilicon were prepared by the powder metallurgy method, and their current-carrying friction
and wear properties were compared with those of brush materials modified with SiO,. The materials were
characterized by SEM, XRD, XPS, deep etching, and roughness. The results showed that, compared with the SiO»,
organosilicon can significantly reduce the wear rate of brush materials by 67-88%, because the SiOC fiber
produced by pyrolysis of organosilicon could control the graphite content on the friction surface by reducing
abrasive wear. In the aspect of wear mechanism, organosilicon could greatly reduce the abrasive wear of the
materials and the mated materials, but aggravated the adhesive wear of the materials.

In research [5] copper-graphite sintered materials were prepared by powder metallurgy technology. The
relationship of the graphite content to the third body topography and the impact of the graphite content on frictional
properties of the materials were investigated on a constant speed friction test machine. The results showed that,
when less than 15%, the graphite had a significant influence to the material porosity and the friction temperature.
The results demonstrated clearly the friction and wear property of the material was closely related to the graphite
content and this was due to the effect of the third body containing graphite particles formed on the frictional surface
under dry friction condition. The third body derived from low graphite content sintered materials had a high level
of metal composition. Plowing effect of the hard metal led to higher friction coefficient and wear rate. With the
increase of graphite content, the density and adhesion of the third body reduced because of the increase level of
graphite in the third body. The low compactness and easy flow of the third body alleviated the surface plowing,
lowered and stabilized the friction coefficient and, therefore, reduced wear rate.

The following was comprehensively studied in paper [6]. Resin-coated graphite/copper composites and
copper-plated graphite/copper composites were prepared by cold pressing-pressure sintering process using
phenolic resin powder, graphite powder, copper-plated graphite powder and electrolytic copper powder as raw
materials, respectively, the friction and wear properties of two kinds of graphite/copper composites at room
temperature, high temperature and current-carrying were studied, and compared with overseas Roland grounding
brush; the effects of resin decomposition on the conductivity, mechanical and friction and wear properties of the
composites were analyzed based on the crystal structure of copper matrix and the variation of composite
conductivity and mechanical properties at high temperature (200-600 °C). The results show that the mechanical
properties of resin-coated graphite/copper composites at high temperature are better than that of copper-plated
graphite/copper composites. When the ambient temperature reaches 600 °C, the shear strength of resin-coated
graphite/copper composites decreases by only 6%, while that of copper-plated graphite/copper composites
decreases by 24%. The high temperature (250 °C) wear resistance and friction stability of resin-coated
graphite/copper composites are much better than those of copper-plated graphite/copper composites and Roland
brush, the current-carrying friction factor of the resin-coated graphite/copper composites is lower than that of
Roland brush. The resin coating of graphite can improve the friction and wear properties of copper matrix
composites at high temperature and current-carrying, due to the protection of the resin layer, a continuous and
stable graphite lubricating film can be formed even under the conditions of high temperature oxygen and current-
carrying, thus reducing the friction contact micro-gap; the carbonized resin breaks into fine hard particles during
the friction, which hinder the adhesion and wear between composite and disc; the Cu matrix softening at high
temperature is not obvious, so the occurrence of arc decreases.

Copper-graphite composites were investigated in research [7]. Copper-graphite composites were prepared
by spark plasma sintering (SPS) with copper powder and copper-coated graphite powder. The effect of particle
size of raw material powder on the current-carrying friction properties of copper-graphite composites was studied.
The results show that the friction coefficient of the composites decreased with the decrease of the particle size of
copper-coated graphite powder, the friction coefficient of the composites increased with the decrease of the particle
size of the copper powder, the wear rate of the composites increased with the decrease of the particle size of the
copper-coated graphite powder, and the wear rate of the composites increased significantly with the decrease of
the particle size of the copper-coated graphite powder. The current carrying properties of composites with different
particle size ratios and QCr0.5 pairs are good and fluctuate little. The current-carrying friction properties of 150
pum copper powder and 75 pm copper-coated graphite powder were found to be the best. The wear surface could
be divided into mechanical wear area and arc erosion area. The main area of arc erosion was less than 15% of the
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total area, and it was mainly distributed in the friction outlet area. The main forms of mechanical wear included
furrow, rolling deformation, cold welding, and tearing, among other forms. Graphite film was formed on the
surface. The surface quality of the composite prepared by 150 um copper powder and 75 pm copper-coated
graphite powder was the best, the Sa was 3.22 um, rolling deformation was the most adequate, no large tear pit
and furrow appeared, and the carbon content on the worn surface was much higher than that in the composite. The
behavior of arc erosion was mainly melting and splashing, and the particle size of the original powder had little
effect on it.

As stated in scientific work [8], during the train operation, the pantograph/catenary system is subjected to
an extremely harsh service environment. Relative humidity has a great influence on the current-carrying
tribological behaviors of carbon strips. The identification and understanding of the wear mechanism are extremely
important in wet and dry conditions. This study was carried out to investigate the humidity effect on the service
properties of carbon sample rubbing against copper (Cu) with and without electric current using a home-made
wear tester, and the humidity ranging from 10% RH to 80% RH. The results indicate that the sliding wear behavior
of the friction interface is drastically affected by the intervention of water vapor and electric current. The
coefficient of friction (COF) without current is obviously lower than current-carrying sliding when the humidity
is constant. However, the increased humidity led to a decreasing trend. After the current increases to 10 A, all the
COF values are closed to each other ultimately. These phenomena mainly result from the formation and destruction
of water lubrication film. Furthermore, the tribo-pairs worn surface appears the most sensitive to the current effect
under dry conditions. The reverse transfer of Cu and carbon is greater on account of the current agglomeration
effect, and the oxidation degree is more severe. The wear mechanisms of carbon are mainly material transfer
accompanying with oxidation erosion. However, the wear degradation is weakened under water lubrication and
uniform current distribution which improves the conductive quality. This is the coupling effect of humidity
environment, current and heat concentration. This experiment provides technical support for the operation of an
electric locomotive under an extremely harsh service environment.

The purpose of thesis [9] is to propose a technique to improve electric brush properties in an effort to
produce a more proficient electric motor by creating a new brush material with improved properties and
performance. There are many applications for electric motors and each application would benefit from overall,
increased proficiency. Understanding the role an electric brush plays within an electric motor is crucial to
improving functionality. The proposed technique to create a novel graphite-copper material involves a two-step
procedure that will intercalate CuCl, into the graphite structure, and then by chemical reduction, will reduce the
CuCl, and result in the final products of copper and graphite. The proposed technique seeks to successfully increase
the conductivity and wear properties of an electric brush by incorporating copper into graphite which will also
enhance the properties of an electric motor. This thesis will detail the procedures of data collection and how to
analyze results of the proposed technique. Expected results will also be discussed utilizing preliminary data
collected utilizing XRD, SEM, TGA, and BET equipment. Finally, struggles and challenges of such a technique
will also be discussed as well as plans for future work on the proposed technique.

Formerly some properties of aluminium electrospark coatings on copper substrate were researched is work
[10]. The automotive electric equipment involves the electric machines (starter, alternator) incorporating the brush
unit and hybrid drive vehicles as well. It is the friction joint of conducting copper and graphite brush. Work
efficiency and lifetime of these machines strongly depend on the contact quality and general state of this friction
joint. Thus preset objective of this study is research of friction joint of brush unit “copper-graphite” under working
current flow and technique of its superficial improvement. For experimental purposes the samples of M1E electric
conductive copper TOCT 859-2001 complying with TY 1276-003-38279335-2013 were fabricated in dimensions
of hole disks 16x6x2,5 mm in order to provide the least friction contact area for experiment acceleration. As the
friction couterbody the conventional alternator brush made of graphite I'3-1, TOCT 7478-75 was used. Copper
samples were strengthened by electro-spark alloying on unit ALIER-52 on 6-7 modes by aluminum electrode made
of rod aluminum I'OCT 15176-89. The coated and uncoated samples were tested on the friction test bench M-
2211B under “pin-on-shaft” layout. Friction speed was about 1,5-2 m/s that complies the test bench shaft rotation
speed about 2000-2400 rpm. In order to simulate the brush unit work the 24 V DC voltage was applied to friction
contact and linear wear rate was detected. So uncoated samples have demonstrated the wear rate of 345,5
micrometers per kilometer, unlike coated samples that have the wear rate 81,8 micrometers per kilometer what is
about 4,26 times improvement of electro erosive wear resistance. Thus the technique researched is suitable and
can be recommended for improvement of brush units of vehicle alternators and starters, DC engines collectors for
electric power vehicles, hybrid vehicles and quadracopters as well.

This paper is devoted to investigation of wear results and friction surfaces of copper samples in ordinary
atmisphere environment and in low vacuum condition modelling the the friction of contact unit of alternators and
vehicle power starters.

Problem statement and objective
The objective of this study is friction testing of “ESA coated copper-graphite” under working current flow

in amosphere pressure. Namely this paper is dedicated to research of coating wear resistance and wear
mechanisms.
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Methods

For experimental purposes the samples of M1E electric conductive copper (content: 99,96% Cu, 0,002 Ni,
0,005 Fe, 0,004 S, 0,002 Sn, 0,005 Pb, 0,004 Zn, 0,002 Sb) were fabricated in dimensions of hole disks 16x6x2,5
mm in order to provide the least friction contact area for experiment acceleration.

As the friction counterbody the conventional alternator brush made of graphite I'3-1, (contains 0.05% Cu,
ash content 10-14 %) was used. Copper samples were strengthened by electro-spark alloying on unit ALIER-52
on 6-7 modes by aluminum electrode made of rod aluminum (A/I31E (1310E, 6101) containing 97.68% Al, 0,5
% Fe, 0,7% Si, 0,03% Mn, 0,03% Cr, 0,1% Cu, 0,06% B, 0,8% Mg, 0,1% Zn. The 6 mode of ALIER-52 installation
provides the following electrospark alloying descriptions: impulse duration was 700 microseconds, amplitude
value of current impulse was 200 A; the impulse energy was 2,52 Joiles; coating thickness was 0,3 mm.

The coated and uncoated samples were tested on the friction test bench M-22I1B under “pin-on-shaft”
layout. Friction speed was about 1,5-2 m/s that complies the test bench shaft rotation speed about 2000-2400 rpm.
In order to simulate the brush unit work the 24 V DC voltage was applied to friction contact and linear wear rate
was detected. Using the rheostat the current strength has been changed from 1 to 5 A (fig. 1.).

Fig. 1. Samples for wear testing: a) uncoated (deeply worn) copper samples; b) coated copper samples; c) real
alternator graphite brush (couterbody) with the worn place shown.

So uncoated samples have demonstrated the wear rate of 345,5 micrometers per kilometer, unlike coated
samples that have the wear rate 81,8 micrometers per kilometer what is about 4,26 times improvement of electro
erosive wear resistance.

In order to detect the wear mechanisms for improvement the strengthening technique the wear surfaces
were investigated instantly after testing on the electronic microscope POM-1061 and specific areas were
additionally analyzed by X-ray element analyzer. SEM images and analysis results are on fig. 3.

Main research results

The wear testing results are represented on fig. 2.

Dependance of Coating Friction Factor on
Dependance of Coating Wear Rate on Contact Contact Current (V=0,2 m/s)
»

Current (V=2 m/s, P=50000 Pa)

W, mem/km f

a) b)

Fig. 2. Dependance of wear rate and friction factor of aluminium electrospark coating on (a,b) current
strength
The coating friction properties depending on current strength and atmospheric pressure are on fig. 3. So, the
coating wear rate depending on the current strength increase (from 1 to 5 A) allowing prediction the brush unit
lifetime on boosted modes is about increasing from 81,8 to 175,6 um per km (fig. 2., a) and friction factor was
kept in the antifriction limits 0,19-0,25 (fig. 2., b) that means it will not create the big resistanse to alternator rotor
rotation.
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In order to explain the acqured results the friction surfaces (right after experiment for better elements
storage coverred by clean vacuum film while delivering to microscope) were invetigated on scanning electronic
microscope REM-1061. Acquired results are on fig. 3.

X250

BTt
WD=12.1mm 2000V x250 _ 200um | WD=12.1mm
Spectra C (0] Cu Al

Spectrum 1 - 54,22 | 28,75 16,99
Spectrum 2 - 53,79 | 31,05 | 15,16
Spectrum 3 - 52,79 | 36,05 11,15
Spectrum 4| 93.03 - 6.97 -
Spectrum 5 - 4,24 70,15 25,61
Spectrum 6 - 1,96 98,04 -

WD=12.1mm 20.00kV  x250

Fig. 3. SEM images of friction surfaces of ESA coating of aluminium on copper MI1E in 250 electronic zoom under
12 V conducting different DC in coated copper-grphite contact under atmospheric pressure (101 325 Pa): a) 1 A; b) 2
A;c)3 As;d) 4 A; e) 5 A; f) elements content in specified areas

As it can be seen from fig. 3. a, under low current strength surface is covered by oxides of copper and
aluminium and pure areas of hard solution of aluminium in copper. It can be stated according to spectra 1,2, 3 and
5 elements content. Thin films of oxides and pure hard solution have good conductivity for power transfer
purposes. Overheating of surfaces causes the superficial coating cracks. However increasing the current strength
burns through spots appear in coatin surfaces and they are immediately covered by graphite particles spectrum 4
fig. 3. d. Overloading the coating by big current strength leads to coating destruction by burn out and naked
substrate of pure copper comes to friction surface (see spectrum 6 fig. 3. e).

Natural testing of simple copper-graphite contact brush unit of vehicle alternator (under 14,5 V DC voltage
amd no more than 5 A load current) has demonstrated the two and half longer unit lifetime comparing with
uncoated copper rings of this unit. But more intensive wear rate of graphite brushes (double times bigger) was
detected. But, it is obviously, replacement of graphite brushes (with new better voltage regulator built in) is much
easier in operational conditions of vehicles duirng the next maintenance check procedure, than replacement of
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copper rings of alternator (or starter commutator). That’s why the findings of this paper can be considered as
satisfactory and feasible in vehicles operation and maintenance process.

Conclusions

So the electrospark alloying coating of aluminium on copper has demonstrated satifactory wear resistance
in power transferring contact under 24 V and current strength from 1 to 5 A. Wear mechanism with in atmospheric
pressure is oxidative with sparking burn out. It is the area for future research. Thus alluminium electrospark coating
can be applied for superficial strenthening of copper element of copper-graphite contact brush unit, which works
under voltage up to 24 V and current load up to 5 A with satisfactory wear rate and friction factor.

Thus the ESA coating researched is suitable and can be recommended for improvement of brush units of
vehicle alternators and starters, DC engines collectors for electric power vehicles, hybrid vehicles.
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Josraap A.I'., Bintakosuu O.M., Ilpuiimak JI.B. [oninieHHs pecypcy KOHTaKTHO-LITKOBUX BY3JIB
aBTOMOOUIBHUX eJekTpomanivH. Y. 2.

IIpoBeneHo BUNpoOyBaHHS TOBrOBIYHOCTI KOHTAKTHO-IIITKOBOTO BY3JIa aBTOMOOIIHHHX €IEKTPOMAIINH.
Byno mMozxenpoBaHO GpUKLiHWIA KOHTAKT Mii Ta rpadiTy Ha MalIMHI TePTS 3a POO0YOI HANPYTH Ta CTPYMY Y
3BHUaifHOMY cepenoBuii atMochepr. byno BH3HaueHOTO 3HOCOCTIHKICTh Ta (DPHKIIIHI BTpaTH TaKoro BYy3Ja.
Byno nocnmimkeHO IOBEpXHI TEpTsS Ta MEXaHi3MH 3HOIIYBAHHS 3a JIONOMOIOI CKAaHYIOYOTO EJIEKTPOHHOTO
Mikpockomy. Lle mocmimkeHHS NO3BOJISIE pEeKOMEHIYBAaTH ONTHUMANBHY IOBEPXHEBY OOpOOKY MimHUX aeTaineit
KOHTaKTHO-IIIITKOBOTO BYy3JIa TEHEPATOPIiB Ta KOJIEKTOPHHUX BY3JIiB €NCKTPUIHNAX CTPATEPIB.

KitrouoBi clioBa: eneKTpMAIIUHE 3MIHHOTO CTPYMY, aBTOMOOITBEHUI I'eHepaTop, aBTOCTapTep, KOHTAKTHO-
IIITKOBHUIT BY30JL.
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Abstract

A proposed and substantiated multifactorial approach to assessing the lubricating effect of oils, considering
the influence of physicochemical factors and rheological characteristics on the evolution of the creation and
adaptation of chemically modified boundary layers (CMBLs) to real operating conditions in conditions of the
partial EHD lubrication mode. Comparing the results of the anti-wear and anti-friction properties of the studied oil
samples, while complying with the additive manufacturer's conditions for the mass fraction of sulfur, which is
1.488-1.9662%, a necessary condition for the best results in terms of the combined action of the anti-wear and
anti-friction properties of the oils is to establish a total additive concentration of 3.9—4.9% with a phosphorus mass
fraction of 0.046—0.057%. In the series of samples studied, sample 4 with a concentration of 4.9% additive shows
the best universal properties, especially for the operation of units with combined engine and transmission systems
(universal STOU oils for agricultural machinery).

Key words: the lubricating effect of oils, physicochemical factors and rheological characteristics,
chemically modified boundary layers (CMBLs), the partial EHD lubrication mode, the anti-wear and anti-friction
properties, the concentration of chemical components of the additives, chemically active substances (CAS),
manganese-iron-phosphate coating (MIP).

Introduction. Analysis of recent research and publications

Improving the reliability and energy efficiency of machines and vehicles is directly related to the intensity
of friction and wear processes in friction units. According to international tribological reviews [1-3], up to 25-30%
of energy losses in technical systems are due to friction processes, and more than 40% of equipment failures are
tribological in nature. In this context, the improvement of lubricants (oils) as one of the most cost-effective means
of reducing energy consumption due to friction and wear in machines is of particular importance.

Modern oils for various technical purposes are produced on the basis of compounding base stocks and
multi-component additive packages that provide the main operational properties: anti-friction, anti-wear, anti-
seize, antioxidant, anti-corrosion properties, etc. At the same time, research results from leading global additive
manufacturers such as Afton Chemical (USA), Lubrizol (USA), BASF (Germany), indicate that the effectiveness
of the respective additive packages is determined not only by their qualitative properties, but primarily by the
quantitative properties (concentration) of active chemical components or chemically active substances (CAS),
which are often in the range of hundredths and thousandths of a percent. The technical regulations of these
companies indicate that exceeding or underestimating the concentration of anti-wear and anti-friction CAR at the
level of 0.01-0.05% of the mass fraction may lead to a significant reduction in the protective properties of the
modified layer, which are formed as a result of chemical modification of contact surfaces during friction, an
increase in the intensity of wear up to the rupture of the lubricating layer [1-3].

Recent experimental studies published in renowned international journals included in the Scopus and Web
of Science scient metric databases indicate that the concentration of active chemical components in additives plays
a critical role in the formation of strong and stable chemically modified boundary layers (CMBLs).

In particular, study [4] found that adding titanium oxide (TiO2) nanoparticles to motor oil at a concentration
of 0.01-0.075% by mass reduces the friction coefficient from 0.112 to 0.05, i.e., by more than 55%, and at the

optimal value of 0.075% — to a level of about 0.01, which corresponds to a reduction in friction of almost 90%
Copyright © 2026 O.A. Milanenko, A.M. Bobro. This is an open access article distributed under the Creative Commons Attribution
@I}. License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
v cited.
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relative to the base oil without additives. With a further increase in the concentration of the additive, the reduction
in the friction coefficient stabilizes or even increases, indicating the presence of a narrow optimal range. Similar
patterns were also obtained for copper and iron oxides.

Studies [5] have shown that the use of copper oxide (CuO) nanoparticles at a concentration of 0.25% by
mass reduces the friction coefficient by 11-54% and the wear intensity by 30-45% compared to the base oil
without additives. At the same time, at concentrations above 1.0—1.3%, the reduction in the friction coefficient and
wear intensity not only does not increase, but in some cases is accompanied by a deterioration in colloidal stability
and an increase in contact wear due to particle agglomeration. Similar results were obtained for hybrid
nanodispersed systems (CuO-TiO:), where the optimal concentration range was within 0.05-0.15% by mass to
ensure a 35-60% reduction in the friction coefficient and a 40—-55% reduction in linear wear.

These results are consistent with the technical regulations of Afton Chemical and Lubrizol [1,2], which
state that the optimal concentration of phosphorus- and sulfur-containing anti-wear additives within +0.01-0.02%
allows for a simultaneous reduction in wear by 20-35% in internal combustion engines (ICE).

Outline of unresolved issues

From an economic point of view, the problem of optimal additive formulation is no less significant. According
to industry reviews, the cost of functional additive packages can be up to 40-60% of the cost of commercial oil, while
their mass fraction exceeds 3—7%. At the same time, even a 0.1% reduction in the concentration of active components
without loss of performance properties can reduce the cost of lubricant production by 5-8%, which, on a mass
production scale, corresponds to a significant economic effect. In addition, a 30-50% reduction in friction wear, as
reported in [4, 5], correlates with a 15-25% increase in machine maintenance intervals, thereby significantly
improving the technical and economic efficiency of vehicle and industrial system operation.

Thus, an analysis of current scientific publications and technical regulations of leading additive manufacturers
convincingly demonstrates that the lubricating effect of oils is determined not by the absolute amount of additives
introduced, but by the precision of controlling the concentration of active chemical components, with a narrow range
of hundredths and thousandths of a percent.

At the same time, most modern studies devoted to optimizing the qualitative and quantitative composition
of chemical components of additives are carried out empirically without taking into account the mechanism of
evolution of CMBLs formation under real friction conditions, thus limiting the possibilities of scientifically based
forecasting of the resource and lubricating efficiency of oils. In this regard, it is important to develop a method for
controlling the concentration of active chemical components of additives based on experimentally established
patterns of the evolution of modified layers and changes in the friction coefficient in the contact zone under real
operating conditions.

In addition, by solving the problem of increasing the lubricating effect of oils by controlling the
concentration of active chemical components of additives, both from a scientific and applied point of view, the
results obtained create the prerequisites for the development of energy-saving lubricating compositions with
specified tribological properties that ensure a simultaneous reduction in friction losses, increased machine life, and
optimized costs for expensive functional additives, which must correspond to current trends in sustainable
development, energy conservation, and increased competitiveness of automotive and machine-building products.

Taking into account the multifactorial nature of the task of improving the lubricating effect of oils, it was
necessary to use a comprehensive approach to assess the main tribological patterns and changes in tribotechnical
characteristics—the evolution of the thickness of the modified layer and changes in the friction coefficient at all
stages of real-time friction and wear processes depending on the mileage (friction path) according to the
physicochemical factor.

Problem statement

An important role in the experimental study is the analysis of the qualitative and quantitative composition
of active chemical components in the lubricant to improve the lubricating effect of oils by adapting the modified
layers to the real operating conditions. Chemically active substances (CAS) create strong and stable CMBLs under
high temperature conditions through chemical interaction and exchange of valence electrons of metal surface
atoms with lubricant components in the form of metal salts: sulfides, phosphides, chlorides, and other compounds
to increase anti-wear, anti-scuffing, and anti-friction characteristics.

Therefore, when analyzing the beneficial effect of CAS, it became necessary to study the analysis of CAS
concentration and develop scientific and applied methods for improving the lubricating effect of oils for conditions
as close as possible to the actual operating conditions of non-conforming friction units.

To conduct the relevant comprehensive experimental studies, it was necessary to use modern, specialized,
and high precision tribotechnical equipment with simulation of the operation of bearing friction units of various
classes in real operating conditions in two stages:

1) The first stage involved determining the presence of active chemical elements and measuring the
concentration of the additives under study in neutral base oil using an energy-dispersive X-ray fluorescence
spectrometer (EDXRF);
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2) The second stage involved determining the best sample from the list of additives studied in neutral base
oil by measuring the thickness of the formed modified layer or linear wear by the depth of the wear impression of
the counterbody (anti-wear properties) and the friction coefficient (anti-friction properties) for a specified mileage
on a CSM tribometer.

Method for determining the concentration of active chemical components of additives in EDXRF

A mixture of BS150 hydrocracked base oil and SN500 petroleum-based base oil (hereinafter referred to as
“base oil””) was used as a neutral oil. Subsequently, using the compounding method based on base oil, five samples
of mixtures were produced containing the studied tribo-package of additives, which contains active chemical
elements of sulfur and phosphorus in various concentrations, which are used in modern transmission oils for
lubricating transmission components and universal (engine-transmission) oils for lubricating combined engine and
transmission systems of military and agricultural equipment.

Neutral base oil was used as a sample in its pure form without additives to compare its results with other
mixtures under study.

The sample preparation method was as follows:

— in the first stage, a tribo-package of additives was added in various concentrations to neutral base oil;

— the finished mixture was kept at a temperature of 70°C with constant stirring using a laboratory vibrating
mixer, after which a sample of the appropriate concentration was obtained (see Fig. 1).

The program of comprehensive laboratory studies included:

1) conducting a series of measurements:

— the presence of active chemical elements and the concentration of test samples on EDXRF (mass fraction
of sulfur and phosphorus in percent);

— conducting a physicochemical analysis to measure kinematic viscosity at 40°C and 100°C, viscosity index,
and density at 20°C;

— thickness of the modified layer (depth of linear wear mark) from the mileage of test samples on a
tribometer.

— coefficient of friction from the mileage of test samples on a tribometer.

2) establishing the following dependencies:

— changes in the thickness of the modified layer (depth of linear wear impression) from the mileage of test
samples at different concentrations.

— changes in the friction coefficient from the mileage of test samples at different concentrations.

Fig. 1. General view of the laboratory vibration mixer Fig. 2. Friction pair indenter with manganese-iron-
phosphate coating

To simulate the operating conditions of friction bearing assemblies of various classes, the following
tribotechnical pairs were proposed: as a counterbody — a 6 mm diameter ball made of SHX-15 steel (AISI E
52100, HRC 67, roughness class 10b); as an indenter — 25 mm diameter disc made of SHKH-15 steel coated with
manganese-iron-phosphate salt (roughness class 10a), see Fig. 2. The test was conducted at a temperature of 70°C,
humidity of 75%, linear speed of 8.5 cm/s, maximum load of 50N, with a total mileage of up to 2,000 m.

Manganese-iron-phosphate coating (MIP) belongs to the class of conversion chemical coatings, which are
formed directly on the metal surface as a result of chemical interaction with phosphate solutions. The resulting
phosphate layer is a complex microcrystalline structure containing manganese and iron phosphates and
characterized by high adhesion to the base material. Such coatings are widely used in mechanical engineering as
a tribomodifying material that improves the running-in of contact friction surfaces and in tribology as a means of
improving the modification of the surface of hard alloys in the composition of the additives under study.

In tribological laboratory studies, MIP coatings are used as a model surface that allows reproducing the
operating conditions of real friction units, in particular in bearing friction units or in non-conforming units of the
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cylinder-piston group of an ICE. The use of such a coating as a sample for a tribometer ensures the reproducibility
of test results and the stability of the initial surface condition, which is of fundamental importance in the
comparative analysis of the studied samples of additives dispersed in neutral base oils and in the study of the
influence of the chemical composition of oils on the tribological characteristics of contact.

The use of MIP coating on the inner walls of internal combustion engine cylinders is associated with the
need to improve the tribological conditions of the cylinder-piston group, especially during engine start-up and
running-in. Under these conditions, boundary and mixed (partial the EHD) lubrication modes are mainly
implemented, in which the efficiency of the unit is largely determined by the condition of the surface and its ability
to interact with oils. The phosphate MIP coating formed on the inner surfaces of the cylinders creates a
microcrystalline layer with a developed porous structure, which helps to retain oil and stabilize friction processes
between the cylinder surface and compression piston rings.

From the point of view of interpreting the experimental results, the use of MIP coating reduces the influence
of random factors associated with the microstructural heterogeneity of the metal surface. Thus, the main focus is
on studying the lubricating properties of oils, taking into account the physicochemical factor influencing the
creation of CMBLs, rather than on the random characteristics of the sample material. This is especially important
when conducting serial experiments and statistical processing of the obtained data. EDXRF is one of the widely
used methods of physical and chemical analysis of materials, based on the registration of characteristic X-ray
radiation of atoms of the substance under study. The method allows determining the elemental composition of
materials in a wide range of concentrations without significant destruction of the sample, which makes it
particularly suitable for analyzing surface layers, coatings, and wear products [6]. In tribological studies, XRF is
used for qualitative and quantitative assessment of the elemental composition of modified surfaces, protective
films, friction and wear products, as well as for analyzing the distribution of active chemical components in the
surface layers of materials. This allows establishing a connection between friction conditions, lubricant
composition, and structural and chemical changes in the surface.

A typical energy-dispersive X-ray fluorescence spectrometer design includes a primary X-ray source, a
beam shaping and collimation system, a sample chamber, a characteristic radiation detector, and a signal
processing system. An X-ray tube with an anode made of molybdenum, rhodium, or silver is usually used as the
primary radiation source, the choice of which is determined by the range of elements being analyzed [6]. The
detector in modern XRF spectrometers is a semiconductor detector (Si-PIN or SDD), which provides high energy
resolution and allows spectra to be recorded with sufficient accuracy even for elements with close energy lines.
Signals from the detector are transmitted to a multichannel analyzer, where the energy spectrum of X-ray radiation
is formed.

EDXRF method is particularly valuable when analyzing surfaces that have been subjected to tribological
influences. During friction, secondary structures, modified tribochemical layers, and wear products can form on
surfaces, the composition of which directly affects the thickness of the modified layer, the intensity of wear, and
the friction coefficient. The use of EDXRF allows the identification of the elements that make up such films and
the evaluation of their relative quantitative composition (concentration) [7]. The method is particularly effective
for analyzing CAS added to lubricants in the form of additives, such as zinc, phosphorus, sulfur, calcium, or
molybdenum. The detection and quantitative assessment of these elements in the surface layers after friction tests
allows conclusions to be drawn about the mechanisms of formation of protective modified layers and the
effectiveness of controlling the concentration of active components.

To perform elemental analysis of surfaces after tribological tests, this work uses an ElvaX Light energy-
dispersive X-ray fluorescence spectrometer (see Fig. 3), which belongs to the class of universal laboratory EDXRF
systems. The device is designed for qualitative and quantitative determination of the elemental composition of
solid, powdery, and liquid materials, as well as surface deposits and modified layers. A distinctive feature of ElvaX
Light is the combination of a compact design with sufficiently high sensitivity to elements of a wide periodic
range. This makes it suitable for use in materials science and tribological research, where it is necessary to analyze
both the main elements of the sample material and the active components of lubricant additives involved in the
formation of tribochemical films.

Fig. 3. General view of the Elvax Light EDXRF spectrometer



Problems of Tribology 27

Methodology for determining the anti-wear and anti-friction properties of oils from mileage on the
CSM tribometer

Determining anti-wear properties (modified layer thickness and linear wear) is one of the key stages in a
comprehensive assessment of the physical and chemical factors influencing the formation/wear of modified layers
and their wear resistance. In laboratory conditions, such studies are carried out using high precision tribometric
devices, in particular CSM tribometers, which provide controlled friction conditions and the ability to continuously
record process parameters [8].

The CSM tribometer (see Fig. 4) is used in this study and is designed to perform tests in rolling with
slippage, sliding, and reciprocating motion modes according to the “ball-disc” or “pin-disc” schemes. The device
allows you to set the normal load, sliding speed, displacement amplitude, and total mileage, which ensures the
reproducibility of experimental conditions. The high rigidity of the structure and the accuracy of the measuring
sensors ensure the correct recording of both force and geometric wear parameters [9].

The reciprocating motion module (see Fig. 5) is used to simulate model tests close to real operating
conditions, where it is necessary to reproduce rolling friction with slippage or sliding according to kinematic
characteristics, which are typical for bearing friction assemblies of various classes.

Main characteristics of the module:

— Maximum torque: 450 N-mm;

— Maximum load 50 N;

— Frequency: from 0.005 to 1.6 Hz (1.6 Hz over the entire stroke length, up to 10 Hz possible with limited
stroke length);

— Linear speed range: from 0.3 to 100 mm/sec;

— Working stroke: up to 60 mm;

— Test time: up to 40 days with 10 Hz data acquisition sampling.

Main characteristics of the module:

— Heating up to 120°C

— Indenter sample size, diameter - 25 mm,;

— The heating module uses liquid to heat the sample when testing in the presence of oil;

— The external electronic unit guarantees temperature control accuracy of 0.1°C.

The heating module (see Fig. 6) allows you to select a convenient intermediate solution for the temperature
factor (selected temperatures - up to 120°C, which are characteristic of the maximum temperatures of bearing
friction units and non-conforming internal combustion engine units). The typical configuration of the CSM
tribometer (see Fig. 7) includes a movable plate or sample (indenter) that performs linear or rotational movement
relative to another contacting element of the counterbody (ball or pin). The system is equipped with high-precision
force sensors that allow recording changes in friction force during testing, as well as recording the thickness or
wear parameters of both contacting surfaces. In configurations with linear movement, the device measures the
formation of a modified layer in terms of thickness or linear wear in terms of depth of contact surfaces under load
and movement, simulating conditions of prolonged friction in real time at specified parameters of high loads and
shear rates up to 10°-s™! for the studied oil samples with different viscosity stability (theology) and physicochemical
properties [10]. During measurement on a tribometer (see Fig. 8), the counterbody (ball) is fixed in the holder and
immersed in a steel bowl filled with the oil sample under test, pressing down on the movable indenter (a disc
coated with MIP) with a specified contact load. The indenter is fixed on a spring lever and connected to an LVDT
inductive sensor. During the rotation of the indenter, a frictional force arises between it and the counterbody, which
is measured by the minimum deflection of the spring lever in the vertical and tangential directions by the LVDT
sensor.

Fig. 4. The CSM tribometer diagram: 1- Tribometer; 2 - Fig. 5. Reciprocating motion module of the CSM
Reciprocating motion module; 3 - Protective cover; 4 - tribometer
Heating module



28 Problems of Tribology

[4]

Fig. 6. The CSM tribometer heating module Fig. 7. Typical measurement diagram on the reciprocating
motion module of the CSM tribometer: 1 - Elastic lever; 2
- Counterbody holder (ball or pin); 3 - Load; 4 - Indenter
(disc with MIP coating); 5 - Indenter mounting chuck; 6 -
LVDT micro-displacement sensor

As the mileage of the contacting surfaces increases, material is gradually formed/removed, accompanied
by a change in the position of the contact pair depending on whether a modified layer is being formed, whether
the corresponding modified layers are wearing out, or whether the surface layers of the metal are wearing out.
These changes are recorded by a highly sensitive LVDT displacement sensor, which allows the total amount of
modified layer thickness formation or linear wear to be determined with high accuracy depending on the mileage,
which in our study is L = 2000 m. The obtained dependence of the thickness of the modified layer/linear wear on
the mileage, taken from the vertical displacements of the LVDT sensor, allows us to evaluate the anti-wear
properties of the studied oil samples, taking into account the physicochemical factor for the conditions of partial
EHD contact in real-time testing. At the initial stages of the test, the modified layer is modified and adapted if the
wear curve increases and stabilizes, and linear wear occurs if the wear curve decreases relative to the initial
position, indicating a transition to wear of the base material. Thus, the nature of the change in thickness/linear
wear from mileage allows determining the effective thickness of the modified layer, taking into account the
rheological properties and physicochemical factors of the studied oil samples [10].

Ball holder (counterbody)

/ Ball (counterbody)

/ Sample (indenter)

Direction of rotation

Maximum radius of the trail

Fig. 8. Diagram of the position of the tribo-pair (indenter + counterbody) when taking measurements on the CSM
tribometer

The anti-friction properties (friction force or coefficient) of the oil samples studied are one of the main
tribological parameters characterizing the interaction of contacting surfaces during relative motion in the tangential
direction. In tribological systems, the friction coefficient is defined as the ratio of friction force to applied normal
load and allows quantitative assessment of the strength of the lubricating film, anti-friction properties of oils, and
lubrication conditions. Determining the dependence of the friction coefficient on mileage is an important step in
analyzing the behavior of a contact pair during running-in, wear-in, and subsequent stable operation.

On the CSM tribometer, the friction coefficient is determined in real-time friction force recording mode
during testing. The design of the device includes an LVDT inductive sensor that records the tangential component
of the force, including in the tangential direction, which characterizes the friction force. The normal load is set
separately and maintained at a constant level throughout the test cycle. The ratio of the measured friction force to
the normal load is used to calculate the instantaneous value of the friction coefficient. The dependence of the
friction coefficient on mileage is usually analyzed in the form of a graphical curve (L), where L is the friction
path or mileage of the contact pair. At the initial stage of the test, which corresponds to the run-in period, unstable
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behavior of the friction coefficient is observed, which is due to the adaptation of the modified layers, smoothing
of micro-irregularities, and the formation of the contact friction zone. During this period, both increased and
decreased friction coefficient values are possible, depending on the surface condition and the presence of modified
layers. A further increase in mileage is usually accompanied by the transition of the system to a steady-state friction
mode, which is characterized by a relative stabilization of the friction coefficient values. In this mode, changes in
the friction coefficient from mileage are insignificant and reflect the stable nature of the tribological system. The
friction coefficient value in the steady state is often used for comparative evaluation of different olive samples
under study, taking into account rheological properties and physicochemical factors, as it is less sensitive to
random factors and the initial surface condition.

Analysis of the dependence of the friction coefficient on mileage on the CSM tribometer also allows
identifying possible changes in the lubrication regime during the test, which is especially important for the partial
EHD lubrication regime, which is a borderline lubrication regime from EHD to the limit in mixed friction and
proceeds spontaneously. An increase or sharp fluctuation in the friction coefficient values may indicate the
destruction of protective or modified layers, a change in lubrication conditions, or the appearance of lubricant layer
breaks. At the same time, a decrease in the friction coefficient may be associated with the formation of strong and
stabilized CMBLs in the sensitive zone of partial EHD contact.

The experimental data obtained on the friction coefficient are analyzed simultaneously with the results of
measuring the thickness of the modified layer/linear wear. This approach allows for a comprehensive assessment
of the tribological behavior of the contact pair, since the friction coefficient reflects the energy characteristics of
the friction process, while the thickness/linear wear characterizes the geometric consequences of the tribological
system's operation. A joint analysis of these parameters provides a more complete picture of the lubricating
mechanisms of oils and wear processes under the influence of modification by CAS and the rheology of the
samples under study.

Thus, the use of the CSM tribometer to determine anti-wear properties (modified layer thickness and linear
wear) and anti-friction properties (friction coefficient) ensures high reliability and accuracy of experimental studies
and allows for a comprehensive assessment of the lubricating effect of oils, taking into account the rheological
properties and physicochemical factors of the studied oil samples in sensitive areas of partial EHD contact.

Results of the assessment of the anti-wear properties of the studied oil samples

The graphical interpretation of the results of the anti-wear properties of the studied oil samples was
compiled into a single graph (see Fig. 9).
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Fig. 9. Anti-wear properties for all samples studied

The results of the combined analysis of the anti-wear properties (see Fig. 9) of the oil samples studied
showed the following:

— base oil sample is characterized by the destruction of the lubricating layer until cracks appear, which is
reflected as linear wear, where the depth of the wear mark h reaches negative values below zero throughout the
entire run L;

—sample 3 is characterized by the slow formation of modified layers with a predominance of intensifying
wear friction processes, starting from negative values of linear wear. This is explained by the unexpressed anti-
wear properties associated with an insufficient percentage (0.04%) of phosphorus mass fraction to ensure optimal
anti-wear properties;

—unlike samples of base oil and 3, samples 1, 2, 4, and 5 are characterized by the formation and adaptation
of modified layers with an average thickness of up to 30 pm at a maximum load of 50 N. Moreover, instantaneous
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formation and adaptation of modified layers is observed during the running-in period, followed by an increase in
the thickness of the modified layer, which lasts for approximately 1600 km of length;

—after 1600 m of length, for samples 1, 2, 4, 5, some stabilization is observed in the formation of the
modified layer thickness, but with different thickness values. Samples 2 and 4 create thicker modified layers during
the corresponding period.

Thus, after two periods: formation (running-in) and stabilization (adaptation) of the modified layer
thickness, two best samples can be selected in terms of anti-wear properties: samples 2 and 4. Moreover, sample
2 adapts better in running-in conditions, forming and building up thicker modified layers during this period.
Sample 4 is slightly inferior to sample 2 in terms of thickness during the running-in period, but during the
stabilization period it retains the most negative value of the modified layer thickness, which indicates the ultra-
high strength of the film during this period under all equal test conditions.

Based on the above analysis of the research results, to ensure optimal anti-wear properties, transmission
and universal oils should contain a concentration of 0.046-0.057% by mass of phosphorus, which will allow the
creation of strong CMBLs, quickly adapting to high loads during the running-in and stabilization period in the
process of forming, building up, and wearing down modified layers.

Results of the evaluation of the anti-friction properties of the oil samples studied
A graphical interpretation of the results of the anti-friction properties of the studied oil samples was
compiled into a single graph (see Fig. 10).
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Fig. 10. Anti-friction properties for all samples studied

The results of the combined analysis of the anti-friction properties (see Fig. 10) of the oil samples studied
showed the following:

— the base oil sample is characterized by an increase in the friction coefficient throughout the entire run,
since the lubricating layers do not provide anti-friction properties in the absence of CMBLs;

— unlike the base oil sample, samples 1, 2, 3, 4, and 5 are characterized by an initial significant reduction
in friction to 200 m of the test run by an average of 30%, and then after 200 m throughout the entire test run, by a
gradual reduction in friction by an average of 10%;

— for the initial friction coefficient value during the running-in period and the stabilization period, samples
3 and 4 have the minimum value, which indicates pronounced anti-friction properties with a sulfur mass fraction
in the range of 1.488-1.9662%, i.e., across the entire range of selected samples studied.

Thus, it can be stated that to ensure high anti-wear and anti-friction properties, it is not so much the mass
fraction of sulfur, which must be within a certain range guaranteed by the manufacturer, that is important, but
rather the mass fraction of phosphorus, which requires additional tribotechnical research.

Comparing the results of anti-wear (see Fig. 9) and anti-friction (see Fig. 10) properties of the studied oil
samples, while complying with the additive manufacturer's conditions for the mass fraction of sulfur, which is:
1.488 - 1.9662%, a necessary condition for the best results in terms of the combined action of anti-wear and anti-
friction properties of oils is to establish a total additive concentration of 3.9-4.9% with a mass fraction of
phosphorus of 0.046-0.057%. In the series of samples studied, sample 4 with a concentration of 4.9% additive
shows the best universal properties, especially for the operation of units with combined engine and transmission
systems (universal STOU oils for agricultural machinery). The corresponding universal properties make it possible
to modify friction surfaces with durable CMBLs for high load conditions and to adapt more quickly to extreme
friction conditions when operating temperature and load conditions change significantly, for example, when



Problems of Tribology 31

operating in the engine and transmission simultaneously.
Conclusion

A multifactorial approach to assessing the lubricating effect of oils has been proposed and justified, taking
into account the influence of physicochemical factors and rheological characteristics on the evolution of the
creation and adaptation of CMBLs to real operating conditions in conditions of partial EHD lubrication mode. The
substantiated choice of modern spectral and tribometric equipment made it possible to comprehensively evaluate
the tribological behavior of the contact pair, since the friction coefficient reflects the energy characteristics of the
friction process, while thickness/linear wear characterizes the geometric consequences of the tribological system's
operation. Thus, a joint analysis of these parameters provides a more complete understanding of the mechanisms
of the lubricating action of oils and the wear processes under the influence of modification by CAS and the
rheology of the studied samples.
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Minanenko O., Bodpo A. MacTuiibHa J1isl 0JIMB IUIIXOM KepyBaHHS KOHLIEHTPALil XIMIYHUX KOMIIOHEHTIB
MPUCATOK.

3anponoHOBaHO Ta OOIPYHTOBaHO OaratoakTOpHUI MiAXiA MIOJO OIIHKA MACTHJIBHOI Hii OJHMB 3
ypaxyBaHHSM BIDTHBY (i3UKO-XIMIYHOTO (paKTOPY Ta PEOIIOTIYHOT O3HAKH Ha €BOJIOIII0 CTBOPEHHS Ta aJanTamii
ximMigHO MoaH(ikoBaHHNX TrpaHmyHIX mapiB (XMI 1) go peanpHUX yMOB eKCIDTyaTamii B yMoBax qactkoBoro EI'J]
pexxuMy MamieHHA. [IOpiBHIOIOYH pe3yibTaTH TPOTH3HONIYBATHHUX 1 AHTH(QPHUKIIHHUX BIACTHBOCTEH
JOCTIKYBAaHUX 3pa3KiB OJMB, IPU AOTPUMAaHHI YMOB BUPOOHMKA MPHUCATOK IIOJ0 MACOBOI YaCTKU CIpKH, SKa
ctaHoBUTh 1,488-1,9662%, HEoOXigHOIO yMOBOIO AT AOCSATHEHHS HAMKpaIINX pe3yibTaTiB 3 TOYKH 30pY
KOMOIHOBaHOI [ii HMPOTH3HONIIYBAJBHUX 1 aHTU(PUKIIHHUX BIACTUBOCTEH OJNMB € BCTAHOBICHHS 3arajibHOI
KOHIICHTpAIii mpucajiok B miama3zoni 3,9—4,9% 3 wMacoBoro uyactkow ¢ochopy 0,046-0,057%. [ns
JIOCITIPKYBAHOTO Psiy 3pa3KiB, 3pa3ok 4 3 KOHIEHTpalieto npucaaku 4,9% nokasye yHiBepcaibHi BIaCTHBOCTI,
SKi 0COOJMBO BayKJIMBI NPH eKCIUTyaTalii B CyMIIIEHUX CHUCTEMax JBUTYHA 1 TpaHcMicii (yHiBEpCaJibHI OJIMBH
STOU st cibCHKOTOCIONAPCHKOT TEXHIKN).

KoarouoBi cnoBa: mactwipHa ais oyiuB, (i3UKO-XiMIUHMH (akTop Ta peosoriyHa O3HaKa, XiMIYHO
moau¢ikoBani rpanmuHi mapu (XMI1), wuactkoBuit EIJl pexum MaiieHHs, NPOTH3HOLIYBaJIbHI H
aHTH(PUKIIHHI BIACTUBOCTI, KOHIEHTPAIlisl XIMIYHHX KOMITOHEHTIB MPHCAIOK, XIMIYHO aKTHBHI PEYOBHHH
(XAP), mapranneBo-3aiizo-pocdarae mokpurts (M3D).
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Abstract

A review of modern approaches to substantiating the patterns of anti-friction coating formation during
friction-mechanical application has made it possible to establish the importance of ensuring favourable conditions
for microcutting of anti-friction material. Creating these conditions requires studying the interaction scheme of
microirregularities in the contact zone between the tool and the part. From the point of view of cutting mechanics,
a scheme of interaction of a single micro-irregularity, which is a model — a cutter made of 200 gray cast iron, with
a contact surface made of anti-friction material — brass L63, was constructed, which made it possible to establish
physical changes in the tool and machined surface system. The value of the front cutting angle has been
theoretically established to ensure maximum efficiency of the microcutting process and filling of microcavities
between microirregularities. The use of a model experiment, the method of similarity and dimensions made it
possible to confirm the main theoretical regularities obtained using characteristic microcutting diagrams. It has
been shown that the process of changing the geometry of the micro-irregularity vertex occurs in accordance with
the principle of adaptability of the entire ‘tool-part’ system, according to which the minimum micro-cutting energy
is realised. The results obtained are an important reserve for improving the quality of anti-friction coating
application by the friction-mechanical method.

Keywords: anti-friction coating, final anti-friction non-abrasive treatment, microcutting, micro-irregularity
interaction diagram, cutting angle, microchips, microcutter

Introduction

Numerous studies have shown that in order to increase reliability and service life, it is necessary to ensure
that the working surface of a part has a protective coating in accordance with its intended use and operating
conditions [1, 2, etc.].

Among the simplest, most effective and environmentally friendly methods of obtaining coatings, it is worth
highlighting a group of technologies for finishing anti-friction non-abrasive treatment (FANT), which is
implemented through the frictional interaction of the processing tool with the surface of the part being processed
[3]. It has been proven that the use of FANT technology improves the characteristics of the working surface: it
reduces the running-in time and friction coefficient and increases the load-bearing capacity of the part and
connection [4].

The quality of FANT antifriction coating formation is determined by the conditions of contact between the
tool and the machined surface and depends on the completeness of physical contact and activation of contact
surfaces [5]. Among the main channels of activation, in the performance of which depends on the formation of
quality antifriction coating, should be highlighted as follows: mechanical, chemical, thermal and channel
associated with plastic deformation. These channels are closely connected with each other and are simultaneously
involved in the formation of antifriction coating during friction-mechanical contact.

A number of factors affecting the final results of FANT should also be considered [6]:

- the adhesive tendency between the applied material and the surface to be treated;
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- structural and phase composition of the treated surface;

- initial quality of the treated surface;

- friction and wear conditions.

However, in our opinion, a number of processes accompanying FANT require clarification and deeper
study.

In particular, there is no consensus on the values of the initial roughness of the treated surface, which
determines the conditions of contact with the antifriction material. At the same time, the surface roughness
obtained by FANT is one of the main criteria of coating quality [6, 7, etc.].

Thus, studies of the contact interaction of surfaces and the processes occurring during FANT seem to be
very relevant. Establishment of the basic regularities of the processes at this process will allow to increase the
quality of the coating, and hence the operational properties of the part.

Literature review

There are a number of approaches that allow us to understand the mechanism of formation of antifriction
coating at the friction-mechanical method of FANT implementation [8, 9, etc.]. The authors of the presented works
agree that it is necessary to create a number of conditions and achieve certain criteria to obtain a high-quality
antifriction coating. Such mandatory conditions and criteria should include: the conditions of micro-cutting and
plastic contact; the criterion of seizure and achievement of optimal modes of coating application.

Considering the stages of the process of frictional transfer of antifriction material the authors of works [8,
9] note the presence of:

- plastic pushing away of the initial material, carried out by the microroughnesses of the surface, on which
the coating is applied, passing to destruction by micro-cutting;

- adhesion of the particles formed as a result of micro-cutting with the surface to which the transfer takes
place.

Microscopic analysis of the particles contained in the contact zone friction rod - machined surface’ showed
the presence of chip microparticles, which indicates that the process of micro-cutting [8].

Realisation of the specified conditions of micro-cutting is associated with certain requirements to the
microroughness of the contacting surfaces, which can be described by the following dependence [9]:

2h 1 2% co0n, (1)
r or

where /; — is the height of a single microroughness;

r — is the radius of rounding of the top of a single microroughness;

1, — is the tangential component of the adhesive bond strength;

o, — is the yield strength of the brass rod.

The model of applying FANT anti-friction coating is discussed in detail in the works of German researchers
[10], where it is stated that at the initial moment of tribointeraction, the process of microcutting of copper alloy
prevails. The authors note the following processes occurring on contact surfaces:

- the Rebinder effect with adsorption plasticisation and an increase in the positive strength gradient during
shear in the friction zone;

- transfer of more plastic metal to a harder substrate due to microadhesion;

- the Kirkendall effect (diffusive) with selective dissolution of alloying elements due to the potential
difference;

- deposition of copper particles and ions by an electrochemical process activated tribochemically;

- formation of organometallic compounds with a surface-active environment and catalytic effect of copper.

Analysis of experimental data and theoretical description of the coating formation process has revealed tool
wear and material transfer, which is characteristic of microcutting with surface roughness of the workpiece.
However, there is no consensus on the optimal value of this roughness parameter. Thus, the authors of works [11,
12] indicate the formation of a high-quality anti-friction coating at an initial surface roughness value of Ra from
0.08 pm to 3.4 um, and in some cases significantly higher [13].

In our opinion, the process of coating formation by the FANT friction-mechanical method is quite complex
and requires in-depth research. Analysis of the literature on this issue reveals different approaches to explaining
the mechanism of coating formation. At the same time, despite different approaches and views, the authors agree
on the importance of ensuring the necessary conditions for microcutting of anti-friction material. Creating these
conditions requires research into the interaction of micro-irregularities to better ensure microcutting of anti-friction
material.

Purpose

The aim of the work is to clarify the scheme of interaction of micro-irregularities at the micro-cutting stage
using the friction-mechanical method of applying anti-friction coatings.
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Research Methodology

The theoretical and experimental studies of micro-cutting are based on the method of the theory of similarity
and dimensionality [14], in accordance with which the miro cutters made of 200 gray cast iron (Fig. 1), the
geometry of the cutting part of which modelled a separate microroughness of the surface of the processed
workpiece, were manufactured.

Fig. 1. Micro-cutters from the value of the front cutting angle y: a) +5°; b) 0°; ¢) -5°; d) -10°; e) -15°

The interaction scheme of contacting surfaces during the model experiment is shown in Fig. 2.

#P

W

A=

(BN

o

Fig. 2. Surface contact diagram in microcutting mg)delling: P — micro-cutter force; S — microcutter feed

Simulation of the microcutting process during the application of anti-friction coatings using a friction-
mechanical method was performed using the proposed device (Fig. 3).

Fig. 3. Microcutting research setup: 1 — sample made of anti-friction material; 2 — machine table; 3 — microcutter
mounting device; 4 — mounting head; 5 — replaceable microcutter; 6 — indicator head

In accordance with the diagram presented (see Fig. 3), the test sample 1 made of anti-friction material was
rigidly fixed on the work table 2 of the milling machine. Device 3 with head 4, to which a replaceable micro-cutter
5 made of 200 gray cast iron is attached. A magnetic stand with indicator head 6 is provided to fix the pressure of
the anti-friction sample against the surface being machined on the machine. Microcutter 5, which simulates a
separate micro-irregularity, was pressed against the outer edge of sample 1. The load on microcutter 5 was provided
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by the vertical feed mechanism of the machine table, which was controlled by indicator head 6. The simulated
microcutter, moving under load, cuts off a layer of the sample made of anti-friction metal (brass), thereby imitating
the microcutting process in the friction-mechanical method of applying anti-friction coatings.

Results

To clarify the main patterns that occur when a single micro-irregularity interacts, let us consider in detail
the interaction scheme of a 200 gray cast iron with the surface of a sample made of anti-friction material (Fig. 4).

The cutting wedge contour consists of the following parts:

AB — a straight part of the front surface contour, sharpened with a front angle y > 0;

BC — arounded part of the front surface, in which y <0;

CD — a rounded part of the rear surface contour, in which the rear angle a < 0;

DE — part of the contour of the rear surface, formed as a result of its wear;

EF — part of the straight contour of the rear surface, in which the rear angle a > 0. The length of this section
is practically determined by the process of plastic restoration, since the value of elastic restoration of the processed
material de; << dy.

plashc wave

Fig. 4. Schematic representation of the interaction between a single micro-irregularity and the machined
surface during micro-cutting

Thus, the front surface of the cutting wedge consists of two parts L = AB + BC, and its rear surface with a
length of L; consists of the following parts L; = CD + DE + EF. Point C corresponds to the section of contact
between the material being processed and the front and rear surfaces of the wedge.

The workpiece material flowing onto the cutting wedge at point C is divided into two streams, one of which
moves along the front surface of the tool, and the second layer, with a thickness of d, is deformed by the rear
surface of the cutting wedge. In this case, the actual cutting surface passes through point C, and the actual cutting
depth #rdoes not coincide with the nominal thickness #, of the surface cut. Thus, point C will be the dividing point
of the entire removed layer with a thickness #,, namely: the layer of material that goes into microchips, with an
actual cutting depth #; and the layer that is processed by surface plastic deformation by the radial section of the
rear surface. Its value is d < r, i.e. t, ~ tr+ r, where r is the radius of the tool tip blunting, which changes during
operation, especially in the initial period of operation.

In the chip formation zone, plastic deformation of the material occurs, preceded by elastic deformation. It
leads to the lowering of the layer of material located below the surface cut. After the micro-cutter passes, the load
is removed, and this layer elastically recovers, returning to its original state, which leads to its interaction with the
rear surface of the micro-cutter. The value of elastic recovery d,; determines the length of elastic contact along the
rear surface of the cutting wedge.

Modeling the FANT process using microcutters (Fig. 5, a-e), each of which should be considered as a
separate micro-irregularity, allowed us to establish the following.
y=+5° y=+0° =-5° y=-10° y=-15°
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No shavings

k) ) m) n) 0)
Fig. 5. View of the cutting part of a micro cutter before processing (a-e) and after processing (f-j), as well as
chip formation by different micro cutters (k-o)

The cutting blade of a cast iron micro-cutter wears out intensively during interaction with a brass surface,
and this occurs at the very beginning of its operation. The process of changing the geometry of the cutter tip occurs
in accordance with the principle of adaptability of the entire “cutter-part” system [7], according to which the
minimum energy of microcutting is realized. A detailed examination of microcutters after processing shows the
formation of a blunt cutting edge (Fig. 5, f-j). It is also worth noting the patterns of chip formation when using
micro-cutters with different cutting angles (Fig. 5, k-n). Moreover, at a front cutting angle of y = -15°, there are
no chips at all (Fig. 5, o).

Photographs of the roots of the chips (Fig. 6, a) also confirm the statement that the greatest thickness of the
cut layer is observed at an angle of y=+5°. At y = 0°, the thickness of the cut layer decreases significantly (Fig.
6, b), and the smallest thickness of the cut layer is observed at an angle of y = -5° (Fig. 6, ¢).

<)
Fig. 6. Micro-chips obtained during micro-cutting at different front cutting angles y: a) —y=+5° b)—y=10°; ¢)
—y=-5° increase x 50

a)

To quantitatively assess the effectiveness of microcutting in FANT, the term “volumetric efficiency of
microcutting” 7, is used, which is determined by the following relationship:

t, t
n=t=—tf-. @
t, t +r

The proposed dependence allows determining the volumetric efficiency of microcutting 7 (Fig. 7) and
proving the effectiveness of microcutting at positive angles ¥

n %

600
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/
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) ,____f/‘
-5 -1 -5 ) 5 ¥, degree
Fig. 7. Dependence of the volumetric efficiency of microcutting 7 on the angle y
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The experimental data obtained made it possible to present diagrams of the interaction between the tool and
the machined surface at different angles y (Fig. 8).

e)
Fig. 8. Characteristic microcutting patterns for FANT at different angles y: a) —y=+5° b) — y=0°; ¢) —-y=-5°d) —y
=-10°; e) —y=-15°

Analysis of the proposed microcutting schemes at different front cutting angles (Fig. 8) allowed us to
establish the following patterns.

At y=+5° (Fig. 8, a), the following relationship between the thickness of the anti-friction material cut is
observed:

t,=0,57t,; r=0,43t,. 3)
For an angle y= 0° (Fig. 8, b), the following is characteristic:
t,=0,25t,; r=0,75¢,. @)
For angle y = -5° (Fig. 8, c), the following is determined:
t,=01t,; r=09,. 5)
For an angle y=-10° (Fig. 8, d), it has been established that:
t,=0,083,; r=0,917z,. (6)

For angle y=-15° (Fig. 8, e):
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t,=0,032r 5 r=0,968¢ . @)

Thus, a series of theoretical and experimental studies has made it possible to establish a scheme of
interaction between micro-irregularities at the micro-cutting stage during FANT and to recommend a value for the
front angle y to ensure maximum efficiency of the micro-cutting process and filling of micro-pits between micro-
irregularities.

Conclusions

On the basis of theoretical and experimental studies of the micro-cutting process, which is considered as
the first stage of FANT, the following conclusions are formulated:

1. Schemes of interaction between the tool and the machined surface at FANT at the micro-cutting stage at
different cutting angles have been obtained, which made it possible to study the main regularities of chip formation.

2. Theoretically proved and experimentally confirmed the feasibility of obtaining microrelief with the value
of the cutting angle y> 0°. The most efficient micro-cutting process is carried out at y=+5°.

3. It has been established that when micro-irregularities interact with a brass tool, a blunt micro-irregularity
tip with a rounding radius is formed almost immediately, which subsequently remains virtually unchanged.
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lenenenxo I.B., HemupoBchbkuii S.b., YepnoBon M.I., Kpacora M.B., Bacunenko L®.
OOrpyHTYBaHHSI CXEMH MIKpOpi3aHHS NpU (QPHUKLIHHO-MEXaHIYHOMY METOAI HAaHECEHHS aHTH(PUKLINHHNX
MOKPHTTIB

Orsa cyyacHMX MiAXOAIB J0 OOIPyHTYBaHHS 3aKOHOMIpHOCTEH (OopMyBaHHS aHTH(QPUKLIIHOTO
TMOKPUTTA TIPH (QPUKIIHHO-MEXaHIYHOMY IX HAHECEHHS I03BOJIMB BCTAHOBHUTH BaXKIHMBICTH 3a0e3meueHHs
CHPUATIMBUX YMOB JUIS MiKpOpi3aHH aHTU(DPUKLIIHHOTO MaTepiary. CTBOPEHHS X YMOB BHMAarae JOCIiKEHHS
CXEeMHU B3a€MO[Iiil MIKPOOHEPIBHOCTEH B 30HI KOHTaKTy «IHCTPYMEHT — JAETallby. 3 IMO3MIii MEXaHIKH pi3aHHS
moOyJoBaHa cXeMa B3aeMOIi1 OAMHUIHOI MIKPOHEPIBHOCTI, III0 ABJISIE COOOF0 MOJIENb — pi3els i3 yaByHy CU20, 3
KOHTaKTYIOUOI0 ITOBEPXHEIO 3 aHTUPPUKLIHHOTO MaTepiany — naTyHi JI63, mo no3Bonnio BCTaHOBUTH (Di3mdHI
3MiHH B CHCTEMI iHCTpYMEHT i 00po0IIroBaHa MOBEPXHS. TE€OPETHIHO BCTAHOBJIICHO 3HAYCHHS IEPEIHBOTO KyTa
pi3aHHs JuIs 3a0e3MeYeHHst MaKCUMalbHOT e)eKTUBHOCTI IPOLiecy MiKpOpi3aHHS 1 3alIOBHEHHS MIKPOBIIaIUH MK
MIKpPOHEPIBHOCTSIMH. BHUKOpUCTaHHS MOJENBHOTO €KCHEPHMEHTY, METOAy Teopil MmomgiOHOCTI Ta po3MipHOCTI
JIO3BOJIMJIO ITIATBEPANTH OCHOBHI TEOPETHUYHI 3aKOHOMIPHOCTI, OTPHMaHi 3a JIOTIOMOTOI0 XapaKTEpPHUX CXeM
MmikpopizaHHs. [lokazaHo, 0 mporec 3MiHU TeoMeTpil BEPLUIMHU MIKPOHEPIBHOCTI BiI0YBa€ThCS BiMOBIAHO /10
NPUHIUITY TPUCTOCOBHOCTI BCI€T CHCTEMHU «IHCTPYMEHT — JIETaIb), BIIIOBITHO JI0 SIKOTO PeaizyeThCs MiHIMyM
eHeprii MikpopizanHsi. OTpuMaHi pe3yNbTaTH € BaXIUBUM PE3EPBOM JUIS MIJBUIIEHHS SKOCTI HAaHECEHHS
AHTH(PHUKIIHHOTO MOKPUTTS (PPUKIITHO-MEXaHITHIM METOIOM.

KawuoBi caoBa: anTudpukiiiine mokputTTs, QiHImHa aHTUQpUKLiHHA Oe3zabpazuBHA 00pOOKa,
MIKpOpi3aHHs, CXeMa B3a€MOIii MIKpOHEPIBHOCTEH, KyT pi3aHHA, MiKPOCTPYXKKa, MIKPOPi3elb
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Abstract

Based on an investigation of how entropy generation depends on material and tribological characteristics,
it was found that the wear rate of a sliding bearing operating under elastic and elastoplastic contact conditions
exhibits a nonmonotonic relationship with the surface dislocation density. Specifically, at relatively low
dislocation densities, wear intensifies as this parameter increases, whereas in the high-density regime, further
growth leads to a reduction in wear. A mathematical model describing entropy generation arising from the
interaction between lubricant molecular dipoles and dipoles induced by fluctuations in surface dislocation density
has been derived. The results demonstrate that the component of wear associated with this mechanism of entropy
production decreases as the dipole moment of the lubricant molecules increases.

An additional analysis focusing on the influence of material parameters on entropy generation shows that
bearing wear intensity rises with increasing surface dislocation density. An analytical expression for entropy
production due to fluctuations in surface dislocation density has been obtained.

It is also established that, for the crankshaft sliding bearing of the DZk-250 motor grader operating under
elastoplastic contact conditions, the wear intensity follows a similar trend: it increases with growing surface
dislocation density in the low-value range and decreases when this parameter reaches higher values. Furthermore,
an equation describing entropy generation during the interaction between lubricant molecular dipoles and dipoles
associated with dislocation density fluctuations has been formulated.

Key words: sliding bearing, entropy, dislocation, oil, contact, wear intensity
Introduction

It is known that friction is a dissipative process that causes destruction and structural changes in the layers
of rubbing bodies. The study of these processes is complicated by the lack of information about the physical and
chemical properties of the surface layers, which are directly exposed to high deformation rates, significant
temperature gradients, and force effects, so creating an adequate model of friction and wear is a challenging task.
Studying friction and wear processes for specific systems operating under varying mechanical and thermal
conditions is even more difficult.

Let us consider a plain bearing installed in the engine of a motor grader DZk-250 as such a system.

Literature review

In [1], it is shown that the value of the wear intensity of a sliding bearing in elastic and elastoplastic contact
is determined by the expression
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where C, =0,1216°2,6° ' p, — nominal pressure; 7, — shear resistance; 0 = g Kirchhoff elastic

constant; # — Poisson's ratio; K — coefficient close to three; f — friction coefficient; ¢ — friction fatigue curve

indicator; o, — fatigue fracture stress; «,, — hysteresis loss coefficient.

The latter value is determined by the ratio of energy loss (dissipation) per unit volume per cycle (period)
AW,_ to the maximum elastic energy density of the system [2].

o, =——o )

During plastic deformation, energy dissipation is described by the dissipative function [2]

D=cle,, 3)

D . . . . .
where o; — dissipative stress tensor; e; — plastic strain rate tensor.

It is evident that the integral value of the dissipative function over a period 7 is equal to the energy loss
over this period, i.e.

AW, = j Ddt . (4)
0

The value of the maximum elastic energy density is [3]
_90%

W
0 2

; )

where o, — maximum stress; e, — maximum relative strain.
Then, according to expressions (2), (4) and (5)

foa
P E—— (6)

ey -0,

Since the dissipative function D and entropy production p, are related by the relation D= p T' (where T

— 1is the temperature), we obtain the expression of the hysteresis loss coefficient through entropy production:

T

‘[pX~T'dt
=t - ™)
e, -0,

Purpose

The purpose of the study is to establish the relationship between the values that determine the entropy
production in the surface layer of the crankshaft sliding bearing of the DZk-250 motor grader and its wear
resistance.

Summary of the primary material
Let's consider the role of entropy production in the friction and wear processes of a sliding bearing.

As shown in [3], during the movement of dislocations, plastic deformations are created in the surface layer,
which causes entropy production
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where o, — tangential stress; b — value of the Burgers vector; y — surface density of dislocations; £ —

Boltzmann's constant.

According to [4], the second reason for entropy production in the friction layer is the attenuation of surface
acoustic waves (Rayleigh waves) on the dislocations of the surface layer. As shown in [4], the Rayleigh wave flux
density at a distance z from the surface is determined by the equation

J,.=27-0,-0,uy-n -exp(—2a-z) )

where o — absorption coefficient; U, — Rayleigh wave velocity; o, — wave scattering cross-section; n, —
concentration of surface inhomogeneities.

In the resulting equation, the surface tangential stress o, depends on the coordinate z , which corresponds
to numerous experimental data summarised in [1] and can be represented as

Gr =O-r0+%/1R (10)

where o, — is the tangential stress on the friction surface; A, — is the length of the Rayleigh wave, which
is the interval of localisation of the wave field along the axis z .

Substituting (10) into (9) and taking into account that at large obstacles compared to the wavelength of the
wave, the cross-section of the wave scattering o, is proportional to the fourth power of its frequency, we can

represent (9) in the form

Jy. = 2760 N0, Ay [L + 1 de, jexp(—20{2) ’ (11)

ﬂ’R o-r 0 z

where ¢ — is the proportionality coefficient between o, and @’ .

The expression shows that the energy flux density of a bulk wave arising during the scattering of surface
GZ‘
zZ
associate the thermodynamic force. Let us define the thermodynamic force corresponding to the volume wave
flux density X, corresponding to the volume wave flux density, using the relation

Rayleigh waves is proportional to the gradient of the tangential stress value , with which it is natural to

_1do, (12)
o, dz

Vz

Then, taking into account that the entropy production is equal to the product of the flow density and the
corresponding thermodynamic coordinate, we find the entropy production caused by the absorption of elastic
waves by dislocations (taking into account the smallness of the second term in the brackets of Equation (11)
compared to the first):

4
" UN,

P, =275 exp(—2az) ddG’ (13)

z

We will assume that the average value of entropy production in the wave field localization layer is close to
its value at the point z=4,/2, i.e.

4
D Uell exp(—ale)%
zZ

(Po)=27 (14)

The absorption coefficient « in the latter equation is mainly due to dislocations and, according to the
Granato-Liicke-Koehler dislocation string model [5], is
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where @, — is the natural frequency of oscillations of the dislocation strings; A, —is a constant of the order
of unity; d, — is the attenuation coefficient of the dislocation strings; G — is the shear modulus; C, — is the shear
modulus; - is the propagation speed of transverse acoustic waves (transverse sound velocity); 7° = 2C? .

Substituting this expression into (14), taking into account the value of 7”, and the fact that the Rayleigh

Ug

wave length A, = 2 and velocity u, are not much different from the longitudinal wave velocity,

C, (uy #0,9C,), we obtain

4
Uph expd — 2d07/A0CrCr & (16)

w
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Substituting expressions (8) and (16) for entropy production into equations (1) and (7) and taking into
account that in the stationary mode, none of the values under the sign of the integral is time-dependent, and

T

2r . . . . . .

Idt =—, we obtain the following equation for the wear rate of a plain bearing under elastic contact:
@

0

2d07A0§rCt do, (17)
2 9 dz
A A
o 0

The equation shows that under conditions of elastoplastic contact, the wear rate of a sliding bearing
increases with an increase in the surface density of dislocations y at low values and decreases in the region of

1 ' + 2760’ ugn, exp —

o .
20,720 2 (k' f) [ 10pp'02C
O-O

€,0, kT w

large values y . It should be borne in mind that the first term in equation (17) is due to the movement of

dislocations, which is possible at their low density, which is possible only at the initial stages of running-in, while
the steady-state mode is characterized by higher values of y and the consolidation of dislocations, and therefore

this term in the equation turns to zero.

However, elastic deformation is not the only and by no means the dominant factor that determines the wear
process in a plain bearing. According to [6] and [7], the intensity of wear depends to a large extent on the interaction
of lubricant molecules with the friction surface. The molecular dipoles that make up such lubricants and are located
in the sliding bearing gap are exposed to the electric field created by dislocation fluctuations and interact with the
friction surface using electrostatic image forces.

7/6

2 s nppg/6 Po+7,7el’ [y (E-1)
G R N " .
0 P 1+-2 0
3g,kT

Within the framework of the model of interaction of molecular dipoles with fluctuating dislocation
moments, the physical mechanism of the anti-wear effect of lubricants and additives is the adsorption of lubricant
molecules by the surface of the friction unit and blocking of dislocation nuclei by lubricant molecules, which leads
to a decrease in the electric fields they create, at least to the quadrupole approximation and a reduction in the
interaction between friction surfaces. Based on the analysis of the data presented in [6] and [7], the following
expression can be obtained for the average value of entropy production caused by the interaction of molecular
dipoles with dislocations in the volume of the friction surface layer:

Now let us determine the total entropy production in the surface friction layer containing the deformed
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layer and the adsorbed layer by summing the terms p_, , < pﬂ) , < ps3> , defined by equations (8), (14), and (18),

and taking into account the small weight of the term p_, at large values of y

7/6
N n +7,7el? -1
b —2me @l o] 2@m?; dq+mp Po 45) 19
T wg P o dz T [mp 14 n,p,
1) 0 3e,kT

In [8], it was shown that entropy production p, is related to the specific friction force o, by the ratio

_Ot
o hT

P (20)

where u — relative speed of movement of the tribological surfaces; # — thickness of the surface friction
layer.

Although there is no unambiguous relationship between the friction force and the wear rate, a correlation
was established in [9], which, taking into account Equation (20), can be used to obtain the following equation for
the wear rate:
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where n, — is the surface density of contact spots; R; —is the average profile deviation; A4, — is the area
of a single contact; o, —is the real tensile strength; <0'1> — is the average value of tangential stresses; m, —is the

mass of the molecular dipole.

Let us analyze the results obtained. First of all, it should be noted that the conclusions drawn from the
analysis of the above models are fully relevant to the operating conditions of sliding bearings, i.e., they relate to
the transitional between hydrodynamic and boundary friction regimes, when the thickness of the lubricating layer
is large enough to allow for the movement of molecular dipoles of the lubricant in it. As can be seen from Equation
(21), the wear rate depends most strongly on the surface concentration of material inhomogeneities whose
dimensions exceed the Rayleigh wavelength (they do not include dislocations whose line lengths are usually less
than the wavelength), the area of contact spots, and the surface density of dislocations. The effect of the dislocation
density on the wear rate is manifested in a decrease in the wear rate with increasing dislocation density, since the
exponential decline is much greater than the increase according to the law of »”"*. A similar dependence is

observed in the wear model described by equation (18). The physical reason for this increase is associated with
crystal hardening and increasing dislocation density. The dependence of the wear intensity on the tangential stress
gradient o, corresponds to the gradient rule of I.V. Kragelsky [1], according to which the condition must be met
in the tribunal grad o, >0 . This condition follows from equation (16), which is part of the structure of equation
(21), as a consequence of the non-negative value of entropy production. Equation (21) implies a decrease in the
wear intensity with an increase in the dipole moment of the lubricant molecules, which is inherently associated
with blocking fluctuating dislocation dipoles by molecular dipoles.

Conclusions

1. Entropy production in friction contact is caused by the movement of dislocations (at their relatively small
concentration of the order of 10" —10"x) and the attenuation of elastic waves on dislocations, the latter
mechanism playing a more significant role in the steady-state friction regime. The non-negativity of entropy
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production caused by the latter factor implies the necessity of a positive tangential stress gradient in the friction
layer, which coincides with the well-known ‘gradient rule’ of I.V. Kragelsky.

2. Based on the analysis of the dependence of entropy production on material and tribotechnical parameters,
it was found that the intensity of sliding bearing wear in elastic and elastic-plastic contact increases with the

increase in the surface density of dislocations 7 at low values (of the order of 10" —10"° %) and decreases with
an increase y in the region of large values of this value.

3. The equation for the entropy production in the process of interaction of molecular dipoles of the lubricant
with dipoles caused by fluctuations in the surface density of dislocations is obtained. It is shown that the wear
intensity caused by this component of entropy production decreases with an increase in the dipole moment of the
lubricant molecules.

Further studies of the wear intensity of sliding bearings are advisable to determine other entropy production
components that affect the friction and wear processes of crankshaft sliding bearings of a motor grader DZk-250.
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Myxin O.B., Opex O.B., Xonoxos A.Il., KpaBens A.M., @enopsauenko C.0O. B3aeMo3B’ 30Kk Mix
IHTCHCUBHICTIO 3HOIIIYBAaHHS MiANIUITHUKA KOB3aHHS Ta MAaTEPiaJbHUMHU XapaKTCPUCTHKAMU MMOBEPXOHb TEPTS y
Ba)XKOHABAHTAXXCHUX MEXaHi3Max OyIBEJIbHUX 1 JOPOXKHIX MaIIIVH.

3anponoHOBAaHO PIBHSIHHA JJIS OMHCY MPOIECY YTBOPEHHS EHTPOIIi I Jac B3aeMOJii MOJEKYISIPHHUX
JTUTIOJNIB MAaCTHJIFHOTO MaTepiaiy 3 JUITOJIIMH, BUKIUKAaHAMH (IIYKTYaIliiMHU IIOBEPXHEBOI T'yCTHHH TUCIOKAIIIN.
BceranoBneHo, mo 30UIbIIEHHS IHIIOJFHOTO MOMEHTY MOJIEKYJl MACTHIIA CIIPHSE€ 3HWKEHHIO IHTEHCHBHOCTI
3HONIYBaHHS, OB’ S3aHOI 3 II€F0 CKIIaI0BOI0 CHTPOMIITHOTO BUPOOHHIITBA.

JocmimkeHo, Mo iHTEHCUBHICTh 3HOUTYBAHHS ITiIIMITHAKA KOB3aHHA KONIHYACTOTO Bajly aBTOTpeimepa
J3k-250 y pexxumi IpyKHO-IUITACTHYHOTO KOHTAKTy 3aJICKHUTH BiJl IMOBEPXHEBOI TYCTHHH AMCIIOKAIliii: BOHA
3pOCTae 3a HU3bKHUX 3HAUCHb I'YCTUHH Ta 3MEHIIY€EThCS Y Pasi Il BUCOKUX 3HAUCHb.

Kawu4oBi cjoBa: MiIIIMIHWK KOB3aHHS, CHTPOIs, JUCIIOKAIls, MACTHUJIO, KOHTAKT, IHTCHCHBHICTh
3HOLITYBaHHS
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Abstract

This paper presents an experimental and analytical study of the variation of the total acid number (TAN) in
engine oils under operational contamination. The research is aimed at assessing the correlation between the acidity
growth of lubricants and their wear behavior in the four-ball test configuration. Theoretical modeling and
experimental testing were performed to identify the parameters of a wear law that incorporates contact pressure,
oil viscosity, hardness, and TAN as key variables. The obtained results confirm that the acid number increases
significantly during oil operation: from 0.9 to 2.9 mg KOH/g—which leads to an intensified wear rate of the
contact surfaces. The proposed model quantitatively describes the relationship between the acidity level and wear
intensity and enables prediction of oil performance based on its physicochemical degradation. The developed
approach allows for improved evaluation of the residual life of lubricants and optimization of maintenance
intervals for internal combustion engines.

Keywords: engine oil degradation; total acid number (TAN); operational contamination; wear model; four-
ball test; physicochemical properties; lubrication; tribology; predictive maintenance

Introduction

The efficiency of an internal combustion engine is largely determined by the stability of the
physicochemical properties of the engine oil, which performs the functions of lubrication, cooling, cleaning, and
protecting parts from corrosion. During operation, the oil is exposed to the combined effects of high temperature,
pressure, combustion products, and mechanical impurities, leading to gradual degradation of its composition. One
of the most informative indicators of lubricant condition is the acid number (TAN), which characterizes the amount
of acidic compounds formed as a result of oxidation of the base oil and decomposition of additives. An increase
in the acid number indicates the accumulation of organic and inorganic acids, which in turn enhances the corrosive
activity of the medium and reduces the service life of friction components.

Research conducted for different types of engines confirms that the acid number of engine oils increases
consistently with longer operating time or vehicle mileage. In the initial stages of operation, a relatively slow
increase in acidity is observed due to the consumption of neutralizing additives and stabilization of the chemical
composition. Subsequently, as oxidation processes intensify and contamination by combustion products grows,
the rise in TAN becomes accelerated. Experimental studies show that in used oils, the acid number can increase
by 170-280% compared with the fresh oil, as a result of the accumulation of resinous and oxygen-containing
compounds. It has been established that the moment when the acid number reaches or exceeds the base number
(TBN) is critical, indicating the depletion of the oil’s alkaline reserve and the need for replacement. For gasoline
engines, this typically corresponds to a mileage of about 10—13 thousand km, while for diesel engines: 14—-16
thousand km.

Thus, the dynamics of acid number variation serve as a sensitive diagnostic parameter that reflects the
degree of lubricant aging and contamination level. It enables timely assessment of the remaining service life of the
oil, optimization of replacement intervals, and prevention of premature engine wear. The analysis of the influence
of engine oil contamination on changes in acidity is therefore an important step toward improving the reliability

Copyright © 2026 M.O. Dykha, M.V. Hetman, V.O. Dytyniuk, O.M. Makovkin. This is an open access article distributed under
@I}. the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
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and durability of internal combustion engines, as well as developing efficient systems for monitoring their
technical condition.

Literature Review

The variation of the total acid number (TAN) in engine oils during operation is a key factor in assessing
their technical condition and predicting service life. A synthesis of modern studies indicates that the acid number
is an integral indicator of oil degradation, reflecting the accumulation of organic and inorganic acids formed as a
result of base oil oxidation, additive decomposition, and contamination by combustion products [1]. It has been
established that with increasing temperature, operating time, and levels of fuel or soot contamination, the acid
number rises consistently, leading to greater corrosive activity and reduced protective properties of the lubricating
film [2].

Analytical and experimental investigations show that the dynamics of TAN changes are closely related to
degradation processes such as oxidation, nitration, and the formation of varnishes and deposits [3,4]. At the early
stages of oil operation, the TAN increase is minor due to the effective action of neutralizing additives; however,
after the depletion of the alkaline reserve, a sharp rise in acidity is observed. This point is considered critical for
deciding when to replace the oil [5].

The change in the acid number is accompanied by a decrease in the base number (TBN) and variations in
viscosity, which allows these parameters to be used together for comprehensive assessment of oil condition [6].
Practical studies demonstrate that as engine mileage increases, TAN steadily grows, particularly under urban
driving conditions characterized by frequent start—stop cycles that accelerate oxidation [7]. Analysis of used oil
samples also revealed that in different viscosity grades, the rate of TAN increase may vary significantly, reflecting
the distinct resistance of oils to thermal and oxidative aging [2, 5].

Recent research increasingly treats TAN as a fundamental parameter for real-time oil condition monitoring
systems. The use of electrochemical and dielectric sensors enables continuous tracking of acidity changes during
engine operation, forming the basis for adaptive maintenance strategies [8]. In addition, statistical and intelligent
models are being developed to predict oil degradation by integrating TAN data with oxidation parameters,
viscosity, wear-metal content, and temperature profiles [9].

Special attention has also been given to identifying the chemical nature of the acidic components formed
during oil aging. It has been shown that the main degradation products are organic acids—predominantly
carboxylic and phenolic—which catalyze further oxidation and sludge formation [8]. These compounds deteriorate
antifriction properties and increase temperatures in friction zones, thereby accelerating wear.

In summary, the reviewed studies [ 1-10] confirm that the acid number is one of the most sensitive diagnostic
indicators of engine oil condition. Its growth with increasing operating time signifies the intensification of
oxidation processes, depletion of the alkaline reserve, and loss of lubricant stability. Monitoring TAN dynamics,
in combination with other physicochemical properties, makes it possible not only to determine the remaining oil
life but also to optimize replacement intervals—directly enhancing the reliability and durability of internal
combustion engines.

Geometric parameters of the four-ball test scheme

The structural scheme consists of four identical balls of radius R. Three lower balls 1-3 are motionlessly
located on the plane and touch each other according to the scheme in Fig. 1.

Fig.1. The geometry of the four-ball test scheme.

The upper ball 4 rotates and is pressed in the center to the lower balls with a force Q. In the process of
friction of the upper ball on the lower ones, wear areas of a circular shape are formed on them. To determine the
normal component of the force Q1 on the lower balls, it is necessary to determine the angle o
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From the geometry of the contact (Fig. 1), the angle o is determined:
azarcsinL:M=L=35.26°. )
R R B
Taking into account (2), we obtain an expression for the normal force on the lower balls:
0, =0.40820.. 3)
Friction path for the friction pads of the lower balls:
L=2rrnt = #ﬂRnt , 4)

where n is the number of revolutions of the upper ball per unit of time; t is the test duration.
Wear model.

Traditionally, the wear model (law) is understood as the functional dependence of the wear rate (intensity)
on the determining factors of the wear process: contact pressure, properties of structural and lubricant materials,
sliding speed, temperature and other factors in the form:

aw
—=F(p,HB,u,v,0...).
T (p,HB,p )

The number of determining factors and their form of presentation depend on the physical formulation of the
wear problem with respect to the design of the friction pair and the conditions of testing and operation in practice.
It is convenient to represent the level of influence of determining factors on wear in the form of power
dependences. In this case, the values of the parameters determine both the quantitative and qualitative effect on
wear. For practical calculations based on the wear model, it is rational to represent the determining factors in the
form of dimensionless complexes. In our case, to predict the wear of non-conformal joints in the presence of a
lubricant and tests using a four-ball scheme, the following form of the wear model (law) is proposed:

d_W:kW[&j (ETANJ , Q)
dL HB \%

where dW/dL is the were rate;

kwis the were coefficient;

u is the friction coefficient;

p is the contact pressure, N/mm?;

HB is brinell hardness, N/mm?;

a is the oil temperature conductivity coefficient, m?/s;
v is the kinematic oil viscosity, m%/s;

TAN is the total acidity number, mg KOH/g;

m, n are the parametres.

The model is proposed in the form of two dimensionless complexes that determine the influence of contact
pressures, properties of structural and lubricant materials. The principle of similarity and dimensions was used as
the basis for constructing the model.

The geometric relationship between normal wear and the half-width of the circular area a will be written in
the form (Fig. 1):

W(L)= . ©)
2R
Let us assume that the pressure is uniformly distributed over the contact area. Then the contact pressure
through the load and the contact area is determined by the formula:
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9
ra*(L)
Based on the results of wear tests, an approximating power function of the size of the wear area a from the
friction path L is determined in the form:

p= W

a(L)y=cl", )
where ¢, f are the parameters of the approximating function.

After substituting (3, 6-8) into the wear model (5), we get:

d(ﬂ) m
2R Ty [ 0408200 (ETANJ : ©)
dL nw(cl’VHB ) \ v

After integrating and transforming equation (9), we have:

m no r1-2Bm
I =2RK,, (0'420&} (ETANJ L (10)
¢ ntHB \% 1-2PBm

From the condition of satisfaction of equation (10) for any L it follows:
m=1=2B
2B

To determine the parameter 7, a series of tests is carried out at different values of the acidity number. In this
case, the corresponding approximating functions of the type (8) are obtained.

Here, the tasks of determining the wear parameters based on the test results of samples with a variable
contact area are considered. The exponent m in expression (5) characterizes the rate of change in contact pressures
during wear and is related to the exponent 3 of the experimental function according to (11). The acid number of
the oil does not depend on the size of the wear area and therefore does not affect the parameters m and . The acid
number will only affect the dimensional coefficient ¢, which is confirmed experimentally.

Let two approximating functions be obtained from the test results at two values of the acid number:

a:clLB,a:chB. (12)

(11)

Thus, we get a system of two equations:

Be ™ = RK, [—0'4:1%2“) (%(TAN)IJ

0.40820u )" (o !
Bczz ? = RK,, (TC[‘I—B) (;(TAN)zj

(13)

Dividing the first equation by the second after taking the logarithm and transformations, we obtain the
formula for the parameter n:

In(c, / c,)

n=Gme2y [(TAN), / (TAN),]

(14)

The coefficient Ky is determined from one of the equations of system (13):

Be™*( nHB ) \% '
K, = ) (15)
R 0.40820u ) | a(TAN),
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An example of identifying the parameters of the wear model (5).

The results of wear tests with a lubricant according to the four-ball scheme are shown in Table 1. The
friction path was calculated using the formula (4) at n=1420 rpm.

Table 1
Wear test results
. TAN, Test WSD/2

Test oil mg KOH/g Load, N duration. h | (a). mm L, mm-10°
150 60 0.140 3.919
New oil 10W40 0.91 180 0.165 11.758
Test 1 ’ 300 60 0.220 3.919
180 0.260 11.758
150 60 0.150 3.919
After 5000 km 17 180 0.170 11.758
Test 2 ’ 300 60 0.320 3.919
180 0.440 11.758
150 60 0.190 3.919
After 10000 km 29 180 0.335 11.758
Test 2 ’ 300 60 0.425 3.919
180 0.680 11.758

Shown below are approximations (Excel) of the dependence of the wear area on the friction path at different
loads and values of the acid number of the lubricant.

Test 1

y = 0,0993x0:2218

S g3 . R?=0,9962 R2 = 0,9956
0,2
)"‘——f >
0,1 //
0om
’ 3 6 9 12
¢ 150N L'106,mm
Test 2
y = 0,2556x0:2013 y = 0,1338x0.2239
0,5 R? = 0,9936 Rz = 0,9996
o ,
0,3 //r'
0,25 //
0,2 .
Oblj /_-J—f
0,05
0w
’ ) 6 9 12
¢ 150N L'106,mm
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Test 3

y = 0,3229x0.2215 y = 0,1709x0.2063
0.8 R?=0,9976 R2=0,9335

0,7 L]

0,6 —

0,4 " u

03 N .4

0,2 ry

0,1

0 m
0 3 6 9 12

¢ 150N L']06,mm

mm

Fig. 2. Determination of the parameters of the approximation function a (L) = CLﬁ

The parameters of the approximation function (4) are summarized in Table 2.

Table 2
Approximation function parameters (4)

Load Q=150N | Q=300 N
Test1 | c | 0.0953 0.157

B 102218 0.2195
Test2 | ¢ | 0.1338 0.2556

B |0.2013 0.2239
Test3 | ¢ | 0.1709 0.3229

B | 0.2063 0.2215

As expected, the values of the B parameter for a given lubricant are approximately the same. In accordance
with the data in Table 2, we take the average value of the B parameter equal to 0.2157.

Then, according to formula (11), the parameter m=1.32. The determination of the parameter n was carried
out for tests 2 and 3 according to the formula (14):

In(0.1338/0.1709) _
In(1.7/2.9)
In(0.2556/0.3229)

In(1.7/2.9)

Accepted n=2.075. The coefficient K was determined by the formula (15) for the following test
parameters: HB=200 MPa, p=0.05, v=13.6 N/mm?, 0=6.9 N/mm?, TAN=1.7 mg KOH/g, R=12.7 mm.

n(150N) =(2-1.32+2)

n(300N) = (2-1.32+2) 2.05.

0.2157-0.1338%132+ 200 12 136 V2O i
Ky = =23.107,
12.7 0.4082-150-0.05) (6.9-1.7

Thus, the law of wear (5) after identifying the parameters takes the form:

1.32 2.075
W 534907 (ﬂj (ETANJ .
dL HB) \v

The dimensionless complex for the wear rate allows one to quantitatively take into account the effect of
contact pressures, mechanical and frictional properties of materials, and lubrication parameters on wear. This
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model makes it possible to predict the wear resistance of lubricated friction units of the type: gear drives, rolling
bearings, cam mechanisms and others.

Conclusions

1. The study confirms that the total acid number (TAN) of engine oils increases progressively with
operating time and contamination, reflecting the accumulation of oxidation and degradation products.

2. The proposed mathematical wear model, which integrates TAN as a parameter along with contact
pressure, viscosity, hardness, and friction coefficient, accurately describes the wear behavior of lubricated contacts.

3. Experimental results demonstrate that with an increase of TAN from 0.9 to 2.9 mg KOH/g, the wear scar
diameter and wear rate rise proportionally, indicating the strong influence of acidification on surface damage.

4. The model parameters identified from the four-ball test (m = 1.32, n =2.075) characterize the dependence
of wear on contact pressure and acidity, providing a reliable basis for quantitative wear prediction.

5. The inclusion of TAN in the wear equation allows the use of acidity as a diagnostic indicator for lubricant
condition and residual life assessment.

6. The obtained results can be applied to optimize oil change intervals, reduce maintenance costs, and
enhance the reliability and durability of friction units in internal combustion engines.
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Muxa M.O., I'erbman M.B., lutuaok B.O., MakoBkin O.M. ExcnepuMeHTanbHe Ta aHATITHYHE
JIOCJIJIKCHHS 3MIHM KHCJIOTHOTO YMCIIa MOTOPHUX OJIUB 32 YMOB €KCIUTyaTalliiHOTrO 3a0py/THCHHS

Y wmift crarTi NpeACTaBICHO EKCIEPUMEHTAIbHE Ta AHAJIITHYHE JOCHIKEHHS 3MIiHH 3arajbHOro
kucinoTHoro gucia (3KY) MOTOpHMX OJHB 32 YMOB €KCIUTyaTaIlifHOTO 3a0pynHEHHA. METOK NOCIiIKeHHS €
OIIiHKa KOPEJIAMii Mi>K 3pOCTaHHSAM KHCIOTHOCTI MacTHJIFHHX MaTepialiiB Ta IXHBOIO MOBEIIHKOIO IIPH 3HOCI B
KOH(]irypamii YOTHPHUKYJIBKOBOTO BHIIPOOyBaHHA. bByno TmpoBeaeHO TEOpeTHYHE MOJENIOBAaHHSI Ta
eKCIIepUMEHTAJIbHI BUIIPOOYBaHHS [UIsl BUSHAUYCHHS ITapaMeTpPiB 3aKOHY 3HOCY, IKUH BKJIIOYa€ KOHTAaKTHUH TUCK,
B's3KICTH ONUBH, TBepHicTh Ta 3KY sk ximrodoBi 3MiHHI. OTprUMaHi pe3yiabTaTH MiATBEPKYIOTh, IO KUCIOTHE
YHCIIO 3HAYHO 3pPOCTa€ MiJ Jac ekcruryaTamii onusu: Bix 0,9 mo 2,9 mr KOH/T, mo nmpu3BoAnTh 10 MOCHICHOT
MIBUAKOCTI 3HOCY KOHTAaKTHHMX IOBEPXOHb. 3alpoNOHOBaHa MOJENb KUIBKICHO ONHUCYE 3B'I30K MK piBHEM
KUCJIOTHOCTI Ta IHTEHCHBHICTIO 3HOCY Ta JI03BOJIAE MPOTHO3YBATH XapaKTEPUCTHKH OJIMBU HAa OCHOBI 11 (izuko-
ximiyHOi nerpazanii. Po3pobaenuid minxia J03BOJs€ MOKPAIIUTH OLIHKY 3aJIMIIKOBOTO PECypCy MacTHIbHUX
MarepiaiB Ta ONTUMI3yBaTH iHTEPBaJIM TEXHIYHOTO 00CIYrOBYBaHHS JIBUTYHIB BHY TPIIIHBOT'O 3TOPSIHHSL.

KoarouoBi ciioBa: nerpaznariist MOTOpPHOT OJIMBY; 3araJibHE KUCIIOTHE YHCIIO; eKCIUTyaTaliiiHe 3a0py THeHHS;
MOJIENTb 3HOCY; YOTHPUKYIBKOBUH MpHiam; (i3WKO-XiMidHI BIaCTHBOCTI; 3MallyBaHH:,; TPHOOJIOTis; MPOrHO3HE
00cITyTOBYBaHH



ISSN 2079-1372 Problems of Tribology, V. 31, No 1/119-2026, 56-61

/_\ Problems of Tribology
Website: http://tribology.khnu.km.ua/index.php/ProbTrib

E-mail: tribosenator@gmail.com

DOLI: https://doi.org/10.31891/2079-1372-2026-119-1-56-61

Investigation of the effect of tribological loading parameters on the linea
wear rate of a polytetrafluoroethylene-based composite reinforced with
polyimide fiber

Ye.A. Yeriomina!2000-0001-8595-5735 'K RV gloshina!0000-0007-89292191 ' predrag Dagi¢20000-0002-9242-274X

!Dniprovsk State T echnical University, Kamyanske, Ukraine
2Academy of Professional Studies Sumadija — Department in Trstenik, Trstenik, Serbia
E-mail: voloshina.k25.06@gmail.com

Received: 15 January 2026: Revised 05 February 2026: Accept: 20 February 2026

Abstract

The article presents the results of a comprehensive experimental and theoretical study of the tribotechnical
characteristics of a composite material based on polytetrafluoroethylene reinforced with polyimide fiber. The main
objective of the study was to determine the quantitative regularities governing changes in the intensity of linear
wear as a function of external tribological loading parameters, as well as to establish optimal operating modes for
the material. A mathematical modeling approach based on a full factorial design was employed to plan and conduct
the experiments. During the study, the effects of sliding velocity and normal load on the linear wear intensity of
the composite were analyzed. The experimental results enabled the derivation of a first-order regression equation
describing the dependence of wear on the variable parameters. Statistical analysis of the model included an
assessment of its adequacy and the significance of the regression coefficients. By constructing response surfaces,
zones of minimum wear intensity were identified, and optimal operating conditions for the material under dry
friction were determined. The study confirms the significant influence of both individual factors and their
interaction on the wear resistance of the composite material. It was established that deviations of tribological
loading parameters from their optimal values lead to a substantial increase in linear wear intensity. The combined
use of statistical analysis methods and tribological testing allowed for a deeper evaluation of the material behavior
and a significant reduction in the scope of experimental work through the development of a mathematical model.
The proposed approach can be effectively applied to optimize the operating modes of composite materials based
on polytetrafluoroethylene and polyimide fiber in friction units of machines and mechanisms operating under high
loads and requiring enhanced wear resistance.

Keywords: polytetrafluoroethylene, polyimide fiber, composite material, tribological properties,
experimental design, linear wear intensity, regression model

Introduction

Increasing the wear resistance of friction units is one of the key challenges of modern industry, especially
under operating conditions involving high sliding speeds, significant mechanical loads, and limited Iubrication.
Under such conditions, traditional structural materials often rapidly lose their functional performance, which has
led to increased interest in polymer composite materials [1]. These materials are capable of providing stable
tribotechnical characteristics under severe operating conditions. Composites based on polytetrafluoroethylene
(PTFE) are considered among the most promising representatives of this class of materials. PTFE exhibits a low
coefficient of friction and high physicochemical stability; however, in its pure form it is characterized by
insufficient wear resistance. The tribotechnical properties of PTFE can be improved by introducing fibrous fillers.
Among them, polyimide (PI) fibers are particularly promising due to their high thermal stability, mechanical
strength, and chemical inertness. Previous studies of PTFE-PI composite materials have shown that the optimal
filler content is 7.5 vol.% of PI fibers [2]. At this filler concentration, the highest level of structural uniformity and
wear resistance is achieved. Tribological tests conducted on this composite confirmed the dependence of linear

Copyright © 2026 Ye.A. Yeriomina, K.R. Voloshina, Predrag Dasi¢2. This is an open access article distributed under the Creative
@I}. Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
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wear intensity on sliding velocity and applied load. An increase in these parameters intensifies thermomechanical
processes in the contact zone, which leads to a reduction in wear resistance. Considering the need to obtain accurate
experimental data while minimizing experimental costs, the application of mathematical methods for experimental
design is of particular importance. Methods of experimental design are among the most effective tools for
identifying regularities in complex multifactorial processes [3]. They significantly reduce the number of
experiments required compared to direct empirical approaches while ensuring high accuracy of the obtained
results.

The purpose of the work

Determining the quantitative relationships governing the linear wear of a polytetrafluoroethylene—
polyimide composite under varying tribological loading conditions and to identify its optimal operating modes.

Objects and methods of research

To optimize the developed polymer composite material with an effective filler content of 7.5 vol.%, linear
wear intensity was selected as the key performance parameter. The description of the investigated process was
carried out in accordance with established mathematical relationships:

y(Uy) = f(xq1,%2).

In this case, the sliding velocity (x;) and the applied load (x,) were selected as independent factors. To
simplify the calculation procedure, the values of the independent factors were normalized to a dimensionless scale
with corresponding levels of —1, 0, and +1. For this purpose, the following normalization formula was used, which
allowed the experimental data to be converted into a standard form for further analysis:

Xi—Xio

X = —
L n 5

where X; is the coded value of the factor, X; and X, are the upper and central levels of factor variation, respectively
and n is the step of factor variation (Table 1) [4]. The calculated values of the initial levels of the studied factors
are presented in Table 1.

Table 1
Independent factors and their variation levels
Variation levels
Factor Symbol Designation Variation step (n)
-1 0 +1
Slip speed v, m/s Xq 0.25 1.5 1.75 2
Load P, MPa X, 0.5 1 1.5 2

According to the mathematical experimental design (Table 2), four experiments (N) were carried out, each
of which was repeated twice (k =2) in a random order in order to completely eliminate systematic errors.

Table 2
Planning matrix with calculated interaction columns of factors
. Values of variables on a
Experiment Values of variables on a coded scale natural scale
No.
X0 X1 X2 X1X2 v, m/s P, MPa
1 +1 +1 +1 +1 2 2
2 +1 -1 +1 -1 1.5 2
3 +1 +1 -1 -1 2 1
4 +1 -1 -1 +1 1.5 1
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Mathematical modeling of the dependence of the linear wear intensity of the PTFE—PI composite on the
selected variable factors was proposed to be carried out in the form of a regression equation represented by a first-
order polynomial:

Y = bo + byx; + byx; + bipxya,
where y is the calculated value of the optimization parameter; b; and b;; are the regression coefficients in the

equation. Based on the experimental data presented in Table 3, the average values of the response functions were
determined:

~ 1 .
5 =15y J=12..N. (1)

Table 3 presents both the experimental values (y;) and the averaged results (yjc) obtained in the study of
the influence of sliding speed and applied load on the linear wear intensity of the developed composite material.

Table 3
Experimental and Calculated Values of Linear Wear Intensit
. Average Value Calculated Value
Experiment y y
1 2 —
No. 7, y]g
1 3.66:10® 3.56:10°® 3.61-10% 3.31-10°%®
2 4.4-10% 1.61-10% 3.01-108 3.31-108
3 1.71-10°% 0.84-10°% 1.27-108 1.21-108
4 0.87-10°8 1.43-10°% 1.15-108 1.21-108

The reproducibility variance was calculated according to formula (2), and the variance of parallel
measurements was calculated according to formula (3):

1
Sy =<1 Sh ()
2 20
§p = (3)

The homogeneity of the variances obtained in parallel experiments was evaluated using Cochran’s test:

maxS?

— J
G =5 (4)

The calculated and tabulated values of the criterion were compared for degrees of freedom f; =k —1=1
and N=4 at a confidence probability of P=0.95. The calculated value of Cochran’s test was G¢ = 0.881 which is
lower than the tabulated value Gipe = 0.91. Therefore, the obtained variances can be considered homogeneous.
The coefficients of the regression equation have the same error, which is determined using the following formula:

s
Spi = = (%)

3

Based on the analytical expressions obtained in the course of a full factorial experiment, the coefficients of
the regression equation were calculated:

by = LI, 7L, (6)
b =¥, 2%, (7)
by = LI, 4, (8)
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Based on the calculations performed according to formulas (1)—(7), a first-order regression equation was
obtained, describing the dependence of the response function on the experimental factors:

y(I,) = 2.26-1078 4+ 0.18 - 10 8x; + 1.05 - 10 8x, + 0.12 - 10 8x,,.

The statistical significance of the regression coefficients bo, bi, b2, b2, was estimated by calculating
confidence intervals. These intervals take into account the variance arising from errors in the determination of the
coefficients. Confidence intervals were calculated using Student’s t-test, considering the specified degrees of
freedom (f;, f2) and a confidence probability of 0.95. The formula for calculating the confidence interval is as
follows:

|bcr| = ter * Spi- )

The critical value of Student’s t-criterion () was determined based on the degrees of freedom N (k—1)=4
and the chosen significance level of 0.95. A regression coefficient was considered statistically significant if the
inequality #<t.. was satisfied. After testing the statistical significance of the coefficients using Student’s t-test
according to formula (9), it was found that two of the obtained coefficients could be neglected. As a result, the
structure of the regression equation was modified, and it was established that, within the studied range of sliding
speeds, the applied load has the greatest influence on the linear wear intensity:

y(I) = 2.26 - 1078 + 1.05 - 10~%x,. (10)

The adequacy of the obtained regression equation was verified by comparing the theoretical values of the
optimization parameter, calculated according to equation (10), with the corresponding experimental results for
each performed experiment. This allowed the variance of the equation’s adequacy to be calculated using the
following formula:

1 ~
St = ﬁZle(y, -y (11)

In this case, B represents the number of statistically significant coefficients in the regression equation.
Accordingly, the degrees of freedom for assessing the adequacy of the model were determined using the formula

faa = N— B = 2. The calculated values of the optimization parameter are presented in Table 4.

Table 4
Calculated Data for Assessing the Adequacy of the Mathematical Model Using the Fisher Criterion

Regression Coefficients
2 2
Sy sad

bO bl bZ b12

1.1-10°1¢ 2.26-1078 0.18-1078 1.05 - 1078 0.12-1078 0.09-10°1¢

To assess how well the mathematical model (10) represents the actual relationship between the input and
output parameters, Fisher’s test [5] was used. This criterion is defined as the ratio of the adequacy variance to the
reproducibility variance (see Table 4) and is calculated using the following formula:

Fo =34 (12)

At a confidence probability of 0.95 and degrees of freedom f; = 4 and f> = 4 the calculated value of Fisher’s
test, Fc = 0.081 was found to be lower than the tabulated value. This indicates that the constructed mathematical
model is adequate for describing the studied process [6]. The relationship between the coded and natural values of
the factor affecting the optimization parameters is described by the following equation:

P-15
0.5 °

(13)

Xy =

Results analysis and discussion
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Based on a properly selected regression equation, the response surface of the linear wear intensity of the
PTFE-PI composite was modeled as a function of slip rate and applied load (Fig. 1). The response surface analysis
results show that the minimum wear intensity is achieved at lower applied loads across the entire range of slip
rates studied [7]. As the load increases, a noticeable rise in linear wear intensity is observed, confirming the
findings of the regression analysis.

n10*
3.0
2.0
1.0
O
”»!]r;js e 4410 N

Fig. 1. Response surface of the linear wear intensity of the PTFE—PI composite as a function of slip rate and applied
load

The transition from coded variables (x;, x2) to natural variables (v, P) made it possible to develop a
mathematical model describing the dependence of linear wear intensity on the applied load.

y(I,) =0.89-1078 + 2.1 - 1078P. (14)

Conclusions

The results of a comprehensive experimental and theoretical study of the tribotechnical characteristics of a
polytetrafluoroethylene-based composite reinforced with 7.5 vol.% polyimide fibers showed that:

1. It was established that within the studied speed range, the linear wear intensity of the composite
significantly depends on the applied normal load. As the load increases, the wear intensity increases, which is
attributed to elevated contact stresses and the activation of thermomechanical processes in the friction zone.

2. Based on a full factorial experiment, a first-order regression model was developed to describe the
dependence of linear wear intensity on the key influencing factors. The results of the statistical analysis showed
that the applied normal load is the dominant factor, whereas the effects of slip rate and factor interactions within
the investigated range are statistically insignificant.

3. The validity of the developed mathematical model was verified using Cochran’s test for homogeneity of
variances and Fisher’s test to assess model adequacy. The results confirmed its reliability and consistency with the
actual wear behaviour of the composite material under dry friction conditions.

4. The developed model made it possible to identify the regions in which the linear wear intensity is
minimal, as well as to determine the optimal operating conditions of the composite. These conditions correspond
to relatively lower levels of applied load within the investigated range.

Thus, the application of experimental design methods in combination with tribological testing significantly
reduced the scope of experimental studies and enabled the derivation of accurate quantitative relationships
describing the wear process. The proposed high-efficiency approach can be used to optimize the operating
conditions of PTFE-based composite materials reinforced with polyimide fibers in friction units of machines and
mechanisms operating under elevated loads and dry friction conditions.
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€pvomina K.A., Botommna K.P., Predrag Dasi¢ [locnijkeHHsT BIUTMBY TPHOOJIOTIUHUX MapameTpiB
HABaHTAXXCHHS HAa JIHIHHY IHTEHCUBHICTh 3HOLIYBaHHS KOMIIO3UIIIHHOrO Marepially Ha  OCHOBI
nonireTpadTopeTHIIeHy, apMOBAHOTO MOJTiIMIHUM BOJIOKHOM

Y poGoTi HaBe#eHO pe3yNbTaTH KOMIUIEKCHOTO EKCIePUMEHTAIBHO-TEOPETUYHOrO  JOCIiPKSHHS
TPHOOTEXHIYHUX XapaKTEPUCTUK KOMITO3UIIIHHOTO MaTepialy Ha OCHOBI MOJNiTeTpadTOopeTIiieHy, apMOBAaHOTO
MOJIIMITHAM BOJIOKHOM. MeTO IOCHi[KeHHS Oyno BH3HAYCHHS KUTBKICHUX 3aKOHOMIPHOCTEH 3MiHH
IHTEeHCUBHOCTI JTIHIHHOTO 3HOITYBAaHHSA K (PYHKIIT HapaMeTpiB 30BHIITHHOTO TPUOOIOTIYHOTO HABAHTAKCHHS Ta
BCTAHOBJICHHSI ONTHMAaJIbHUX PEXUMIB poOOTH Matepiany. J[is riaHyBaHHS Ta NPOBEACHHS EKCIIEPHMEHTIB
3aCTOCOBYBABCS IIAXiJl MaTeMaTHYHOTO MOJICIIOBAHHS Ha OCHOBI IOBHOI'O ()AaKTOPHOTO EKCIIEPUMEHTY.
[TpoananizoBaHO BIUIMB IIBHJIKOCTI KOB3aHHS Ta HOPMaJbHOTO HABAHTAXKCHHS Ha JIHIHHY IHTEHCHBHICTh
3HOIIYBaHHSI KOMIO3UTY. EXcriepuMeHTalbHI pe3yJIbTaTH JO3BOJIMIN [TOOYAYyBAaTH PiBHSIHHS perpecii nepuioro
MOPSJKY, OLIHUTH aJIeKBaTHICTh MOJIENI Ta 3HAUYyLIICTh ii koedinieHTiB. Ha 0CHOBI HOBEpXOHB BiJIryKy BU3HAYEHO
30HU MIiHIMAJIBHOT IHTEHCHBHOCTI 3HOCY Ta ONTHUMAajbHI YMOBHM EKCIUTyarallil mpu TepTi 0e3 3MallcHHI.
JocmimkeHHs MATBEPIKY€e 3HAYHUIA BIUIMB OKpeMHX (DaKTOPIB Ta IX B3a€EMOIl Ha 3HOCOCTIHKICTh KOMIIO3HUTY.
KomO6iHoBaHe BUKOPUCTAHHS CTATHCTHYHOTO aHaNi3y Ta TPUOOJIOTIYHOTO TECTYBaHHS JO3BOJISIE TIIMOIIE OLIHUTH
MOBE/IIHKY MaTepialy Ta CKOPOTHUTH OOCAT eKCIIEpUMEHTaJbHOI pOOOTH. 3ampOorOHOBAHMH MIiAXiN MOXe
e(peKTUBHO 3aCTOCOBYBATHCS /1 ONTHMI3alii peXHMiB pOOOTH MONIMEPHHX KOMIIO3MLIH y (pHuKLiiHKUX
arperarax MallMH Ta MEXaHi3MiB, IO NPalIOIOTh NPH BHCOKHX HABAaHTA)KEHHSAX 1 MOTPEOYIOTH MiIBHUIIEHOI
3HOCOCTIHKOCTI.

Kurouosi ciioBa: nomiterpadTopeTHIICH, MOMiiMiTHE BOJOKHO, KOMIIO3HUIIIMHANA MaTepiai, TpUuOOIOTiIHi
BJIACTHUBOCTI, MATEMaTHYHE MOJICIIOBAHHSI, IHTEHCUBHICTB JIIHIHHOTO 3HOLTYBAaHHS, PIBHAHHA perpecii
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Abstract

The article is dedicated to the development of the scientifically grounded improved method, based on the
analysis of scientific literature sources, for the design calculation of the parameters of a mechanism for tipping a
container with municipal solid waste into a garbage truck, taking into account friction wear, in order to determine
its main geometric, force, and speed parameters. The drive of the working parts of the mechanism for tipping a
container with municipal solid waste into a garbage truck is hydraulic, with a power source from the garbage
truck’s pump station. The usage of the proposed improved methodology for the engineering calculation of the
parameters of the mechanism for tipping a container with municipal solid waste into a garbage truck, taking into
account the wear of friction pairs, allows significant reduction in design time and avoids unnecessary costs for
labor-intensive experimental and theoretical research. Using the proposed scientifically based improved method
of design calculation of the parameters of the mechanism for tipping a container with municipal solid waste into a
garbage truck, taking into account the wear of friction pairs, its main geometric, force, and speed parameters have
been determined. It has been established that the development of an improved methodology for the design
calculation of the parameters of the mechanism for rotating the manipulator lever during the loading of municipal
solid waste into a garbage truck, taking into account the wear of friction pairs, requires further research.

Keywords: algorithm, project calculation methodology, wear accounting, hydraulic drive, wear, friction
units, container tipping mechanism, garbage truck, municipal solid waste.

Introduction

Among the main directions of development of modern municipal engineering in Ukraine, tasks related to
the improvement of mobile manipulator-type machines, in particular garbage trucks, have an important role [1].
Within this area, issues related to improving the wear resistance, reliability, and durability of machine elements
are of particular importance, since these indicators determine the efficiency of technical equipment operation,
contribute to reducing repair and maintenance costs, and ensure an increase in the service life of equipment under
conditions of intensive use [2, 3]. In Ukraine, the collection and transportation of municipal solid waste (MSW)
to facilities for further processing or disposal is mainly carried out using body garbage trucks [4, 5]. The key
functional element of such machines is loading devices [6-8], designed as manipulator mechanisms [9-13] with
hydraulic drive [14, 15]. Currently, there are about 3,700 garbage trucks in operation, which, in addition to
transporting solid waste, perform compaction operations. This significantly reduces transportation costs and the
area of landfills required for solid waste disposal, which is of great economic and environmental importance.
During the technological operation of loading MSW into the body of a garbage truck, friction units, primarily
hinge joints and hydraulic cylinders of the manipulator mechanism, are subjected to significant mechanical loads.
The increased wear and tear on these components is due to a combination of factors, including the significant
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weight of waste containers, which can reach 500 kg, the operation of mechanisms in reverse mode with
reciprocating movements, and the large number of work cycles performed during a single trip. In addition,
operating conditions are complicated by operational factors, in particular significant fluctuations in relative
humidity and temperature, as well as increased dusty environment, the combined effect of which causes intensified
wear of working elements, which, in turn, negatively affects the reliability and durability of garbage trucks. The
deterioration of the operational properties of the materials of the parts or an insufficient level of lubrication cause
an increase in friction forces in the hinge joints of the manipulator mechanism, resulting in an increase in the level
of vibrations in the system, which negatively affects its dynamic stability and reduces the ability of the mechanism
to withstand significant loads under conditions of reversible friction. Intensive wear of friction components not
only reduces the efficiency of the manipulator mechanism of the garbage truck, but also creates additional risks to
the safe operation of the equipment. As a result, emergency operating modes may occur, posing a health hazard to
service personnel and potentially causing negative environmental consequences in the event of uncontrolled
spillage or leakage of solid waste. According to the provisions of Resolution No. 265 of the Cabinet of Ministers
of Ukraine [16], one of the priority areas for the development of the public utilities sector is the introduction of
modern, highly efficient garbage trucks, which are considered a key element of the system of technical means
designed for the collection, transportation, and primary processing of solid waste. The usage of modern equipment
not only optimizes logistics processes and reduces operating costs, but also contributes to the comprehensive
solution of topical environmental problems related to the waste management system, and also ensures the
reliability and effectiveness of public utility companies, which is of strategic importance for the sustainable
development of populated areas. The planning of the renewal, maintenance, and repair of garbage trucks is
facilitated by the development of an improved methodology for the design calculation of the parameters of the
mechanism for tipping a container with municipal solid waste into a garbage truck, taking into account the wear
of friction pairs.

Analysis of recent research and publications

Scientific paper [17] presents the results of structural analysis of garbage truck parts subject to intensive
wear. The study described in article [ 18] proposes a method for diagnosing failures caused by wear of the sealing
elements of the hydraulic cylinder and the presence of internal working fluid leaks, based on the usage of energy
characteristic fusion. The study [19] developed the design of a robotic manipulator, created its 3D model in
SOLIDWORKS, and performed a motion analysis. At the structural optimization design stage, key parameters, in
particular the stresses and deformations of the manipulator, were evaluated comprehensively, and target functions
and constraints for improving its design were determined. This approach reduces the probability of manipulator
failure during prolonged heavy-duty operation and ensures more efficient interaction with other garbage truck
systems, increasing the overall productivity of MSW collection and transportation processes.

A mathematical model that allows to determine the optimal geometric parameters of the manipulator's
structural elements, taking into account the maximum boom reach, lifting capacity, and other kinematic
characteristics of the machine, was developed in [20]. This model is an important tool for design engineers, as it
ensures a rational choice of dimensional parameters of structural elements in order to improve the efficiency of
the manipulator and ensure its reliability in operation. Particular attention is paid to the characteristics of hinge
joints operating in a cyclic mode typical for manipulator-type machines. It has been established that under such
conditions, the formation of a normal hydrodynamic friction regime is impossible, since the lubrication process
occurs mainly in semi-dry or boundary friction modes. This leads to increased requirements for the properties of
parts materials, the quality of surface treatment, and the efficiency of the lubrication system, since these factors
determine the wear resistance and durability of hinge assemblies in real operating conditions. Contrary to the stable
hydrodynamic friction regime, the operation of sliding bearings under semi-dry or boundary friction conditions is
accompanied by more intense wear of contact surfaces, which leads to a gradual loss of kinematic accuracy, the
occurrence of additional dynamic and shock loads and vibrations, which contribute to the development of fretting
corrosion and premature failure of parts. To reduce friction forces, it is proposed to use special coatings for the
contact elements of joints, in particular lead, phosphate, and indium coatings. It has been proven that the intensity
of contact wear can be significantly reduced by using lubricants based on oils and fats, as well as consistent
lubricants, which at a temperature of 25 °C acquire a thick, ointment-like consistency. In addition, the usage of
phosphate and anodic metal coatings has been shown to be effective in improving grease retention on friction
surfaces, increasing the efficiency and durability of components.

A method for optimizing the operation of a robotic workspace, which involves adjusting the position of the
robot manipulator within the working area for programs with a fixed end-point motion trajectory, is proposed in
the article [21]. The main aim of the study was to reduce the total wear of the manipulator joints and prevent their
uneven loading when individual joints are subjected to greater mechanical stress than others. Wear was assessed
by approximating the integral of the mechanical work of each joint along the entire trajectory, which was
determined by the angular velocities and applied torques. The approach was based on dynamic modeling, which
allows calculating the torques and rotational speeds of the joints in different positions of the robot. The results of
the study showed that the optimal location of the manipulator base reduces the overall wear of its joints by 22-
53%, depending on the configuration of the motion trajectory.
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A detailed analysis of the main types of wear of hinge joints used in forestry manipulator designs is
presented in [22]. The results of the study made it possible to identify promising areas for improving their wear
resistance, which can be used by design engineers to extend the working life of components depending on specific
operating conditions and technical requirements. Particular attention is paid to the fact that manipulator machines
mostly operate in difficult climatic conditions with sharp fluctuations in ambient temperature, which significantly
affects the stability of the properties of lubricants and the performance characteristics of structural materials of
joints. At low temperatures, friction pair materials lose their plasticity, their brittleness increases, their yield
strength decreases, and the stiffness of working surfaces increases, which complicates movement processes and
the annihilation of dislocations in the crystal lattice, accompanied by exoelectron emission and accelerated wear.
In addition, the properties of lubricants change: at low temperatures, they can lose their fluidity, transition to a
solid state, or significantly increase their viscosity, which reduces their ability to form a protective film and
increases the intensity of wear. During the summertime, when the ambient temperature is high, lubricants overheat,
lose their viscosity, and can spontancously leak from the friction zone, which negatively affects the lubrication
and cooling of working surfaces, increases the risk of overheating of contacting elements, and accelerates the wear
of hinge assemblies. To prevent these effects, it is recommended to use special sealing devices that can
simultaneously protect the hinge joints from dust, moisture, and aggressive impurities, as well as retain the
lubricant in the friction zone. Studies have confirmed the effectiveness of integrating contact and labyrinth sealing
elements into the design of joints, which, thanks to their specific design, provide reliable protection of assemblies
from negative factors of the operating environment and increase the service life of manipulators.

The study [23] demonstrates that when designing and creating new promising hinge joint designs, it is
advisable to use a comprehensive approach to selecting scientific and engineering solutions. This is due to the fact
that the performance of such assemblies is simultaneously influenced by a significant number of related factors,
including design features, properties of friction pair materials, load conditions, lubrication modes, and the nature
of the operating environment. Taking into account the combined effect of these parameters creates the prerequisites
for the formation of fundamentally new design solutions capable of ensuring an increased level of reliability and
durability of the hinge assemblies of forestry machine manipulators. The use of a comprehensive approach makes
it possible to directly influence not only the mechanical properties of joints, such as strength and rigidity, but also
their tribotechnical characteristics, in particular the coefficient of friction, wear intensity, and stability of operation
under variable load conditions. In addition, the implementation of modern design solutions contributes to the
optimization of the thermal regime of the joints, which is essential for reducing thermal deformations and
preventing premature destruction of materials. As a result, this approach ensures increased efficiency of logging
equipment operation, reduced maintenance costs, and increased service life of manipulator systems in difficult
operating conditions.

In the paper [24], a method for synthesizing the motion trajectory of a manipulator robot is proposed, which
takes into account its kinematic characteristics and the degrees of mobility of individual links. In particular, the
influence of the rod deflection on the support reactions in the contact zone is considered, which in its physical
essence resembles the work of a beam supported by two supports. This approach allows modeling the distribution
of force influences on the robot’s elements during its operation, including the contact areas of the hydraulic
cylinder, rod, and ground bushing. Based on the determined values of contact pressure, it is possible to
quantitatively assess the potential wear processes of friction surfaces, predicting their intensity and localization. It
has been established that even in conditions where there is no danger of critical destruction of the rod under
bending, contact stresses reaching approximately one third of the material’s strength limit can significantly
accelerate the wear of working surfaces. This is due to the fact that repeated load cycles lead to microdamage,
increased local surface roughness, and the development of abrasive and contact wear processes. Additionally, it is
taken into account that the specifics of contact pressure formation depend on the opening angle of the rod, its speed
of movement, and the sequence of the manipulator’s working cycles, which makes it possible to evaluate wear in
different operating modes.

The results of the analysis of the design characteristics of the manipulator grippers of body garbage trucks
and the assessment of their reliability are presented in scientific article [25]. Based on the research, a computational
model of a garbage truck was developed, which is considered as an oscillatory system. The analysis revealed the
peculiarities of the garbage truck frame vibrations during operation and the patterns of force formation in the
interaction of the “gripper-tank-gripper” system elements. The research found that the greatest loads are on the
thrust and rod of the hydraulic cylinder, and their magnitude increases with the increase in container weight. A
change in the mass of the garbage truck itself does not affect the magnitude or amplitude of the loads, but changes
their frequency characteristics. Operational observations have shown that the main causes of garbage truck failures
are wear and corrosion of the working surfaces of equipment parts. In particular, 32% of all hydraulic drive failures
occur in hydraulic cylinders. The failures of these units are caused by wear on the contact surfaces of the
connections, deformation of the rod and cylinder under the action of operational loads, uneven loading of the body,
and abrasive wear in difficult operating conditions. The main factor in hydraulic drive failures is the intensive wear
of key components, in particular spools and hydraulic distributor housings, as well as hydraulic cylinder rods.
Additional degradation is caused by hydroabrasive damage, which occurs due to delayed replacement of the
working hydraulic fluid and the use of low-quality or worn sealing elements, such as hydraulic cylinder seals. This
leads to the penetration of dust particles and wear products into the friction zone, which significantly accelerates
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the destruction of working surfaces. To increase the service life and restore the performance of parts, it is
recommended to use cold self-regulating electrolyte chromium plating technology, which provides the formation
of chrome coatings with high deposit quality, increased wear resistance, and sufficient productivity. This makes
this technology one of the most promising methods for restoring worn hydraulic drive components.

An analytical study of the mathematical model of the process of grinding polymer waste in the grinding
chamber of a rotary crusher with continuous classification of the finished product, conducted in [26], provided a
detailed understanding of the influence of various technological and design parameters on the performance of the
installation. In particular, the study made it possible to determine with high accuracy the particle size distribution
of the final product, evaluate the crusher's performance, and analyze energy consumption under variable operating
conditions. It was found that the key factors affecting the quality of grinding and the efficiency of the process are
the angular velocity of the rotor, the initial size and physical and mechanical properties of the waste, the design
parameters of the crusher, in particular the geometry of the chamber and the size of the grid slots, as well as the
chamber loading modes. The study showed that changing the angular velocity of the rotor allows optimizing the
ratio of productivity and energy consumption, since an increase in speed leads to more intensive crushing of
particles, but also increases the specific energy consumption of the process. At the same time, analysis of the
influence of the initial size of the waste and the design characteristics of the crusher allows predicting the final
particle distribution, determining the optimal parameters for achieving the desired product size, and avoiding
overloads in the chamber. Complex evaluation of the loading modes and rotor rotation parameters makes it possible
not only to increase the efficiency of the crusher, but also to optimize operating costs and energy consumption, which
is an important aspect in the industrial scaling of the polymer waste grinding process.

The article [27] describes an algorithm for numerical and analytical research of dynamic processes in a
planar six-bar linkage mechanism of a sewing machine threader. The proposed approach is based on the numerical
solution of the differential equation of motion of the mechanism, taking into account its kinematic and dynamic
parameters, which allows to describe details of the motion of individual links and determine the change in
velocities and accelerations during the working cycle. In addition to analytical calculations, the authors performed
computer modeling of the analyzed mechanism in Mathcad, which made it possible to visually reproduce its
operation and verify the correctness of the obtained numerical results. The use of a combination of analytical
methods and computer modeling made it possible to investigate the influence of design parameters and operating
modes on the dynamic characteristics of the threader mechanism. During the simulation, changes in loads in hinge
joints were analyzed, and regularities in the distribution of inertial forces arising during the operation of the
mechanism were determined. The results of this study can be used to develop a design calculation methodology for
optimizing the design of the threader, improving its reliability, and reducing dynamic loads.

In the scientific work [28], on the basis of a detailed analytical study of the mathematical model, the main
regularities of the functioning of vibration and vibration-impact machines operating with the usage of a hydraulic
pulse drive equipped with a single-stage pulsator valve were established. The developed model made it possible
to describe the dynamic processes that occur in the hydraulic system and working parts of the machine, as well as
to analyze the nature of pressure pulse formation and their influence on the kinematic and force parameters of
vibrational motion. The study identified the relationships between the design parameters of the hydraulic pulse
drive, its operating modes, and the dynamic characteristics of the machines, in particular the amplitude and
frequency of vibrations, as well as the energy of shock pulses. The obtained results made it possible to establish
the conditions for the stable operation of vibrating and vibro-impact machines, to evaluate the effectiveness of
using a hydraulic pulse drive in various operating modes, and to formulate recommendations for optimizing the
parameters of the pulsator valve in order to increase the productivity, reliability, and energy efficiency of such
machines, necessary for creating a methodology for the design calculation of the parameters of these machines.

The article [29] proposes an improved nonlinear mathematical model of the operation of the hydraulic drive
of'the mechanism for loading MSW into a garbage truck during tipping of the container. A distinctive characteristic
of the developed model is that it takes into account the wear of the friction pairs of the main elements of the
hydraulic drive, which made it possible to describe the real conditions of its operation more accurately. Using
numerical methods, the dynamic characteristics of the hydraulic drive at the start-up phase were studied, and the
change in the main operating parameters of the system depending on the level of wear of its components was
analyzed. The simulation results showed that taking into account the wear of friction pairs has a significant impact
on the dynamics of the hydraulic drive for tipping the container during the loading of MSW into the garbage truck.
In particular, significant changes in speed and power characteristics were found, as well as an increase in the time
required to perform the technological operation. It was found that the duration of container tipping increases with
the degree of wear of the hydraulic cylinder according to a power law, which indicates the nonlinear nature of the
effect of wear on the efficiency of the mechanism. The obtained regularities can be used to predict the operating
parameters of the hydraulic drive, establish maintenance intervals, and improve the reliability of MSW loading
systems in garbage trucks.

The scientific work [30] is dedicated to the analytical study of an improved mathematical model of the
hydraulic drive of the mechanism for tipping a container with municipal solid waste into a garbage truck, taking
into account the wear of friction pairs. To perform design calculations for new garbage truck designs, it was
obtained approximate analytical dependencies of pressure in the pressure line of the hydraulic cylinder, angular
velocity, and container tipping angle as a function of time, based on the proposed linearized mathematical model
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of the hydraulic drive of the container tipping mechanism during the technological operation of MSW loading into
a garbage truck during the first phase— rotation of the container to the equilibrium position, taking into account
the wear of friction pairs. The obtained regression equation allows to approximately determine the duration of the
first phase — the rotation of the container to the equilibrium position during its overturning in the technological
operation of MSW loading into a garbage truck, taking into account the wear of friction pairs. This can be used
during design calculations for new garbage truck designs, taking into account the wear of the executive bodies
without the need to study the nonlinear mathematical model of the drive of its working bodies, as well as during
the optimization of the main parameters of the hydraulic drive.

In the article [31], using a first-order experimental design with first-order interaction effects using the Box-
Wilson method, an appropriate regularity of wear of the friction nodes of the garbage truck loading mechanism
was determined based on the properties of anti-friction materials, and in the work [32], an appropriate regularity
of maximum impact dynamic stresses in the most loaded section of the garbage truck manipulator boom is
determined based on the wear of the manipulator hinge and its load level.

However, during the analysis of known publications, the authors did not find a complete methodology for
the design calculation of the parameters of the mechanism for tipping a container with municipal solid waste into
a garbage truck, taking into account the wear of friction pairs.

Aims of the article

Development of a scientifically grounded, improved methodology for the design calculation of the
parameters of a mechanism for tipping a container with municipal solid waste into a garbage truck, taking into
account the wear of friction pairs in order to determine its main geometric, force, and speed parameters.

Methods

The following methods were used in the work: analysis of scientific literature sources; synthesis of
mathematical interdependencies of the main geometric, force, and speed parameters of the equipment; a systematic
approach to take into account the interaction of all machine subsystems.

Results
Fig. 1 shows a schematic diagram of the hydraulic drive of the mechanism for container tipping in the

technological operation of loading MSW into a garbage truck, taking into account the wear of friction pairs when
using the rear MSW loading scheme.

Fig. 1. Schematic diagram of the hydraulic drive of the container turning mechanism in the technological
operation of MSW loading into a garbage truck, taking into account the wear of friction pairs

The diagram shows the following structural elements: C — container, G — gripper, L — lever, HC — hydraulic
cylinder, HD — hydraulic distributor, P — hydraulic pump, SV — safety valve, F — filter, T — tank with working
fluid, as well as the main geometric, kinematic and power parameters: pi, p2, p3, pa— pressures at the pump outlet,
at the hydraulic cylinder inlet, at the hydraulic cylinder outlet and at the filter inlet, respectively; Wi, Wa, W3, Wy
— volumes of pipelines between the pump and the hydraulic distributor, the hydraulic distributor and the hydraulic
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cylinder inlet, the hydraulic cylinder outlet and the hydraulic distributor, the hydraulic distributor and the filter;
Qp —actual pump flow rate; Sp— cross-sectional area of the distributor opening; Sy — surface area of the filter
element; D , d — piston and rod diameters; J — moment of inertia of moving elements; G¢ —container weight; R —
radius of rotation of moving elements; /p — distance between the centers of rotation of the gripper and the rod; 4 —
the height of the container; o — angle between the axes of the lever and the cylinder arm, y— angle that takes into
account the deviation of the center of mass position; 0 — angle between the gripping arm and the horizontal; A4 —
angle of inclination of the container wall; i — the angle between the axis of the cylinder arm and the axis passing
between the centers of rotation of the gripper and the hydraulic cylinder; ¢ — grip rotation angle.

The area of the rod cavity of the hydraulic cylinder of the container tipping mechanism can be found by using
the following formula [30]:

[m?]. (1)

The speed of the rods of the paired hydraulic cylinders of the container tipping mechanism can be
determined by the formula [30]:

Or
PAYS

V= [m/s]. 2

The pressure of the working fluid in the rod cavity of the hydraulic cylinder of the container tipping mechanism
during steady-state operation can be found using the formula [30]:

_ GRcos(8-7v)
P= Seil, sin(¢+a.)

[Pa]. (3)

The wear of friction components in the garbage truck loading mechanism due to the properties of anti-
friction materials is determined according to the following regularity [31]:

u=458.2f +0.1696 HB + 4366v — 546.2 p + 33782 fv [uml], @)

where u — wear of the manipulator joint, um; f'— coefficient of friction between steel and anti-friction
material; HB — hardness of anti-friction material according to Brinell, MPa; v — sliding speed, m/s; p — pressure in
the friction zone, MPa.

The maximum dynamic stress in the most loaded section of the manipulator boom due to wear of the
manipulator hinge and its load level is found according to the following regularity [32]:

2
G, =0.08552u + 89'58G£ +0.06243u GE —-2.99-107u’ - 10.02(%} [MPa],  (5)

where g, — maximum dynamic impact stresses in the most loaded section of the manipulator boom, MPa;
G/G, — manipulator load rate; G — weight of a container with municipal solid waste, N; G, — nominal load capacity
of the manipulator, N.

Based on the obtained value of g,uqx according to DSTU EN 1993-1-1:2010 [33], the grade of the manipulator
boom material can be determined.

The average value of the container tipping angle for the first phase — the phase of turning the container to the
equilibrium position can be determined by the formula [30]:

_ m/24A-5

2

[rad]. (6)

The duration of container overturning, taking into account the wear of friction pairs during the first phase,
is calculated using a simplified equation that is obtained in the article [30]:

28.,1,B,0,J sin (61 + \V)

- I8, %)
(0, —ac){BGGOJJrZSé,l; sin’ [ 9, +(a+w)/2]}

L=
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where gy — coefficient of working fluid loss due to flow from a high-pressure area to a low-pressure area,
without taking into account friction wear, m*/(N-s); a,, B, — approximation coefficients of the dependence of
working fluid losses on the duration of the friction pair wear process (o, = 4.054:104; 8, = 128.1).

The average value of the container tilt angle for the second phase—the phase of emptying MSW from the
container into the garbage truck body can be determined by the following formula [34]:

®, =0,757 +1,54 — S [rad]. (8)

The coefficient of working fluid loss due to flow from a high-pressure area to a low-pressure area, taking
into account the wear of friction pairs, can be found using the formula [30]:

__ Do, +u-10]
12vpl

[m¥/(N-s)], )

where Jy — nominal gap size, m; v — kinematic viscosity of the working fluid, m?/s; p — density of working
fluid, kg/m3; [ — ring gap length, m.

The duration of container tipping during the second phase can be determined using a simplified equation
that was obtained in [34]:

N ZSélli sin@2 +oc)sin($2 +\y) 21,
2 QPSaZp Sin($2 +O(.)—GGRCOS(8—’Y) ? Rg
2 (T T [s]. (10)
—QPSCJ,, Sln((I)2 + a)s1n (4)2 + \y)th)z
o7 pa L+ 2tan 7 Ko [cos(3—)+  sin(5-1) Jeos (6 +5 1)
The total duration of container tipping can be determined using the formula:
t:tl +t2 [S] (11)

The parameters of the mechanism for tipping the container with MSW into the garbage truck, taking into
account the wear of friction pairs, calculated according to the proposed methodology, are given in the Table 1.

Table 1

Basic parameters of the mechanism for tipping a container with MSW into a garbage truck, taking into
account the wear of friction pairs

Sci, m? | v, m/s | p, MPa |u, um |Gyar, MPa| material @, rad| t,s | @,,rad|o, m*’/(N's)| £,s t,s

5.027-10% 0.0912 | 1.43 | 13.5 247 WOKh steel 0.271 |0.755| 1.378 |1.228-10"'%| 4.196 4.95

The parameters of the mechanism for tipping the container with MSW into the garbage truck, taking into
account the wear of the friction pairs, were obtained based on the following initial data: D = 80 mm; d = 50 mm;
Op=551min; G=1742N; R=0.72 m; y=20° 6= 65°; [, = 150 mm; a=40°;, f=0.1; HB =250 MPa; G, = 4900
N; 1= 6% a, = 4.054:10%; B, = 128,1; 5o=9.24-10"""m3/(N-s); J = 112.6 kg-m?; w = 30° & = 0.136 mm; v =
1.83-10”° m?/s; p = 890 kg/m?; [ = 35 mm; h,= 0.46 m; V= 1.1 m?; pp =210 kg/m3; f=0,3.

The usage of the proposed improved method for engineering calculation of the parameters of the
mechanism for tipping a container with MSW into a garbage truck, taking into account the wear of friction pairs,
allows to significantly reduce the design time and avoid unreasonable costs for labor-intensive experimental and
theoretical research.

The development of an improved method for project calculation of the parameters of the manipulation lever
rotation mechanism during the loading of municipal solid waste into a garbage truck, taking into account the wear
of friction pairs, requires further research.

Conclusions
A scientifically based improved algorithm for the design calculation of the parameters of the mechanism

for turning a container with municipal solid waste into a garbage truck, taking into account the wear of friction
pairs, is proposed, which allows to obtain its main geometric, force, and speed parameters. It has been established
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that the development of an improved methodology for the design calculation of the parameters of the manipulator
lever rotation mechanism during the loading of municipal solid waste into a garbage truck, taking into account the
wear of friction pairs, requires further research.
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Bepeswok O.B., CaByasik B.1., Xap:xkeBcbkuii B.O., S.Cv. Ivanov, SIBopcekuii B.€. Y nockonanenuit
ITOPUTM IH)KCHEPHUX pO3paxyHKIB IapaMeTpiB MEXaHi3My IepeBEepTaHHs KOHTEHHepa y CMITTEBO3 i3
ypaxyBaHHSM 3HOCY T1ap TepTs

CraTTts npucBsiaeHa po3po0Ili Ha OCHOBI aHAITI3Y HAYKOBHUX JITEPATyPHUX HKEpeI HAyKOBO-00TpyHTOBaHO1
YIOCKOHAIECHOT METOIMKH HPOEKTHOTO PO3PaxyHKy IIapaMeTpiB MeXaHi3My IlepeBepTaHHsS KOHTeiHepa 3
TBEPIMMH OOYTOBMMH BiIXOJaMH Y CMITTEBO3 i3 ypaXyBaHHAM 3HOCY I1ap TEPTS 3 METOIO BU3HAYCHHS OCHOBHUX
HOro TeOMETPUYHUX, CHJIOBHX Ta MBHUIKICHUX MapaMeTpiB. [IpuBox pobounx opraHiB MexaHi3My IepeBepTaHHI
KOHTeHHepa 3 TBEpAMMH MOOYTOBHUMH BiIXOJAMH Yy CMITTE€BO3 — TiIApPABIIYHUHA 3 JHKEPEIOM JKUBJICHHS Bil
HAcOCHOI cTaHLii CMiTTeBo3a. BHKOpHCTaHHS 3alpPONOHOBAHOI YIOCKOHAJEHOI METOIUKH I1HXKEHEPHOTO
PO3paxyHKy apaMeTpiB MEXaHi3My IepeBepTaHHs KOHTEHHEepa 3 TBEPAUMH ITOOYTOBUMHU BiIXO1aMH Y CMITTEBO3
i3 ypaxyBaHHSM 3HOCY Iap TEPTs JO3BOJISIE CYTTEBO CKOPOTUTH 4ac IMPOEKTYBAHHS, YHUKHYTH HEOOIPYHTOBaHUX
BUTpPAaT Ha TPYJIOMICTKI €KCHEPHMMEHTAIbHI Ta TEOPETHUYHI JOCTIKEHHA. 3a JIONMOMOTOI0 3aIllpOIOHOBAHOI
HayKOBO-OOIPYHTOBaHOI yJOCKOHAJIICHOT METOAMKH MPOEKTHOTO PO3paxyHKy IapamerpiB  MeXaHi3My
nepeBepTaHHsl KOHTEHHepa 3 TBEpAMMH NOOYTOBHMH BiJIXOJaMHU y CMITTEBO3 13 YpaxyBaHHSM 3HOCY Iap TEpTs
BU3HAUYEHO OCHOBHI IOTr0 T'€OMETpWYHI, CHIIOBI Ta HIBHIKICHI mapameTpu. BcraHoBieHO, mo po3poOka
YAOCKOHAIEHOI METOIMKH MTPOEKTHOTO PO3PaXyHKy MapaMeTpiB MeXaHi3My ITOBOPOTY BaXKeJsl MaHIIMyJIsATOpa i
Yac 3aBaHTAXKCHHS TBEPAMX NMOOYTOBHX BIAXOHNIB y CMITTEBO3 i3 ypaxyBaHHSAM 3HOCY Iap TEPTsS BHMAarae
NPOBENCHHS NOJAIBIINX JOCITIKCHb.

KoarouoBi ciioBa: aaroputm, MeToMKa NPOEKTHOTO PO3PaxyHKY, YpaxyBaHHs 3HOCY, T1IPONPHBOJI, 3HOC,
BY3JIM TEPTsI, MEXaHi3M IIepCBEPTaHHS KOHTEHHEpa, CMITTEBO3, TBEP/Ii OOYTOBI BiXOIH.
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Abstract

This article examines ways to improve the wear resistance of agricultural machinery components operating
under intense abrasive wear conditions. The study focused on cultivator shanks made of 50, SOKhGA, and 65G
structural steels. The aim of the study is to develop and scientifically validate a technology for electro-induction
surfacing of wear-resistant coatings based on Fe—Cr—C and Fe—Cr—C-B alloys, ensuring the formation of an
optimal deposited layer structure and improving the performance of the components. A hardening process is
proposed, including electro-induction surfacing of a hard-alloy material followed by pulsed high-energy heating,
as well as the design of a special inductor that allows for simultaneous surfacing of the shanks' nose and hardening
of their wings. The effect of chemical-thermal treatment (boriding) on the formation of a hardened surface layer
is also studied. Field tests were conducted under cultivating conditions using pilot and control samples. Working
tool wear was assessed based on changes in geometric parameters, overlap area, and mass loss. It was found that
the relative wear of surface-hardened wingtip shanks ranged from 8-27%, while for standard parts hardened using
traditional methods, it reached 25-40%. This indicates a 30—60% reduction in wear intensity. It was shown that
the performance of wingtip shanks during operation is determined primarily by maintaining their overall
arrowhead shape. For a more objective wear assessment, it was proposed to use integrated indicators including
changes in the overlap area of the working tools and average mass loss. The developed technological solutions can
increase the relative wear resistance of the working tools by 2.0-2.5 times, reduce traction resistance during soil
operation by 6—-8%, and improve the efficiency of agricultural processes.

Keywords: electro-induction surfacing, wear-resistant coatings, abrasive wear, arrow paw, working parts
of agricultural machinery, boriding, alloys of the Fe—Cr—C system, alloys of the Fe—Cr—C-B system, surface
hardening, wear resistance.

Introduction

Every year, as a result of abrasive wear, which occurs during soil cultivation and crop production
processing, a significant loss of metal occurs. Even in parts subjected to hardening, the total volume of such losses
reaches hundreds of thousands of tons. In order to increase the service life of parts and components operating
under conditions of intense abrasive action, various hardening methods are used, one of which is surfacing of wear
surfaces. Electro-induction surfacing using powder materials based on high-alloy chromium white cast irons and
pseudoalloys of the Fe—Cr—C and Fe—Cr—C-B systems is considered a promising but still insufficiently studied
direction. The study of the features of this process is devoted to the work of V.N. Tkacheva, M.M. Tenenbaum,
Al Sydorov and other scientists. In the process of forming a hard alloy layer on the surface of structural and low-
alloy steels, chemical and structural inhomogeneity of the coating occurs. As a result, the wear resistance of
individual zones of the formed layer may differ and vary between 0.55 and 1.0 relative to each other. One of the
ways to improve the reliability and durability of the working bodies of agricultural machines is the development
of methods for controlling the structure and properties of wear-resistant coatings obtained by the method of
electro-induction surfacing from white high-alloy chromium cast iron and pseudoalloys. The key stage of the
electro-induction surfacing process is the formation of a durable wear-resistant layer on the surface of the parts,
capable of working effectively under conditions of intense abrasive and shock-abrasive impact. To solve this
problem, resource-saving technologies of electro-induction hardening of working bodies of agricultural machinery

Copyright © 2026 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
£ properly cited.
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are widely used. Currently, about 73% of all welding operations are performed by the method of electro-induction
surfacing in tractor and agricultural machine building.

An analysis of the operating conditions of working parts of agricultural machines strengthened by electro-
induction surfacing shows that their premature failure is often associated with the formation of an inhomogeneous
structure of the surfacing layer. Such inhomogeneity occurs when applying wear-resistant coatings made of high-
alloy chromium white cast iron and pseudoalloys to carbon and low-alloy steels.

The increase in production efficiency and the quality of manufactured products is directly related to the
fuller use of the potential of materials and technologies for applying wear-resistant coatings to structural steel. In
this regard, the study of the influence of physical, chemical and technological factors, as well as their complex
impact on the formation of the structure, chemical and phase composition of alloys of the Fe—Cr—C and Fe—Cr—
C-B systems during electro-induction surfacing, becomes especially relevant.

The implementation of this direction is possible due to alloying wear-resistant coated with carbide-forming
elements, saturating them with boron, applying heating with an electromagnetic field of increased frequency,
optimizing the composition of charge materials, as well as additional impact on the deposited layer with an electric
arc of a carbon electrode. The use of the specified methods allows you to purposefully control the process of
forming the primary structure of the deposited layer. The cumulative application of physical, chemical and
technological effects opens up opportunities for obtaining new scientific and technical solutions aimed at
significantly increasing the operational characteristics of hardened parts.

Literature review

Working bodies of agricultural machines in the process of operation are exposed to intensive abrasive wear,
which occurs when metal surfaces interact with soil, sand and hard mineral inclusions. As a result, there is a
gradual destruction of the surface layer of parts, a change in their geometric parameters and a decrease in the
efficiency of the equipment. Abrasive wear is one of the main reasons for failure of such elements as ploughshares,
cultivator paws, knives of tillage units and other parts of agricultural machines. Therefore, increasing their wear
resistance and durability is an important task of modern agricultural engineering.

One of the most common ways to increase the service life of parts operating under conditions of intense
abrasive action is the application of wear-resistant coatings. For this, various methods of surfacing are widely
used, which allow to form a layer of material with increased hardness and wear resistance on the surface of the
part. Coating technologies allow not only to improve the performance characteristics of new parts, but also to
effectively restore worn-out machine elements, which has a significant economic value.

In recent years, researchers have paid considerable attention to surfacing materials based on the Fe—Cr—C
system, which are widely used to obtain wear-resistant coatings. Such alloys are characterized by the formation
of a structure containing solid carbide phases that provide high hardness and resistance to abrasive wear. However,
a number of studies show that the traditional materials of this system do not always provide sufficient durability
of the coating at high specific loads and cyclic impacts. This is due to the formation of a coarse-grained structure
and non-uniform distribution of carbide phases, which can accelerate the wear process.

To improve the operational properties of the coating, researchers suggest alloying surfacing alloys with
various elements, such as boron, titanium, molybdenum, and others. The introduction of boron contributes to the
formation of solid boride phases in the structure of the coating, which significantly increase the hardness and wear
resistance of the material. Studies show that with an increase in the boron content in iron-containing alloys, the
share of borides increases, which leads to an improvement in microhardness and an increase in resistance to
abrasive wear.

Considerable attention is paid to the issues of increasing the wear resistance of the working bodies of
agricultural machines in modern studies of Ukrainian scientists. For example, in the works of T. Skoblo, O. Nanka,
0. Saichuk, I. Rybalko, A. Tikhonov, and A. Zakharov, the effect of modifying additives on the structure and
properties of welded layers used in the restoration of plowshares and cultivator paws was studied. The obtained
results show that the introduction of carbide and oxide modifiers makes it possible to improve the mechanical and
tribological characteristics of welded coatings.

Foreign researchers also made a significant contribution to the development of surface hardening
technologies and wear-resistant coatings. Thus, in the works of V. Malikov, A. Ishkov, D. Shmykov, P. Androsov
and others, methods of increasing the wear resistance of parts using electro-induction surfacing were studied. The
authors have shown that the use of electro-induction heating makes it possible to form durable wear-resistant
coatings and significantly increase the service life of machine parts.

A number of foreign studies are devoted to the study of the structure and properties of iron-based composite
coatings obtained by the method of electro-induction surfacing. Experimental results show that such coatings have
high hardness and resistance to wear due to the formation of carbide and boride phases in the structure of the
coating.

In the field of development of modern functional coatings and technologies of surface engineering, the
research of the German scientist Robert Vafien is also well-known, whose work is devoted to the creation of high-
temperature and wear-resistant coatings for various branches of mechanical engineering. His research contributed
to the development of technologies for obtaining functional coatings with increased operational properties.
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An important role in the formation of the structure and properties of wear-resistant coatings is also played
by the technology of their application. Currently, various methods of obtaining such coatings are used, including
arc surfacing, plasma spraying, laser surfacing and electro-induction surfacing. Among them, electro-induction
surfacing is of considerable interest due to the possibility of local heating, high productivity of the process and
relatively low energy consumption. In addition, this method makes it possible to obtain coatings with good
adhesion to the base and a minimal zone of thermal influence.

Electro-induction surfacing is especially promising when using powder materials and high-alloy alloys. In
the process of heating with a high-frequency electromagnetic field, the surfacing material is melted and a
protective layer with specified properties is formed on the surface of the part. The structure of such a layer depends
on the composition of the charge materials, heating modes and cooling rate. A number of studies have shown that
the formation of a finely dispersed structure with a uniform distribution of carbides and borides contributes to a
significant increase in the wear resistance of the coating.

Of special interest are wear-resistant coatings based on highly alloyed chromium white cast irons and
pseudoalloys of the Fe—Cr—C and Fe—Cr—C—B systems. Such materials are characterized by high hardness due to
the presence of chromium carbides and boride phases, which effectively prevent the development of abrasive
wear. With an optimal ratio of components, it is possible to form a structure that provides a combination of high
hardness and sufficient viscosity, which is especially important for parts that work under shock-abrasive
conditions.

Despite a significant amount of research in the field of wear-resistant coatings, a number of issues related
to the formation of the structure of the deposited layer and the management of its properties remain insufficiently
studied. In particular, the tasks of optimizing the composition of surfacing materials, improving electro-induction
heating modes, and developing combined surface treatment technologies are relevant.

Thus, the analysis of literary sources shows that the application of electro-induction surfacing using high-
alloyed alloys and powder materials is a promising direction for increasing the durability of working bodies of
agricultural machines. Further research should be directed to the study of the regularities of structure formation
and phase composition of welded coatings, as well as to the development of technological solutions that provide
an increase in their wear resistance and operational reliability.

Purpose

The purpose of the research is the development and scientific substantiation of the technology of electro-
induction surfacing of wear-resistant coatings on parts of the working bodies of agricultural machines based on
alloys of the Fe—Cr—C and Fe—Cr—C-B systems, which ensures the formation of the optimal structure of the
deposited layer and increases the operational characteristics of parts operating under conditions of abrasive wear.

Research methodology

The subject of the study was the working parts of tillage machines — cultivator shanks made of 50, SOKhGA,
and 65G structural steels. These materials were chosen due to their widespread use in the manufacture of working
parts of agricultural machinery operating under conditions of intense abrasive wear.

The research aimed to increase the wear resistance of shanks by developing electro-induction surfacing and
chemical-thermal hardening (boring) processes.

To strengthen the blade portion of shanks, a process was developed that included:

— applying a hard-alloy charge to the blade surface;

— electro-induction heating of the surfacing zone;

— forming a hardened layer;

— simultaneous hardening of the shanks' wings.

To implement this process, a special inductor was developed that simultaneously deposits the nose of the
lance and hardens the working surface wings.

The inductor design includes:

— deposition coil;

— quenching coil;

— current conductor;

— connecting plate for connection to the generator;

— profiled tube for melting the charge.

Pulsed high-energy heating ensured localized melting of the carbide material and the formation of a
hardened layer on the cutting edge.

Some of the experimental samples were additionally borided. Boriding was performed using special paste-
like coatings of various compositions (coating codes I-VI). After coating application, the samples were heat-
treated to form a boride layer of increased hardness.

The resulting hardened samples were used for further performance testing.

Field testing of the wingtip shares was conducted on a cultivator during soil cultivation. Experimental
samples were installed in the first and second rows of working elements.
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Control samples included production wingtip shares that had undergone bulk hardening, high-frequency
hardening, and spark hardening.

The tests were conducted under identical agricultural conditions, with controlled tillage depth and operating
modes.

Wear of the working parts was determined by changes in the geometric parameters of the wingtip sweep,
which were measured before and after testing.

The following parameters were monitored:

lg — wear along the nose width;

l, — wear along the wing width;

l; — wear along the blade length;

ls — change in overlap area;

lm — change in working part weight.

Relative wear was determined using the formula:

I[=((Xo—X)/Xo) x 100%

where:

Xo — initial parameter value;

X — parameter value after testing.

For a comprehensive characterization of wingtip sweep wear, it is proposed to use the following integrated
indicators:

— change in working part overlap area (Js);

— change in average sweep weight.

This approach allows for a more objective assessment of the performance of wingtip sweeps, since
maintaining their arrow-shaped shape is the main factor in meeting agricultural requirements.

The test results were processed using a comparative analysis of the experimental and control samples.
Relative wear was determined for each hardening variant and compared with the control samples.

Research results

Modern constructions of the working bodies of agricultural machines and the applied methods of
strengthening them must ensure a minimum level of wear and a reduction in traction resistance with mandatory
observance of agrotechnical requirements. Fig. 1 shows the scheme of applying a hardening coating, which helps
to reduce the intensity of wear.

A-A
4
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5
B 6-E
6
i et 7
7

Fig. 1. Scheme of application of a hard alloy with subsequent high-energy heating (pulse heating): 1, 2 — shank and
wing of the arrow paw; 3 — hardened layer on the cutting surface; 4 — cross section of the hardened layer; 5 — base
metal

In this regard, the working body of the agricultural machine was developed, the design of which allows,
with the gradual dulling and change of the geometry of the blade, arising as a result of abrasive wear during
operation, to prevent a situation in which soil particles stop in front of the cutting edge and are pressed into the
soil layer.

In addition, a technological process was proposed, which allows simultaneous surfacing of a hard alloy and
hardening of individual parts of the working bodies of agricultural machines in a special inductor (Fig. 2).
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Fig. 2. Inductor for simultaneous surfacing of the nose part of the arrow paw and hardening of its wings: 1,2 —
naplavochny and zakalochny turns; 3 — current conduit; 4 — plate for connection to the generator; S — fitting; 6 —
profiled tube for melting the charge material

The developed and manufactured inductor provides the necessary modes of hardening of both welded and
stamped arrow legs when performing electro-induction surfacing of the nose part with simultaneous hardening of
the wings. The working bodies, made of steel 50, SOKhGA and 65G, were subjected to the process of boronization,
after which tests of the formed hardened layer were carried out in real field conditions of operation.

Table 1
Relative wear of surface-hardened arrow feet
Plastering code Wear by parameter Iy, % Installation diagraml for a field
B b 1 S m (row-crop) cultivator
1-2-WP, O 12.1 17.2 20.7 33.8 28.6 first row
1I-1-AP, O 12.7 27.9 21.5 334 34.5 second row
I11-1-WP, O 12.3 16.8 20.9 34.9 28.6 first row
I11-2-AP, O 19.1 22.4 29.6 41.2 33.3 second row
V-2-WP, C 9.9 8.8 13.7 23.5 19.1 first row
V-2-WP, C 9.3 16.3 13.2 25.2 25.0 second row
IV-1-WP, O 27.4 33.8 30.0 49 .4 44.1 first row
1V-2-AP, O 28.2 52.3 33.3 51.8 55.9 second row
I-1-WP, O 8.4 11.1 13.6 23.5 20.2 first row
I-1-WP, C 13.4 13.1 18.9 31.1 22.6 second row
VI-2-AP, C 25.9 36.4 31.3 50.5 35.7 first row
Control 19.9 43.6 32.5 50.4 40.5 second row

The analysis of the data presented in Table 1 shows that the influence of the investigated technological
factors on the intensity of wear of the hardened working body in real operating conditions is ambiguous.
Regardless of the method of applying the coating to the surface of the arrow paws, in all samples with surface
hardening, wear is recorded in the range of 8—27% according to individual dimensional parameters. At the same
time, control arrow legs tested under similar conditions (both volume hardening and three-stage hardening) show
significantly greater wear, which is 25-40%. The appearance of industrially manufactured arrow paws after
operation is shown in Fig. 3. The obtained experimental results show that there is a definite relationship between
the amount of wear and the parameters of the deposited layer of surface-hardened working bodies. At the same
time, despite a significant change in some geometrical parameters (Ig, Iy, 1i), the arrow legs remained operational
throughout the entire period of testing. This allows us to conclude that the performance of a worn arrow paw is
largely determined not by a change in individual geometric dimensions, but by the ability of the working body to
maintain a general arrow-shaped shape.

Fig. 3. Photos of worn arrow paws: a — initial paw; b — paw strengthened according to scheme IV-1-WP after testing;
¢ — serial pawl subjected to volume hardening, surface high frequency currents hardening and electrospark
hardening (HRCe = 50) after testing
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In this regard, it is proposed to estimate the wear of surface-reinforced arrow feet using integral indicators,
such as the change in the overlapping area (Js) and the average mass loss.

Conclusions

A technological process for hardening the shovel blades of tillage machines has been developed. This
process involves electro-induction surfacing of a carbide material followed by pulsed high-energy heating,
ensuring the formation of a localized wear-resistant layer on the most heavily loaded areas of the working element.

A special inductor design has been proposed that allows for the combined hardening of the shovel nose and
the hardening of its wings, ensuring differentiated hardening of the working surfaces and increasing the
technological efficiency of the hardening process.

Experimental studies have shown that the use of the developed coating compositions during boriding of
working elements made of grades 50, SOKhGA, and 65G steels promotes the formation of a hardened surface layer
with increased resistance to abrasive wear under operating conditions.

Field tests showed that the relative wear of surface-hardened wingtip tines, based on controlled geometric
parameters, ranges from 8% to 27%, while the wear of standard wingtip tines hardened using traditional methods
(bulk hardening, high-frequency hardening, and spark hardening) reaches 25% to 40%, indicating a 30% to 60%
reduction in wear intensity.

It was established that the continued performance of wingtip tines during operation is determined primarily
by the maintenance of the overall wingtip shape of the working element, rather than by individual geometric wear
parameters. This is crucial for ensuring consistent tillage performance.

It is proposed to use integrated wear indicators, including changes in the overlap area of the working
elements and average mass loss, which allow for a more objective assessment of the service life of surface-
hardened working elements.

The research resulted in the proposal of new design solutions and technologies for hardening working parts,
based on the use of electro-induction surfacing of high-chromium white cast irons and pseudoalloys on 65G and
50KhGA steel for components such as feed mill hammers, as well as welded and solid-stamped wing tines.
Implementation of the developed technologies increases the relative wear resistance of the components by 2.0-2.5
times compared to traditional hardening methods, reduces traction resistance during movement in the working
environment by 6—8%, and improves the efficiency of agricultural processes.
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Mapuenko JI.JI., MarBeeBa K.C. Po3poOka Ta JOCHIDKEHHS TEXHOJIOTII EJICKTPOIHIYKIIHHOTO
HAIUIABJICHHS JICTajeil pOOOYHMX OpraHiB CLIbCHKOTOCIIOAAPCHKIX MAIITHH

Y crarTi  pO3MISIHYTO NWTAaHHS  IIOJO  IIJBHIIEHHS  3HOCOCTIMKOCTI  po0OOYMX  OprasiB
CITbCBKOTOCIIOAAPCHKUX MAIIWH, IO eKCIUIYyaTyIOThCS B YMOBaX IHTGHCHBHOTO a0pa3sMBHOIO 3HOIIYBaHHS.
O06'ekTOM TOCTIHKSHHS OYIIH CTPITIACTI JIali KyJIbTHBATOPiB, BUTOTOBJICHI 3 KOHCTPYKIiitHNX cTanei 50, S0XTA
Ta 65I". MeToro poboTH € po3poOKa Ta HayKOBE OOTPYHTYBAHHS TEXHOJIOTII €IeKTPOIHAYKIIHHOTO HATUIABICHHS
3HOCOCTIMKMX TMOKPHUTTIB Ha ocHOBi cmaBiB cucteM Fe—Cr—C Ta Fe—Cr—C-B, mo 3abesmedye popmyBaHHS
OINITUMAJBHOT CTPYKTYypH HAIUIABICHOTO IIApy Ta IIJBHIICHHS EKCIUTyaTalllfHMX XapaKTEePUCTHK pOOOYHX
OpraiB. 3ampoOIIOHOBAHO TEXHOJOTIYHUH IMpOIlec 3MIHEHHS, IO BKIIIOYA€ €IEKTPOIHAYKIIHE HaIUIaBICHHS
TBEPAOCIUIABHOTO MaTepiajlly 3 HACTyHUM IMITyJbCHUM BHCOKOCHEPTETHYHHM HArpiBaHHSIM, a TaKOX
KOHCTPYKIiSl CHELiaJIbHOTO 1HIYKTOpa, IO JI03BOJISIE OHOYACHO BHKOHYBATH HAILJIaBJICHHS HOCOBOi YaCTHHH
CTplI4acToi Jlanu Ta 3arapTyBaHHsA ii Kpui. Jlo#ZaTKOBO MOCITIDKEHO BIUIMB XIMIKO-TEpMIYHOT OOpOOKH
(bopyBanHs1) Ha (hopMyBaHHS 3MILHEHOTO IIOBEPXHEBOTO 1apy. [1oyb0Bi BUITPOOYBaHHS MPOBOAMINCS B YMOBaX
00pOOKH I'PyHTY Ha KyJbTHBATOPI 3 BUKOPUCTAHHAM JOCIIHUX Ta KOHTPOJIBHUX 3pa3KiB. 3HOC poOOYNX OpraHiB
OLIIHIOBABCS LIO/I0 3MIHM F€OMETPUYHUX NApaMeTpiB, IUIONI MEPEKPUTTS Ta BTpaTH MacH. BcraHoBieHO, 10
BIZTHOCHE 3HOIIYyBaHHS MOBEPXHEBO-3MIIIHEHUX CTPLTIACTHX JIaIl CTAHOBUTH 8—27%, TOMI SIK y CepiliHNX IeTajeH,
3MIIHEHUX TpaAWIiiHUMH MeTonamu, BiH nocsrae 25-40%. Lle cBimunTh NpoO 3HIKEHHS IHTEHCHBHOCTI
3HomyBaHHA Ha 30—60%. [TokazaHo, 110 Mparne3JaTHICTh CTPITYACTHX Jall Y MIPOIEC] eKCIUTyaTallil BU3HAYa€ThCS
MepeBaXHO 30epeKeHHAM TXHBOI 3aranbHoi cTpitononioHoi popmu. J{i1st 611k 00'€KTUBHOT OLIHKY 3HOIITYBAHHS
3aIPONOHOBAHO BUKOPUCTOBYBATH IHTETPANIbHI MOKA3HHUKH, IO BKIIOYAIOTH 3MiHY IUIOLII IIEPEKPUTTS pOOOYNX
OpraHiB Ta CEpEeAHI0 BTpaTy Macd. Po3poOieHi TeXHOJOTIUHI DIMICHHS TO3BOJISIFOTH MiJBUIIUTH BiIHOCHY
3HOCOCTIHKICTh poOoumx oprauiB y 2,0-2,5 pa3u, 3HU3UTH TATOBUH OIp MpH iX poOOTI y IpyHTI HAa 6—8 % Ta
MIABUIUTYA ¢PEKTHBHICTh arPOTEXHIYHUX POIICCIB.

Kiawu4oBi ciaoBa: enekTpoiHayKIliiiHa HaIlIaBka, 3HOCOCTIHKI MOKPUTTS, aOpa3sMBHHUN 3HOC, CTpiayacta
nama, po0oYi OpraHu CiIbCHKOTOCIIONAPCHKUX MAIlWH, 00pyBaHHS, ciuiaBu cuctemu Fe—Cr—C, crjiaBu CHCTEMU
Fe—Cr—C—B, 3MinHEeHHS TOBEPXHi, 3HOCOCTIHKICTb.
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Abstract

The results of studying the tribotechnical characteristics of composite coatings formed by the electric spark
alloying (ESA) method are presented. It has been established that the key factor in controlling the stress-strain
state of the “coating-base” system is the optimization of the thickness and continuity of the strengthened layer.
Using the finite element method, it was demonstrated that for coatings with a thickness of 100 um, the minimum
stress concentration is achieved when the coating continuity is within 60—80%. Deviations from these values (less
than 50% or greater than 80%) lead to an increase in local stresses. Modeling showed that the maximum equivalent
stresses are localized at depths up to 30 um for BKS8 coatings and up to 50 um for KHN25 coatings (with a total
layer thickness of 120 pm), which reduces the stress—strain state of the substrate under external loading.
Experimental abrasive wear tests in an environment with loosely fixed abrasive particles showed that the minimum
weight loss is achieved when the coating continuity is 55—75%, with an optimal value of 70% and a ratio of
strengthened to unstrengthened areas of 2:1. Comparative analysis of materials revealed that coatings made of
WC-8Co alloy (microhardness 10000 MPa) exhibit 1.8—2 times higher weight wear compared with KHN25 alloy
(microhardness 8500 MPa). This is explained by the increased fragility of WC-8Co and the low content of the
cobalt matrix, which leads to chipping and groove formation when in contact with abrasive particles up to 250 um
in size. The obtained results make it possible to scientifically justify the selection of ESA modes and electrode
material compositions for the restoration of machine parts operating under conditions of intensive abrasive action.

Karwuosi cioma: electric spark alloying, coating, wear resistance, abrasive wear, stress—strain state,
tribotechnical characteristics.

Introduction

Ensuring the operational reliability and competitiveness of modern mechanical engineering depends on the
development of effective methods for strengthening working surfaces. Since significant material losses are caused
by friction and premature wear of tribological units, the search for technologies for forming wear-resistant
structures is a priority task [1]. A promising tool for surface modification is the ESA method. It allows not only
the creation of layers with high hardness and corrosion resistance but also the effective restoration of worn parts
while minimizing thermal loads on the substrate. Due to its low energy consumption and the possibility of local
control over the properties of the formed coatings, ESA meets modern environmental and economic requirements.
The study of the micromechanical characteristics of such layers opens the way to scientifically grounded control
of wear kinetics and improvement of technologies for creating composite protective coatings.

Literature review

A key stage in designing the technological process of electric spark alloying is the scientifically justified
selection of electrode materials, since they determine the final functional parameters of the coating. According to
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an analysis of scientific studies [2—4], the efficiency of forming composite layers depends on a complex of factors,
among which the leading role is played by the physicochemical compatibility of the anode with the substrate
surface, the features of reverse mass transfer, and the specifics of structure formation on the working surfaces of
electrodes.

Since alloying elements are transferred directly under the action of electrical discharges, the composition
of the selected material directly correlates with the wear resistance and anticorrosion characteristics of the
strengthened part [5, 6]. Modern criteria for electrode selection require high electrical conductivity to stabilize
discharge processes, as well as thermal and mechanical resistance to extreme loads in the processing zone.
Particular attention in research is paid to the ability of materials to form stable phases, which is a critical factor for
ensuring high adhesion and durability of protective coatings under complex operating conditions [7-9].

The choice of components of composite materials is limited by their compatibility [10]. Solving the problem
of regulating the compatibility of components within a single coating makes it possible to fully utilize the
tribotechnical properties of composite coatings. When selecting composite coatings, it is necessary to consider the
ability of the part material to physically and mechanically interact with the coating material. The coefficients of
thermal expansion of the strengthened part material and the coating material should differ minimally to ensure
maximum adhesion strength between the coating and the surface of the part.

Under conditions of modern development of materials science, the electric spark alloying method is gaining
particular relevance as a highly effective technology for surface modification that opens new opportunities for the
functional improvement of parts in leading industries. Modern ESA research is focused on the development of
innovative electrode materials, particularly those based on refractory compounds and nanostructured additives
[12], which significantly expand the application limits of this method for extreme operating conditions.

To improve the tribotechnical properties of parts, it is advisable to use metal-matrix composite materials
with ceramic fillers [11]. The choice of metal-matrix composites is justified by high values of strength
characteristics, elastic modulus, and their stability up to the melting temperatures of the base metal. The main
function of ceramic fillers is to strengthen the metal matrix of composite materials and the composite coating as a
whole.

The study of tribotechnical properties of composite coatings makes it possible to scientifically control wear
processes and improve technologies for creating protective coatings.

Purpose

To evaluate the tribotechnical properties of composite electric spark coatings (ESC), taking into account
the physicomechanical interaction between the material of the material and the coating.

Objects of research and experimental conditions

The electric spark alloying process was carried out using an “Elitron-22” installation at a discharge energy
of 0.5 J, operating current /=0.5...1.5 A, voltage U =25...55 V and electrode cross-section of 4—16 mm? During
coating formation, the electrode was moved relative to the tool surface at a speed of 1...5 m/s.

During electric spark alloying of steels, electrodes made of tungsten carbide hard alloy WC-8Co and
composite powder material KHN-25 were used (Table 1).

Table 1
Composition of composite powder KHN-25 (wt.%)
Alloy grade Chromium carbide (%) Nickel (%)
KHN-25 (Cr-Ni-C) 73..75 22...25

By varying the voltage and current during electric spark alloying, it is possible to control the ratio between
coating continuity and thickness. This ratio determines the operational reliability of strengthened surfaces and
improves the tribotechnical properties of the strengthened surface layer. The choice of EAS modes, electrode
material, and material of the part to be strengthened is presented in Table 2.

Table 2
Selection of base material, electrode material, and ESA regimes
No. Base material Electrode material Current (A)
1 40Cr13 KHN25 2.5
2 65G WC-8Co 3.7

Experimental evaluation of coating wear resistance was performed on a specialized test stand according to
GOST 23.208-79, which correlates with the international standard ASTM G65. The experiment simulated surface
destruction under the action of loosely fixed abrasive particles with grain size up to 250 um.

Analysis of the main results
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As aresult of modeling the stress - strain state of the electric-spark coating—substrate system using the finite
element method in the licensed software package MSC Visual Nastran for Windows, it was established that for
electric-spark coatings with a discontinuous structure, a reduction of shear loading in the substrate material can be
achieved by increasing the continuity of the coating. An increase in coating continuity ensures the localization of
shear stress within local regions of the coating. A reduction in the shear component of the load and an optimal
distribution of the specific normal load over the contact zone can be achieved by decreasing the size of the coating
contact areas with the part surface and by applying the coating with a continuity of 60...80%. In this case, the
value of the specific normal distributed load increases less than the shear load decreases.

When the coating continuity increases to >80% (i.e., the distance between coating parts decreases) or
decreases to <50%, stress concentration increases. For coatings of different thicknesses, the maximum reduction
in stresses is observed at a coating continuity of 60...80% (Figure 1, 2).
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Base Coating
2,10E+08 Coating continuity
1,90E+08 == 50%
== (6.6%
1,70E+08
=l=71%
1,50E+08 = T77%
1,30E+08 =H=90%
1,10E+08 . ; :
100 50 0 50 100 h, pm

Fig. 1. Equivalent stresses along the depth from the coating surface into the substrate (65G steel) as a
function of the continuity of the WC-8Co coating (coating thickness (h) 120 pm).
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Fig. 2. Equivalent stresses along the depth from the coating surface into the substrate as a function of the
continuity of the KHN25 coating (coating thickness (h) 120 pm).

It was established that the harder WC-8Co material forms a coating that ensures localization of the
maximum equivalent stresses along the depth up to 30 pm, while a coating of lower hardness, KHN25, ensures
localization of the maximum equivalent stresses at a depth of up to 50 um for a coating thickness of 100...300
um. Regardless of the coating type, the maximum equivalent stresses develop within the coating itself, which
reduces the stress—strain state of the substrate.

The use of electric-spark composite coatings with an optimal combination of thickness and continuity
makes it possible to improve the tribological performance of strengthened and restored components.

Applying a coating with variable continuity is achieved by changing the electrode movement speed. During
ESA, moving the electrode allows the formation of different topographies of the coating on the strengthened
surface of the part. By adjusting the current and voltage, it is possible to control the ratio of coating continuity to
its thickness.

Composite coatings with variable continuity were formed in the form of microzones (up to 1.0 mm) by
changing the electrode movement speed, allowing control of the coating continuity within the range of 20...90%.
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To select the optimal continuity of the coatings, which would provide high abrasive resistance, experiments
were conducted in an abrasive environment under sliding conditions. Figure 3 shows the dependence of the weight
wear of the coating on its continuity ().

Weight wear, g
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Fig. 3. Dependence of the weight wear of experimental samples with ESA coatings on the coating continuity.

At a continuity of y = 55...75%, minimal abrasive wear of the electrical discharge coatings is observed,
regardless of the type of coating studied. It has been determined that the best quality indicators of the reinforced
surfaces are obtained at a continuity of y = 70% and with a ratio of reinforced to non-reinforced areas of the
coating of 2:1.

For ESC WC-8Co, the mass loss under the action of loose abrasive particles is 1.8—2 times higher than the
mass loss of ESC KHN25. This is related to the fact that the microhardness of ESC WC-8Co is 1.3 times higher
than that of the KHN25 coating (microhardness of WC-8Co — 10000 MPa, KHN25 — 8500 MPa), which causes
brittleness of this coating. Additionally, the high microhardness of the BK8 coating leads to a decrease in resistance
to abrasive wear due to a reduction in tangential shear resistance when a hard abrasive particle penetrates, which
is explained by the low fraction of the matrix component (cobalt) in the structure of the BK8 hard alloy. The
friction tracks of ESC WC-8Co are characterized by the presence of large grooves and signs of chipping (Fig. 4).
For ESC KHN25, the friction tracks are characterized by a uniform structure, indicating a high degree of resistance
of ESC to the penetration of abrasive particles.
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Fig. 4. Appearance of the initial surface and the surface after friction under the influence of loose abrasive
particles: a) - WC-8Co, b) — KHN2S5.
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Thus, the established dependencies allow scientifically justified control of wear kinetics by varying alloying
regimes to achieve an optimal balance between continuity, thickness, and toughness of composite coatings.

Conclusions

1. Finite element modeling showed that the minimum stress—strain state of electric spark coatings can be
achieved by selecting optimal values of coating thickness and continuity. When continuity exceeds 80% or drops
below 50%, stress concentration increases. Maximum stress reduction occurs at 60..80% continuity.

2. It was determined that the minimum abrasive wear of discrete electric spark coatings occurs at a
continuity of 55..75%. KHN25 coatings demonstrated the highest resistance to abrasive particle penetration.

3. For ESC (electric spark coating) WC-8Co coatings, weight wear under loose abrasive particles is 1.8-2
times higher than for KHN25 coatings, due to the higher microhardness (1.3 times greater), increased brittleness,
reduced tangential shear resistance during abrasive penetration, and the low cobalt matrix content in the WC-8Co
alloy.
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Mikocsinuuk O. O., Hlampaii B.b., Jlonmara JI.A., MuanakanoB P.I'., Hocko ILJI., Cemax LB.
HocnijkeHHsT TpUOOTEXHIYHUX XapaKTEPUCTHK KOMIIO3MIIMHUX IOKPHUTTIB, C(HOPMOBAHUX METOJOM
€JIEKTPOICKPOBOTO JIETYBaHHS

IIpencraBneHoO pe3yNbTaTH AOCHTIPKCHHS TPUOOTECXHIYHUX XaPAKTEPHCTUK KOMITO3UIIHUX MOKPUTTIB,
c(OpPMOBAaHHX METOJOM EJICKTPOICKPOBOTO JIETyBaHHs. BCTAHOBJIEHO, II0 KJIFOYOBUM (DAaKTOPOM KepyBaHHS
HamnpyXeHO-1e(OPMOBAHUM CTaHOM CHCTEMH IOKPHTTS — OCHOBA» € ONTHMI3allis TOBIIMHU Ta CYIUIBHOCTI
3MIITHEHOT'O mapy. 3a TOMOMOTOI0 METOTy CKIHUEHHUX €JIEMEHTIB JOBEICHO, IO JIJIsl TOKPUTTIB TOBIIHHOIO 100
MKM MiHIMaJIbHa KOHIIEHTPAIisl HAIPY>KeHb JTOCITAETHCS MPH CYIUTbHOCTI B Mexkax 60—-80%. BinxmnenHs Bif mix
3Ha4yeHb (MeHme 50% abo Oimpme 80%) MPU3BOAWTH IO 3POCTaHHS JIOKAIBHUX HaNpyKeHb. MOIeTOBaHHS
MOKa3aJjIo, 10 MaKCUMaJTbHI €KBIBAJICHTHI HANPy>KEHHS JIOKAi3yI0ThCs Ha MiuOuHi 10 30 mxm a1 BK8 ta mo 50
MiM st KXH25 (npu 3araneHii ToBImHI mapy 120 MKM), 10 3HHKYE HANPYKEHO-Te(hOPMOBAHUN CTaH OCHOBU
B yMOBaX il 30BHIIIIHROTO HaBaHTAXXCHHs. EKcIiepuMeHTas bHI BUNPOOYBaHHS Ha aOpa3vBHE 3HOINIYBAaHHS B
CEepPeIOBUIII HEKOPCTKO 3aKPIIUICHUM a0pa3uBOM MOKA3aJIH, 1110 MiHIMaIbHHIA BArOBUIA 3HOC 3a0€3MEUYEThCS MPH
CYHUIBHOCTI MOKPUTTS 55—75%, 3 onTHManbHUM OKa3HUKOM 70% Ta CITiBBITHONMICHHSIM 3MIIIHCHOT 1 HE3MIITHEHOT
ninsHok 2:1. TlopiBHSIBHUI aHai3 MarepialiB BUSIBHB, 110 TOKpUTTA 3i criaBy BKS (mikporBepuicts 10000
MIla) mae y 1,8-2 pa3u BuImii BaroBuii 3Hoc nopiBHsAHO 3i crutaBoM KXH25 (mikpotsepaicts 8500 MIla). Ile
MOSICHIOETBCS TIIBUIICHO KpuxKicTio BK8 Ta HU3bKMM BMICTOM KOOAJIbTOBOi MATpHIli, IO MPU3BOAUTH [0
BUKPHIIYBAaHHS Ta YTBOPCHHS OOPO3CH MPU KOHTAKTI 3 a0pa3uBHUMHM YaCTKaMH po3MipoM 10 250 mxm. OTpumani
JIaH1 JTO3BOJISIIOTH HAYKOBO OOTpyHTOBaHO MmimOumpaTu pekumu EIJI Ta ckiam eleKTpoaHMX MaTepiaiiB s
BIJIHOBJICHHS JIeTaJICii MAIIUH, 1[0 TPALOITh B YMOBaX IHTEHCUBHOT'O a0pa3MBHOTO BILTHBY.

Knio4oBi cjoBa: enexTpoiCKpoOBe JIETyBaHHS, HMOKPUTTS, 3HOCOCTIHKICTh, aOpa3sMBHE 3HOLIYBaHH,
HaINpyKeHO-1e(hOPMOBAHUI CTaH, TPHOOTEXHIUHI XapaKTEPUCTUKH.
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Abstract

The article addresses the problem of improving the cavitation—erosion wear resistance of polymer materials
operating under micro-impact loads in corrosive environments. It is shown that material degradation under such
conditions has a complex mechano-corrosive nature, while corrosion processes can significantly accelerate the
degradation of surface layers. In this regard, the use of polymers with high chemical resistance and inertness to
aggressive media is relevant. However, the application of such highly resistant polymers is often economically
impractical, which necessitates the development of methods for surface modification of available structural
polymers to improve their performance properties. he aim of this work is to develop and scientifically substantiate
a laboratory installation and technological parameters of the direct gas fluorination process for polymer materials
in order to form a modified surface layer without altering the surface microgeometry and to increase their wear
resistance. Polypropylene grade 21060, widely used in mechanical engineering, agricultural machinery, and food
equipment due to its sufficient strength, chemical resistance, and processability, was selected as the object of the
study. A laboratory installation for direct gas fluorination of polymers was designed using a gas mixture of 1% F-
and 99% Ar followed by treatment with nitric oxide to neutralize active radicals. Experimental studies showed the
formation of a modified surface layer about 5 um thick with increased chemical inertness. It was established that
fluorination significantly reduces the intensity of cavitation—erosion wear of polypropylene in various
environments, confirming the effectiveness of the method for improving the durability of polymer components.

Keywords: gas fluorination, polypropylene, surface modification, cavitation—erosion wear, aggressive
environments, micro-impact loads.

Introduction

The cavitation—erosion wear resistance of metallic alloys in corrosive environments is determined by both
mechanical and corrosion-related factors of material degradation. Corrosion itself does not usually cause
significant mass loss; however, it acts as a catalyst for fatigue failure of metallic surfaces subjected to micro-
impact loading in corrosive media. Therefore, corrosion resistance, and in many cases complete chemical inertness
to aggressive environments, has stimulated the interest of researchers and practitioners in the use of polymer
components that operate in contact with corrosive media, particularly under friction and cavitation conditions [1].

On the other hand, polymers characterized by high chemical resistance or complete chemical inertness
are relatively expensive and their application is often limited at elevated temperatures [2]. Therefore, from an
economic perspective it is advantageous to manufacture equipment components from inexpensive and readily
available polymers and subsequently modify only their surface layer in order to obtain the required performance
characteristics [3]. One of the effective methods of surface modification of polymers is the method of direct gas
fluorination [3].

The term direct fluorination of polymers usually refers to the process of heterogeneous interaction
between polymer surfaces and gaseous molecular fluorine (F2) or gas mixtures containing fluorine together with
Nz, He, Ar, O, etc. Direct fluorination has several important practical advantages: the process occurs at room

temperature with a sufficiently high rate and does not require heating or additional activation by ultraviolet
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radiation, catalysts, or y-radiation. At the same time, only a thin surface layer of polymers with a thickness of
approximately 0.01-10 pum is modified, while the geometric dimensions of the polymer remain unchanged [3].

The direct fluorination process is widely used on an industrial scale to improve the barrier properties and
chemical resistance of polymer automotive fuel tanks [3—5]. However, studies investigating the effect of direct
fluorination on improving the cavitation—erosion resistance of polymers under cavitation—erosion wear are
practically absent.

On the other hand, in the food industry and the agro-industrial sector, polyethylene and polypropylene
(polyolefins) and their modifications are most widely used for manufacturing equipment components [6]. This is
explained by the fact that polypropylene, in particular, exhibits high chemical inertness, is approved for full contact
with food products, and can be readily processed both by machining and by molding [6].

Therefore, the aim of this work is to develop and scientifically substantiate the design of an installation
and the technological parameters of the gas fluorination process for polymer materials in order to form a modified
surface layer without altering the surface microgeometry and to increase their wear resistance under micro-impact
loading in corrosive environments.

Materials and Methods for Experimental Studies

Polypropylene grade 21060 (hereinafter referred to as PP) was selected for the study because this material
is one of the most widely used structural thermoplastics. It is extensively applied in mechanical engineering,
agricultural machinery, and transport equipment due to its combination of sufficient mechanical strength, chemical
resistance, low density, and good processability. Polypropylene is characterized by relatively low surface energy
and limited wear resistance under impact—friction loading, which makes modification of its surface layer advisable.
Gas fluorination enables modification of the chemical composition and structure of the polymer surface without
significantly affecting its bulk properties, making polypropylene a promising material for investigating the
effectiveness of such modification aimed at improving wear resistance under micro-impact loading.

For cavitation—erosion testing, a laboratory setup with a magnetostrictive vibrator (MSV) was designed
and manufactured. The system includes an ultrasonic vibration generator UZDN-A, a container for the working
media with a specimen mounting unit, and a cooling system. The generator power is 130 W, the operating
frequency is 22 kHz, and the amplitude of the concentrator oscillations ranges from 22 to 65 pum (Fig. 1) [6].

For experiments in aggressive environments, the container for the working media (1) and the specimen
mounting unit (2) were made of fluoroplastic F4. Two coil-type heat exchanger circuits with counter-directional
flows of tap water were installed inside the container (Fig. 1). The first heat exchanger (3) maintains stabilization
of the average temperature of the working medium throughout the entire volume of the container, while the second
heat exchanger (4) is located directly in the cavitation zone. To increase the heat transfer coefficient, the pitch of
the turns of circuit 4 was experimentally selected to be 45 mm (Fig. 1). This pitch ensures free movement of
differently heated volumes of the working medium between the turns of the coil during different phases of incident
and reflected ultrasonic waves. In addition, the opposite directions of the coil turns provide counterflow of cooled
and heated volumes of the working solution. As a result, countercurrent flow is achieved, increasing the heat
transfer coefficient and improving the efficiency of temperature stabilization of the working medium [1,6,7].

Stabilization of the temperature in the cavitation zone at the ambient temperature increases the reliability
and accuracy of evaluating cavitation—erosion wear resistance, bringing the experimental conditions closer to the
real operating conditions of components and assemblies of hydraulic machines [1,6-8].

100

- a)

Fig. 1. Capacity for working environments with a sample attachment unit and a two-circuit cooling system:
a) installation diagram; b) general view of the installation. 1 — container, 2 — sample attachment unit, 3 — external
cooling circuit, 4 — internal cooling circuit, 5 — sample.
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The wear resistance of the samples was tested in neutral (3% sodium chloride solution), alkaline (calcium
oxide CaO — 250 g/L + sucrose — 15% by mass of Ca0), and acidic (disodium phosphate NaHPO. — 10 g/L +
citric acid CsHsO7 — 5 g/L) environments, which are typical model solutions used in the food industry and the agro-
industrial sector [7].

Results and Discussion

A laboratory setup for direct gas fluorination of polymers was designed and fabricated for the
experimental studies (Fig. 2).

The model of the designed setup is shown in Fig. 2. The installation operates as follows: the reactor 2
(fluorination chamber), made of stainless steel 12X18H10T (hereinafter stainless steel), is mounted on the platform
1. The gas mixture is supplied to the reactor through the inlet pipe 3 and evacuated through a cascade of filters for
fluorine neutralization by a fore-vacuum pump via the outlet pipe 4.
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Fig. 2. Model of the laboratory setup: 1 — mounting plate; 2 — reactor; 3 — flange for fluorinating mixture
inlet; 4 — flange for fore-vacuum pump; 5 — flange for fluorination supply; 6 — mixing container; 7 — pressure sensor; 8
— flange for Ar and NO supply; 9 — flange for F: supply; 10 — connecting pipes; 11 — valve.

The fluorinating mixture is prepared in the container 6, with gas pressure monitored by a manometer 7.
Gases are fed into the container through inlet pipes 8 (Ar and NO) and 9 (F2). Check valves installed in pipes 8
and 9 prevent backflow of the mixture after disconnecting the supply lines.

Once the mixture is prepared, the container is placed on the platform, and via pipe 10 it is connected from
the outlet flange 5 (valve not shown in the figure) to valve 11 (type dy), which is fixed on the frame and connected
to the reactor via a stainless steel pipe.

Inside the reactor (Fig. 3), four polymer samples 2 are installed into copper sleeves 1 soldered with silver
into the reactor body. This configuration ensures that only the wear surface of each sample is fluorinated. Such
placement significantly reduces fluorine (F2) consumption and also serves as a heat sink and catalyst for the sample
during fluorination.

After the samples are installed, the reactor 3 is closed with a lid 5 sealed with a fluoroplastic gasket 4.
Additionally, the threaded connection between the lid and reactor body is sealed with a fluoroplastic tape (FUM
tape). Flanges 6 and 7 for mixture supply and evacuation are soldered to the reactor body with silver.
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Fig. 3. Reactor (fluorination chamber) of the fluorination setup: 1 — sleeve; 2 — sample; 3 — reactor body; 4 —
fluoroplastic gasket; 5 —lid; 6, 7 — outlet and inlet pipes, respectively.

The laboratory setup is equipped with two interchangeable containers (Fig. 2, position 6), which serve for
preparing the fluorination mixture and for storing nitric oxide (NO), respectively.
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The samples were treated with nitric oxide for 20 minutes to neutralize free radicals formed during the
fluorination process. This treatment was carried out at atmospheric pressure and room temperature [3].

For the fluorination process, a fluorine—argon gas mixture was used, consisting of 1% F> (fluorine) and
99% Ar (argon) [9]. Argon was chosen due to its relatively low cost and because it ensures a more stable reaction
during mixture preparation [9]. Before introducing the fluorinating mixture into the reactor, air was evacuated
from the reactor to a residual pressure of (3—4) x 1072 Pa. The reactor was then filled with the fluorine-containing
mixture. Experimental conditions (fluorination area, reactor volume, etc.) were selected so that the fluorine
consumption did not exceed 5% of the reactor volume.

After a set period, the fluorinating mixture was removed from the reactor, and the fluorine was neutralized
in a filter. The pressure was again reduced to the same residual level, and nitric oxide was introduced into the
chamber to neutralize remaining free radicals. Afterward, the NO was evacuated, the pressure stabilized, and the
samples were extracted for further testing.

All parts of the laboratory setup that come into contact with fluorine or its gas mixtures are made of
stainless steel and copper. Pipes and their connections are made of fluoroplastic F4, and all metal and threaded
connections are sealed with fluoroplastic FUM tape [9-10]. To ensure safe operation with fluorine and nitric oxide,
the setup was installed inside a specially equipped fume hood.

Cavitation—erosion wear resistance tests were performed on two types of samples: original polypropylene
21060 and polypropylene after surface fluorination. Tests were conducted in three environments: alkaline, acidic,
and neutral. The thickness of the modified fluorinated layer was approximately 5 um.
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Fig. 4. Wear resistance kinetics of polypropylene 21060 and fluorinated polypropylene 21060 under micro-
impact loading in neutral, acidic, and alkaline environments

The analysis of the experimental data (Fig. 4) shows that for all tested samples, the mass loss AG increases
systematically with the duration of cavitation loading in neutral, acidic, and alkaline environments. The change in
AG is nonlinear, reflecting the characteristics of the cavitation—erosion wear processes in the polymer material. In
the initial stage, AG increases relatively rapidly due to active destruction of the surface layer caused by micro-
impacts generated during the collapse of cavitation bubbles. Subsequently, the mass loss rate gradually decreases,
indicating partial stabilization of the surface and the approach of the wear process to a quasi-stationary regime.

It was found that unfluorinated polypropylene 21060 exhibits the highest intensity of cavitation—erosion
wear in an alkaline environment. Under such conditions, the polymer matrix interacts more actively with the
components of the medium, and in combination with micro-impact loads induced by cavitation, this leads to
accelerated surface degradation. In acidic environments, surface degradation occurs less intensively, resulting in a
more moderate increase in AG. In neutral media, the mass loss also gradually increases, with wear intensity
intermediate between alkaline and acidic conditions. These results demonstrate the significant influence of the
chemical nature of the environment on the cavitation—erosion behavior of polypropylene 21060.

Distinct trends were observed for polypropylene samples modified by direct gas fluorination. In all tested
environments, AG values for fluorinated samples were lower than for the unmodified material, indicating increased
resistance to cavitation—erosion wear due to surface modification. In alkaline media, mass loss of fluorinated
samples occurs much more slowly, demonstrating the effectiveness of the modified layer in resisting simultaneous
micro-impact and chemically aggressive action. Similar trends were observed in acidic and neutral media, where
cavitation—erosion processes proceed more stably and less intensively.

Comparative analysis confirms that surface fluorination reduces cavitation—erosion wear intensity in all
tested environments. This effect is attributed to the formation of a thin fluorinated layer on the polymer surface,
which exhibits increased chemical inertness, lower permeability to aggressive components, and a reduction of free
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radicals in the near-surface layer. This layer decreases surface destruction under micro-impacts and slows diffusion
and chemical processes at the polymer interface.

Furthermore, the most intense cavitation—erosion wear occurs during the initial stage of cavitation exposure.
The subsequent decrease in mass loss rate may be associated with changes in surface morphology and the
establishment of quasi-stationary wear conditions.

Thus, the results confirm the effectiveness of surface fluorination as a promising method for enhancing the
resistance of polypropylene to cavitation—erosion wear in various aggressive environments. This modification
method reduces surface degradation under cavitation and increases the service life of polymer components during
operation.

Conclusions

1. It was established that under cavitation loading, polypropylene 21060 exhibits a systematic increase in
mass loss with increasing cavitation duration. The cavitation—erosion wear process is nonlinear, with more
intensive mass loss occurring during the initial stage of testing.

2. The chemical nature of the environment significantly affects the intensity of cavitation—erosion
degradation of polypropylene. The highest wear intensity for unfluorinated samples is observed in alkaline media,
while in acidic and neutral environments, degradation processes occur less intensively.

3. Surface modification of polypropylene by direct gas fluorination reduces the intensity of cavitation—
erosion wear in all tested environments. This effect is due to the formation of a thin fluorinated layer on the material
surface, which has increased chemical inertness and a stable structure.

4. A laboratory setup for surface fluorination of polymer materials was developed, providing controlled
gas-phase processing and enabling surface modification of samples with minimal fluorine consumption.

5. The proposed reactor design and fluorination technology ensure localized surface treatment of samples,
efficient heat removal, and neutralization of active radicals after fluorination, which enhances the operational
resistance of polymer materials to cavitation—erosion wear.
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MapTtuniok B., Cteunmun, M., ®enopis B., Sipomenko I1., JIoxoBens B. YcraHOBKa Ta TEXHOJIOTis
ra3oBOro pTopyBaHHs IOJIIMEPIB JUIS IMiBUILIEHHS iX 3HOCOCTIMKOCTI PH MIKPOYAapHUX HaBAHTAKEHHIX

Y craTTi po3MISHYTO MNPOOJieMy MiJBUIICHHS KaBITAIIHHO-EPO3IHHOI 3HOCOCTIMKOCTI IMOJIMEPHUX
MaTepiaiiB, MO TMPAmIOIOTh B yMOBaX MIKPOYJapHUX HABAaHTAXEHb Yy KOPO3iHMHO-aKTHBHUX CEpeIOBHINAX.
IToka3aHo, mO pyHHYBAaHHS MaTepialiB y TaKMX YMOBaX Ma€ CKIATHHHA MEXaHIKO-KOpO3iHHHWH Xapakrtep, a
KOpO3iiiHI TIporiecH MOXYTh 3HAYHO NPUCKOPIOBATH AETPajalil0 MOBEPXHEBUX IMapiB. Y 3B’A3Ky 3 IIHM
aKTyaJbHHM € 3aCTOCYBaHHSA IIONIMEpiB i3 BHCOKOIO XiMIYHOIO CTIHKICTIO Ta IHEPTHICTIO JO arpecHBHUX
cepenoBum. [IpoTe BHKOpPHCTAaHHS TAaKUX MaTepialiiB 4acTo € EKOHOMIYHO HEIOMUIBHHM, IO OOYMOBIIIOE
HEoOXimHICTh MO ]IKaIii MOBEPXHI JOCTYITHUX KOHCTPYKIIHHUX MoTiMepiB. MeToro poOOTH € po3poOIIeHHS Ta
HayKOBe OOIpYHTYBaHHS J1aOOPaTOPHOi YCTaHOBKM 1 TEXHOJIOTIYHHMX MapaMeTpiB IPOLECy MPSMOro ra3oBOro
(dropyBaHHs modiMepiB s (OpPMYBaHHS MOIU(IKOBAHOTO MOBEPXHEBOrO MIapy 0e3 3MiHH MiKporeomerpil
MOBEPXHI Ta MIBUIIEHHS iX 3HOCOCTIHKOCTI. O0’€KTOM JI0CHiPKEHHST 00paHo motinporiied Mapku 21060, skuid
HIMPOKO 3aCTOCOBYETHCS Y MaIIMHOOYyBaHHI, CIJIbCHKOTOCHOAAPCHKIN TEXHIlI Ta XapuoBoMy oOnaaHaHHi. Y
PO0OTI CIIPOEKTOBAaHO J1a0OPAaTOPHY YCTaHOBKY AJISl IPSIMOTO Ta30BOT0 (hPTOPYBaHHS MOJIIMEPIB 13 BUKOPHCTaHHIM
cymimi 1% F2 ta 99% Ar 3 mopmaneimoro 0oO0poOKOI0 MOHOOKCHAOM a30Ty. EKcrepUMEHTanbHI JOCHiKEeHHS
moKa3ainu GopMyBaHHS MOAN(IKOBAHOTO IIapy TOBIIMHOIO OJIM3BKO 5 MKM, IIO XapaKTEPH3YETHCS i ABHUIIICHOIO
XiMidHOIO iHEepTHICTIO. BeTaHOBIICHO, 10 (DTOPYBAaHHS CYTTEBO 3HIKYE IHTCHCHBHICTH KaBiTalliiHO-EPO31HHOTO
3HOIIYBaHHS MOJINPOIIJICHY B PI3HUX CEPeOBHUINAX, MIATBEPIKYIOUH e(heKTUBHICTh METOAY AJIS ITiIBUIICHHS
JIOBTOBIYHOCTI ITOJIIMEPHHUX JCTaICH.

Karwuosi cioBa: razose (hropyBaHHs, MOJINPOILJICH, MOBEPXHEBA MOIU]IKaIllis, KaBiTalliiiHO-epo3iiiHe
3HOIIYBaHHSI, arPECUBHI CEpeIOBUINA, MIKPOYIapHI HABAHTAXKEHHS.
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Abstract

The study investigates the possibility of predicting the residual fatigue life of clad structural aluminum
alloys based on the quantitative evaluation of surface deformation relief formed during cyclic loading. Fatigue
damage accumulation in metallic structures is accompanied by microstructural transformations caused by
dislocation motion along crystallographic planes. These processes lead to the formation of characteristic surface
features such as slip bands, extrusions, and intrusions. Although these structures are three-dimensional, their
development can be effectively assessed using two-dimensional optical microscopy images, enabling quantitative
analysis of the deformation relief evolution during fatigue loading. The research focuses on clad aluminum alloys
widely used in aircraft structures, including D16ATV, V95, 2024-T3, and 7075-T6. A damage parameter D was
introduced to characterize the saturation level of the deformation relief. This parameter is defined as the ratio of
the surface area occupied by deformation relief features to the total observation area. Experimental observations
were carried out using metallographic microscopy at magnifications of 200—400x. The obtained data allowed
regression models to be developed that relate the damage parameter to the relative residual fatigue life. The
proposed approach was extended from regular cyclic loading to simple irregular loading regimes, specifically two-
step loading sequences of the “low—high” and “high—low” types. The results were compared with predictions based
on Miner’s linear fatigue damage summation rule. Experimental fatigue tests on D16ATV alloy specimens
demonstrated that the accuracy of residual life prediction using the deformation relief based damage parameter
depends on the stress range. Within a certain range of cyclic stresses, the developed regression model provides
prediction accuracy comparable to, and in some cases exceeding, that obtained using Miner’s rule. The results
confirm that the saturation of surface deformation relief can serve as a structurally sensitive indicator of
accumulated fatigue damage. The proposed methodology can be applied both to direct monitoring of clad
aluminum structural components and to the fatigue indicators for metal structures of aircraft, bridge, pressure
vessels.

Key words: fatigue, alclad alloy, deformation relief, Miner’s rule, residual life, fatigue indicators.

Introduction

The phenomenon of fatigue damage in metallic structures is studied with the aim of preventing catastrophic
failures, optimizing maintenance, and developing methods for technical condition diagnostics. The existence of a
large number of diverse approaches to assessing accumulated fatigue damage indicates that current understanding
of the fatigue process mechanisms remains insufficiently developed and that further accumulation of experimental
data is required for subsequent generalization. The process of fatigue damage accumulation consists of structural
transformations in the metal which, for a number of metals, exhibit features that can be observed using relatively
simple surface examination methods. As a result of dislocation motion along crystallographic planes, extrusions,
intrusions, and slip bands can be observed on the surface of many metals, forming a deformation relief. These
surface structures are three-dimensional; however, even a two-dimensional digital optical image obtained using a
metallographic microscope makes it possible to quantitatively assess their saturation level and evolution during
cyclic loading. The general form of cyclic loading is irregular loading, i.e., loading in which the cycle parameters

Copyright © 2026 M. Karuskevych, T. Maslak, O. Karuskevych, V. Korchuk. This is an open access article distributed under the
@I}. Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
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are not constant during the service life of the structure. This is a typical situation for aircraft structures, which are
subjected to loads of different origins and, accordingly, of different amplitudes, load ratio (cycle asymmetry),
mean stress, sequence of applied loads, uniaxial and multiaxial loading, as well as in-phase and out-of-phase
loading. An analytical assessment of accumulated fatigue damage for such structures under such loading
conditions has not yet been fully resolved. The use of simplified models requires large safety factors, while
instrumental monitoring methods are still under development and have not yet found widespread practical
application. One of the reasons for the imperfection of existing methods is the insufficient attention paid to damage
indicators that are not merely accompanying effects of metal fatigue (such as changes in electrical resistance), but
that directly reflect the nature of the phenomenon — namely, changes in the metal structure resulting from
dislocation motion. Below, key stages of a research cycle devoted to studying the evolution of deformation relief
during cyclic loading are presented. The possibility of quantitative evaluation of the deformation relief of the
cladding layer surface of widely used structural aluminum alloys is demonstrated for both regular and stepwise
cyclic loading.

1. Deformation Relief of Metal Surfaces Formed under Cyclic Loading

As a result of cyclic loading, a deformation relief is formed on the surface of many pure metals and alloys.
The deformation relief caused by the crystallographic slip includes extrusions, intrusions, and rotational structures
of the surface layer of the metals. Detail description of relief components has been done in papers [ 1, 2]. Extrusions,
intrusions and their role in the fatigue cracks forming and propagating in polycrystalline copper considered in the
paper [3]. In the paper [4] it was shown that cyclic loading results in well-developed slip markings in the fully
pearlitic steel. In the research [5] the evaluation of the extrusion/intrusion structure was conducted by the
measuring surface roughness thus predicting location of the fatigue crack initiation. It was found by the authors of
[6] in the results of in situ observations and characterization of the formation of Persistent Slip Bands (PSB) in
micrometer-sized Ni single crystals, that a relatively large number of cycles (>106) was necessary to nucleate
PSBs in microcrystals compared with bulk scale, and correspondingly, extreme fatigue lifetimes were exhibited at
the micrometer scale. The PSB surface have an inherent roughness immediately on formation; then the roughness
of the PSB remains stable with further cyclic loading. The slip traces formed in the first ~10 cycles are also found
to identify the locations where PSBs and cracks form. The grain size effect and initial dislocation density on surface
roughness evolution in Face Centered Cubic (FCC) Ni single crystals during the early number of cycles of
mechanical cyclic loading has been simulated by the authors of the work [7]. For the number of cycles modeled,
larger crystals showed a uniform surface step distribution compared to smaller crystals where the surface
roughness was more localized in surface slip bands. In the work [8] the surface roughness of specimens made of
Medium-Carbon Steel 42CrMo4 (SAE 4140) was measured using a confocal microscope to confirm the surface
roughness evolution. The surfaces of the specimens changed during fatigue testing, moreover, the roughness
evolution of the specimens at several applied stress amplitudes might correlate with the lifetime. Extrusions and
intrusions under cyclic loading do not form in all materials. They were not observed in exploratory experiments
on unclad D16 alloy conducted within the framework of the present study. At the same time, the cladding layer,
formed from commercially pure aluminum or some of its ductile alloys, is sensitive to cyclic loading and exhibits
the formation of surface deformation relief that reflects the process of deformation localization in the crystal at the
micro-, meso-, and macro-levels.

2. Formation and Evolution of Surface Deformation Relief in Clad Aluminum Alloys

The surface deformation relief of clad aluminum alloys was investigated in order to develop a method for
evaluating accumulated fatigue damage. The deformation relief that forms on the surface of aluminum alloys
DI16ATV, V95, 2024-T3, and 7075-T6 was studied. A typical appearance of the deformation relief on the polished
surface of D16ATYV alloy specimens after cyclic loading is shown in Fig. 1. The number of loading cycles and the
percentage of the consumed fatigue life are indicated.

"
[

c
Fig.1. Evolution of the surface deformation relief in the process of the cyclical loading: a) N=30000 cycles (1.9%); b)
N= 100000 cycles (6,3%); c) N= 400000 cycles (25,2%). R=0; 6 max=147,0 MPa
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For the quantitative evaluation of the saturation of the deformation relief and the corresponding
accumulated fatigue damage, a damage parameter was proposed. This parameter is defined as the ratio of the
surface area exhibiting features of deformation relief to the observation area. The size of the observation area was
0.3 x 0.3 mm. In the present study, optical images were obtained at magnifications in the range of 200x — 400x.

The deformation relief was investigated during fatigue testing of aluminum alloy specimens under uniaxial
tension and cantilever bending with different loading cycle parameters, under biaxial loading with in-phase and
out-of-phase conditions, and under simple block-type irregular loading regimes. Typical curves describing the
evolution of the deformation relief are shown in Figs. 2 and 3.

Experimental data on the evolution of the damage parameter during cyclic loading made it possible to
obtain regression models for predicting the critical state, in which the relative remaining number of cycles Ny is
considered as a function of the damage parameter.
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Fig.2. Dependence of the damage parameter D on maximum sress of the cycle under the axial cyclical
loading: 1 - 6max=76,9 MPa; 2 - 6max=81,7 MPa; 3 - 6max=96,2 MPa; 4 - 6max=105,8 MPa; S - 6max=115,4 MPa;
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Fig.3. Evolution of the damage parameter D at the fatigue test by cantilever bending: 1- R =0;2 - R=0,3; 3
-R =0,42;4-R=0,5; 5— R=0,6

The model for predicting the residual fatigue life can be constructed by transforming the model of the
evolution of the parameter D during cyclic loading. To estimate the residual life, the following correlation
relationship was obtained: Ng, % = 119,29 — 226,3D. The corresponding experimental values are shown in Fig.
4.
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Fig.4. Dependence of the residual life /Vr on the damage parameter D

3. Evaluation of accumulated damage and residual fatigue life under stepped irregular loading.

The summation of accumulated fatigue damage in simplified engineering calculations is most often
performed according to the linear Miner’s rule or its modifications. It is well known that one of the shortcomings
of Miner’s rule is that it does not take into account the sequence of the applied loads. In an experiment conducted
on specimens of the D16AT aluminum alloy under a tensile cyclic loading condition, a comparison was made
between the results of residual life evaluation obtained using the linear fatigue damage accumulation rule and those
obtained using parameters of the deformation relief. The programmed fatigue tests included the implementation
of two-step loading sequences: “high—low” and “low—high” (Fig. 5). The selection of stress levels was based on
durability data obtained under regular loading regimes.
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Fig.5. Scheme of two step block loading: n1 — number of cycles at first step; n2 — number of cycles at second step;
n4 — number of cycles at which the damage was assessed

After the implementation of two loading steps, the tests were continued while recording the number of
cycles up to the initiation of a fatigue crack and up to complete failure. The following quantities were determined:
the damage parameter D and the corresponding residual life at a given cyclic loading level according to the
regression model presented above; the relative damage according to the Miner rule and the corresponding residual
life; the relationship between these quantitative indicators and the sequence of loading application; and the
assessment of the adequacy of the Miner rule and of the method for determining accumulated damage based on
the deformation relief state. The relative damage and the sum of relative damages were determined with respect to
the moment of formation of a crack with a length of 1.0 mm. The basis for calculating the relative damages
according to Miner’s theory was the previously obtained fatigue curves. Two series of tests were carried out: with
a transition from a lower stress level to a higher one, and from a higher stress level to a lower one. In the first
series, the “low” stress level was 79.0 MPa and the “high” stress level was 108.0 MPa. In the second series, the
“low” stress level was 79.0 MPa and the “high” stress level was 133.0 MPa. The selection of stress levels was
based on data on fatigue life under regular loading conditions and on the results of monitoring the deformation
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relief. Conditions were taken into account under which the exhaustion of the fatigue life is determined by the
damage parameter D, regardless of the level of cyclic stress, as well as conditions under which the determination
of this parameter is not sufficient for reliable prediction of the remaining number of loading cycles. The loading
regimes of both steps in the first series of programmed tests corresponded to the stress range in which the
exhaustion of fatigue life can be determined by the damage parameter D regardless of the level of cyclic stress,
whereas the loading regimes of the second series of tests were partly outside this range. In tests performed
according to the “low—high” scheme (79.0 MPa — 108.0 MPa), the average value of the sum of relative damages
was ), n/N = 1.089. In tests according to the “high—low” scheme (108.0 MPa — 79.0 MPa), the average value of
the sum of relative damages was ), n/N = 1.138. As can be seen, loading with a transition from a lower stress
level to a higher one produces a greater damaging effect than loading with a transition from a higher stress level
to a lower one, which, according to data reported by other authors, may exhibit a strengthening effect. The features
of the damage accumulation process were also considered for loading regimes outside the range from 70.0 MPa
to 120.0 MPa, within which the damage parameter is determined by the relative cyclic life and does not depend
on the stress level. In tests performed according to the “low—high” scheme (79.0 MPa — 133.0 MPa), the average
value of the sum of relative damages was ), n/N = 0.796. In tests performed according to the “high—low” scheme
(133.0 MPa — 79.0 MPa), the average value of the sum of relative damages was ), n/N = 1.605.

Table 1 presents the results of calculating the residual fatigue life both according to Miner’s rule and using
the damage parameter.

Table 1
Results of residual fatigue life evaluation under a two-step loading program
Loading scheme Residual Mean value of Mean value of Mean value | Mean prediction
life the residual the residual of the error when using
according fatigue life fatigue life prediction the damage
to Miner’s | according to the according to the error when parameter D
rule damage experiment, using
Ares, parameter n,, ,cycles Miner’s rule
cycles D, nyesp,
cycles
79MPa-108 MPa 61596 69547 68380 9,82 -1,806
108 MPa -79 MPa 119 148 131488 166800 28,36 20,78
133 MPa -79 MPa 115582 131501 216933 45,36 37,3
79 MPa - 133 MPa 34 531 34654 27166 -52,43 51,21

The results of the residual life calculations presented in Table 1: a) according to the Miner rule; b) according
to the damage parameter D determined by the developed methodology after two stages of programmed loading
and the corresponding regression model of life consumption, as well as the actual fatigue lives obtained
experimentally, make it possible to conclude that within a certain range of loading regimes the obtained regression
model of life consumption allows the residual life to be determined with an accuracy that exceeds the accuracy of
life estimation according to the Miner rule. The agreement of the residual life calculation methods, both according
to the Miner rule and according to the prediction methodology based on the damage parameter D, decreases with
increasing levels of the applied stresses.

At the same time, the prediction obtained by both methods gives an overestimated result for loading
according to the “low—high” scheme and an underestimated result for loading according to the “high—low” scheme.
Thus, the regression model of life consumption developed on the basis of regular fatigue tests makes it possible to
evaluate the residual life of aircraft structural elements without the use of additional calculations within a certain
range of programmed loading regimes.

4. Implementation of the Surface Deformation Relief Phenomenon in Fatigue Damage Indicators for
Metal Structures

One of the applications of data concerning the evolution of the surface deformation relief of clad aluminum
alloys is a method that involves installing fatigue indicators for metal structures (FIMS) on loaded structural
elements of various purposes. The need to use such indicators arises from the fact that a significant number of
structural materials do not exhibit the formation of surface deformation relief under cyclic loading and do not
possess a cladding layer that belongs to PSB (Persistent Slip Band) metals, i.e., metals on whose surface extrusions,
intrusions, and slip bands can be observed during cyclic loading. The results of this work demonstrated that the
surface deformation relief can be considered an indicator of fatigue damage. When such an indicator is attached
to the surface of loaded structural elements, a correlation can be established between the damage in the indicator
and the damage in the structure, making it possible to assess the exhaustion of the fatigue life of the structure. For
many structures, another solution is more optimal, namely, the use of structural alloys with a cladding layer instead
of single crystals. The basic configuration is an indicator specifically developed for aircraft fatigue monitoring
(Fig. 6). In this case, the cladding layer of the indicator serves as the fatigue damage indicator, whose sensitivity
to cyclic loading was demonstrated above. The sensitivity of the indicators is determined by their geometry. The
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loading regimes of some other engineering structures indicate the possibility and expediency of using structurally-
sensitive fatigue damage indicators.

40

@,

Fig. 6. Basic configuration of the Fatigue Indicator for Metal Structures

After analyzing the deformation of elements of steel bridges [10], it was established that indicators
manufactured from 2024-T3 clad alloy (Alclad) are capable of responding to the service deformations of bridge
elements made of S275 and S355 steels through the formation of a surface deformation relief [18]. Another
potential application of fatigue indicators for metal structures is the monitoring of fatigue damage in oil and gas
transportation systems, for example for Compressed Natural Gas (PNG) pressure cylinders [12, 13].

Conclusions

The study of the evolution of the surface deformation relief of clad aluminum structural alloys indicates a
close correlation between the density of the deformation relief and the accumulated fatigue damage within a certain
range of cyclic stresses and the corresponding strains. Under irregular two steps cyclic loading, this phenomenon
makes it possible to predict the residual life with an accuracy that is not inferior to, and within a certain range even
exceeds, the accuracy of prediction based on the Miner rule.

The obtained conclusions can be implemented both in the direct monitoring of the technical condition of
structures made of clad aluminum alloys and in the application of fatigue indicators for metal structures.
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Kapyckesnu M.B. , Macaak T.I1. , KapyckeBuu O.M. , Kopuyk B.I. [ledhopmaniitauii penbed moBepxi
SIK 1HIMKaTOp BTOMHOT'O ITOIIKO/DKEHHS TIPH CTYIIHYaTOMY IIMKJIIYHOMY HaBaHTa)KyBaHHI

Y poboTi OOCHIIKEHO MOXKIHMBICTD MPOTHO3YBAHHS 3AMIIKOBOTO pECypcy BTOMH IIIAKOBAaHUX
KOHCTPYKILIHHIX aTIOMiHI€BUX CIDIaBiB HAa OCHOBI KiJIbKICHOI OIIIHKH TIOBEPXHEBOTO AcdopmariitHoro pensedy,
mo ¢GOopMyeThCsA MiM Yac IWKIIYHOTO HaBaHTa)XKEHHA. HakomWdeHHS BTOMHHUX MOIIKOMKECHb y METaleBHUX
KOHCTPYKIISIX CYNPOBOKYETHCA MIKPOCTPYKTYPHHUMH IEPETBOPEHHSAMHE, 3YMOBJIECHHMH PYXOM IHCIOKAIlii
Y3I0BX KpHACTanorpadivHUX IUIONIMH. Y pe3yibTaTi IUX IPOIeCciB Ha HOBEPXHI METaIy yTBOPIOIOTHCS XapaKTepHi
CTPYKTYpHI €IEMEHTH, 30KpeMa CMyTH KOB3aHHS, CKCTPY3il Ta iHTpy3ii. X0oda I1i CTpyKTYpH MalOTh TPUBUMIpHUH
Xapakrtep, X PO3BUTOK MOXe €(DEKTHBHO OILIHIOBATHCS 3a JIONMOMOTOI0 JBOBHMIPDHHX ONTHYHUX 300pa)kKeHb,
OTpPUMAaHUX 32 JIOTIOMOTOI0 MeTanorpagiuHOro MiKpOCKOIa, IIO0 JI03BOJISIE KUIBKICHO aHalli3yBaTH €BOJIOLIIO
nedopmaniiiHoro penbedy Mmig Yac BTOMHOTO HaBaHTaXEHHs. JIOCHI/DKEHHS NPUCBSYEHE IJIAKOBAHUM
ITIOMIHIEBUM CILIaBaM, SIKi IIMPOKO 3aCTOCOBYIOTHCS B aBialliiHMX KOHCTPYKLIsX, 30KkpeMa ciuiaBam J[16ATB,
B95, 2024-T3 ta 7075-T6. JIns XapakTepUCTUKU CTYIICHS HACHYCHHS NedopMaliiHoro penbedy 0yiIo BBEICHO
napameTp nomkoukeHHs D. Lleli mapaMeTp BU3HAYAETHCS SIK BiTHOLIEHHSI IIJIOIL IOBEPXHI, 3aiHATOT eleMeHTaMu
nedopmanifHoOTO penbedy, A0 3arajbHOi IUIONII CIIOCTEPE)KEHHA. EKCIIeprMEHTalbHI  CIOCTEPEeKeHHS
MPOBOIUIACS 32 JONOMOror Merajorpadignoi wmikpockomii npm 30impmenai 200—400*. Otpumani
eKCTIepUMEHTAIIbHI AaHI Jalli 3MOTY MO0y TyBaTH perpeciiiHi MOAEN, O OB’ A3yI0Th TapaMeTp MOIMIKOKEHHS 3
BITHOCHMM 3aJIMIIKOBUM PECYpPCOM BTOMHM. 3allpOIIOHOBAHUM MiJXiA OyJO MOIIMPEHO 3 YMOB PETYJISIPHOTO
[UKJIIYHOTO HAaBaHTAXEHHS Ha IPOCTI PEXHMMH HEPEryJISIPHOTO HABAHTAXXCHHS, 30KpeMa Ha IBOCTYIIEHEBI
NpOrpaMH HAaBaHTAXXEHHS THUIY «HU3bKUH—BHUCOKMI» Ta «BUCOKMI—HHM3bkH». OTpuMaHi pe3yibTaTH
TIOPIBHIOBAJIUCS 3 NPOTHO3aMHM, BUKOHAHMMH 3a MPABUJIOM JIIHIIHOTO MiJICYMOBYBaHHS BTOMHHX MOIIKOJKEHb
Maiinepa. ExcriepumenTanbHi BUIIpoOyBaHHs 3pa3kiB 3i ciiaBy [ 16ATB moka3zainu, 1110 TOYHICT POTHO3YBaHHS
3aTUIIIKOBOIO PECYpCy Ha OCHOBI MapaMmerpa aeopManiiHoro penabedy 3al1eKuTh Bijl Aiana30Hy HAMpyXKeHb. Y
MEBHOMY IHTepBaJi UMKIIYHMX HalpyXeHb po3poOlieHa perpeciiHa Mozenb 3a0e3nedye TOYHICTb
MPOTHO3YBaHHJ, KA € HE TIPIIO0, @ B OKPEMHX BUIIJKaX HABITh MEPEBUILYE TOYHICTH OL[IHFOBAHHS 3 ITPABUIIOM
Maiinepa. OTpumaHi pe3yibTaTH MiATBEPKYIOTh, IO CTYNiHb HAaCHYEHHS IHOBEpXHEBOro AedopmaniitHoro
penbedy MOKE pO3MIAAATHCSA SK CTPYKTYPHO YyTIMBUI IHOWKATOpP HAKONMWYEHWX BTOMHHUX IOIIKOKCHB.
3anpornoHOBaHa METOIMKA MOXE OyTH BHKOPHCTaHA SIK JUIS O€3MM0CEepeAHBOr0 MOHITOPHHTY TEXHIYHOTO CTaHY
KOHCTPYKIIIH i3 IJJaKOBaHUX aTFOMiHI€BUX CIUIABIB, TAK i [UIA IHAUKATOPiB BTOMH METAJIEBUX KOHCTPYKIIiH JITaKiB,
MOCTIB, IIOCYIHH IIi/T THCKOM.

KoarouoBi ciioBa: BTOMa, IutakoBaHi cruiaBy, AedopMauiiiHuil penbed, 3aIUIIKOBUI pecypc, IHAUKaTOpH
BTOMM.
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Abstract

The article considers the processes of current collection and wear in the sliding electrical contact system
"contact wire - current collection insert" of a trolleybus. It is shown that the destruction of contact surfaces has a
complex electromechanical nature and is caused by the simultaneous action of mechanical, electrical and thermal
factors. The main mechanisms of electrical and mechanical wear of contact elements are analyzed, in particular,
electroerosion, abrasive, fatigue and molecular-mechanical wear. The influence of contact pressure, current
collector speed, traction current magnitude and properties of contact pair materials on the intensity of destruction
of surface layers is considered. It is shown that the uneven distribution of current in the contact zone leads to local
overheating of the surface and the formation of electric arcs, which accelerate the electroerosion destruction of
contact elements. It is established that the formation of a thin graphite film on the surface of the contact wire can
partially reduce the friction coefficient and wear intensity. The results obtained can be used to increase the
durability of current-collecting elements of electric transport and optimize their operating modes.

Keywords: current collection; current collection insert; contact wire; electrical wear; mechanical wear;
electrical erosion; sliding electrical contact; electric transport.

Introduction

Electric transport, in particular trolleybuses, is widely used in urban transport systems due to its high energy
efficiency and environmental friendliness. One of the most important elements of such systems is the contact
network, through which electrical energy is transmitted from the power supply network to the rolling stock. The
transmission of current from the contact wire to the electrical equipment of the vehicle occurs through pantographs
equipped with current-collecting inserts that are in constant sliding contact with the contact wire (Fig. 1).

Contact Wire

Current-Collecting
Insert
Trolley Head

Direction of Motion ey

Fig. 1. Tribocontact pair "contact wire-current collector insert"
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During operation, a complex interaction of mechanical, electrical and thermal processes occurs in the
contact zone of the contact wire and the current collector insert. Under the action of contact pressure, electric
current and friction forces, the surface layers of materials are subjected to intense plastic deformation, local heating
and electrical erosion. This leads to the gradual destruction of the contact surfaces, which manifests itself in the
form of wear of the contact wire and current collector elements. The intensity of wear of the contact pair largely
depends on the design parameters of the contact network, the stability of the contact pressure of the current
collector, the speed of the vehicle and the magnitude of the electric current. An important role is also played by
the physical, mechanical and electrophysical properties of the materials of the contact elements, in particular their
electrical conductivity, hardness, thermal conductivity and melting point. The study of wear processes in a sliding
electrical contact allows us to determine the main mechanisms of destruction of contact surfaces and develop
effective methods for increasing the durability of current collector elements. This is important for reducing the
costs of maintenance of the contact network and increasing the reliability of electric transport. In this regard, the
purpose of this work is to analyze the main mechanisms of electrical and mechanical wear of the contact pair
"contact wire - current collector insert" and determine the factors that most affect the intensity of destruction of
contact surfaces during the operation of trolleybus transport.

Literature review

The problem of wear of the contact pair "contact wire - current collector insert" of electric transport is
important for ensuring the reliability of current collection systems and the stability of the operation of the contact
network. It is known that in a sliding electrical contact, mechanical, electrical and thermal processes
simultaneously operate, which determine the intensity of destruction of the contacting surfaces [1].

Studies of the characteristics of a sliding electrical contact in the "current collector - contact wire" system
have shown that the stability of current collection is largely determined by the parameters of contact pressure,
electric current and temperature in the contact zone. At the same time, a change in these parameters leads to an
uneven distribution of current over the contact surface and an increase in contact resistance [1,7].

Experimental studies of the tribological interaction of current-collecting inserts with the contact wire have
shown that the wear mechanism is complex and includes abrasive, adhesive and electroerosion processes. As a
result of local overheating of the surfaces in the contact zone, electric arcs may occur, causing melting of the
material and the formation of craters on the surface of the contact wire [3,10].

The speed of movement and the electrical load play an important role in the wear processes. It has been
shown that with increasing current, the intensity of electrical erosion of contact surfaces increases, while an
increase in contact pressure leads to an increase in the mechanical component of wear [3,4].

A number of works have investigated the influence of geometric and dynamic parameters of current
collectors on the processes of destruction of contact elements. It has been established that uneven contact pressure
and oscillations of the current collector can cause local overloads of the contact zones and accelerate the wear of
current collection inserts [4,5].

Considerable attention in modern research is paid to predicting the service life of contact inserts. The
proposed mathematical models and machine learning methods allow assessing the influence of the main
operational parameters on the wear rate and predicting the moment of reaching the limit state of contact elements
[6].

A review of modern research shows that the wear of the contact pair "pantograph - contact wire" is a
complex electromechanical process that depends on the material of the contact surfaces, the operating mode and
the parameters of the contact network [7].

An important direction for increasing the reliability of current collection systems is the improvement of
contact insert materials. Studies have shown that the use of composite materials based on graphite with metal
additives allows improving electrical conductivity and reducing the intensity of wear of contact surfaces [8].

Some works are devoted to increasing the wear resistance of contact elements by restoring and
strengthening their surface layers. It has been shown that the use of modern technologies for restoring and
modifying the surface allows to significantly increase the service life of contact units of electric transport [9].

Thus, the literature analysis shows that the wear process of the contact pair "contact wire - current collector
insert" is determined by the complex interaction of mechanical, electrical and thermal factors. Despite a significant
amount of research in this area, the issues of increasing the wear resistance of current collector inserts and
predicting their resource remain relevant and require further research.

Main material

Electrical wear of sliding contact

Electrical wear of a sliding contact is mainly caused by electrical erosion. Electrical erosion is the
destruction of contacting materials associated with the melting and transfer of metal in a gaseous and liquid (in

the form of small droplets) state from one contacting surface to another under the action of electrical discharges.
Electrical erosion is especially significant in DC circuits. It can lead to the formation of growths and craters on



Problems of Tribology 101

the contact surfaces. The higher the value of the specific heat capacity, melting point, specific heat of fusion and
sublimation temperature of the contacting materials, the lower their electrical erosion. It was noted above that
more thermal energy is required to melt aluminum than to melt the same mass of copper, although copper has a
higher melting point. This is explained by the fact that the specific heat capacity and specific heat of fusion of
aluminum are higher than those of copper.

The intensity of electrical wear of sliding contact materials depends not only on their nature, but also on
the current density, contact pressure force and contact design. The surfaces of breaking and sliding contacts always
have irregularities (roughness) as a result of mechanical processing, wear, plastic deformation. In addition, they
are covered with a film of oxides and sulfides formed under the influence of atmospheric oxygen, ozone and
sulfur-containing gases and liquids, as well as various accidental pollutants. The thickness of such a film depends
on many factors and is usually 10-...10"° mm; its specific electrical resistance is not less than 10> Ohm m. The
distribution of current over the contacting surfaces is uneven, since the structure of the surfaces is inhomogeneous.

The surface structure of an electrical contact consists of four main types of contact areas (spots) (Fig. 2):
contact spots with a metal contact (1), through which electric current flows without noticeable transition resistance;
contact spots covered with adhesive and chemisorbed monomolecular films are quasi-metallic contacts (2), which
easily pass electric current due to the tunneling effect; contact spots covered with electrically insulating relatively
thick films of oxides and sulfides (3) and do not pass electric current; non-contact areas 4.

The contact parts touch only in areas 1, 2, forming a real contact surface. In areas g, there is no contact
pair. The total area of the electrical contact consists of the sum of the areas of all spots (1+2 + 3+4) and is an
imaginary contact surface formed by the crushing of the roughness protrusions of the contact surfaces under the
action of contact pressure (pressure). At low voltages, the electric current actually passes only through areas (spots)
and 2 of the real contact surface. In strong electric fields, due to the breakdown of thick films of oxides and sulfides
(areas) and air layers (areas 4), they also become electrically conductive. In this case, part of the electrical energy
is transmitted in contact through arc discharges, which cause electrical wear of the contacting surfaces and
determine the efficiency and quality of current collection. Therefore, the smaller the contact pressure, the larger
the area of non-contact areas, the higher the power of the electric arc and the more intense the electrical wear.

.

Fig. 2. Scheme of the contact surface: 1 - metal spots (areas); 2 - quasi-metallic spots; 3 - spots of insulating
thick films of oxides and sulfides; 4 - non-contact areas

Since the electric current in the contact passes only through metallic and quasi-metallic areas, the current
lines are distributed unevenly over the entire geometric surface of the contact. They are contracted to areas with
metallic and quasi-metallic conductivity and are bent. As a result, the current density in these areas increases,
which leads to the emergence of the resistance of the current lines to contract Rcon (constriction resistance). In
this regard, the total contact (transition) resistance Rc consists of the resistance of the conductive microcontacts
and the resistance arising from the contraction of the current lines. The contact pressure force F, the state of the
contacting surfaces, and the magnitude of the current I directly affect the value of Rcon and, accordingly, the total
contact resistance Rc and the heating temperature of the contacts when an electric current flows. With an increase
in the contact pressure F, a decrease in the roughness of the contact surfaces and the proportion of areas covered
with insulating oxide and sulfide films, the value of the contact resistance Rc can significantly decrease.

Due to the heating of the contact wire during interaction with the current-collecting elements,
recrystallization and strengthening of copper occur to a certain depth (0.54-0.16 mm) within several days of
operation. Later, when the contact wire wears out to the limit value, the strengthening of the surface layer in depth
remains constant.

In the operating conditions of the trolleybus contact network, the electrical wear of the contact pair "contact
wire - current collector insert" is largely determined by the instability of the electrical contact and the occurrence
of short-term electric arcs. Such phenomena can occur when the contact is locally broken due to surface
irregularities, current collector oscillations, changes in contact pressure or contamination of the contact wire
surface. At the moment of microcontact rupture between the conductive sections, an electric arc is formed, which
leads to local heating, melting and evaporation of the material of the contacting surfaces.



102 Problems of Tribology

At the same time, characteristic microcraters, molten metal inflows and oxidation products are formed on
the surface of the contact wire and current-collecting insert, which change the microgeometry of the surface and
increase the contact resistance. This subsequently leads to an even greater current concentration on individual
areas of the contact surface and intensification of electrical erosion. These processes are especially intense at high
current values, unstable contact pressure and increased speeds of rolling stock.

Additionally, it should be taken into account that the electrical resistance in the contact area is largely
determined by the phenomenon of current line contraction in the microcontact area. According to the classical
Holm theory of electrical contacts, the contact resistance of one microcontact can be estimated by the formula:

R =X
2a
where p is the electrical resistivity of the contact material, a is the radius of the contact spot.
When an electric current flows through microcontacts, their local heating occurs, which can be estimated
using the Joule-Lenz law:

O=I’Rt

where / is the current strength, Rc is the contact resistance, ¢ is the current flow time.

Local heat release in the microcontact zone causes an increase in the temperature of the surface layers of
the material, which can lead to their melting, the formation of microcraters and the intensification of electroerosion
wear of the contact pair.

In addition, an important role in the process of electrical wear is played by the electrophysical properties
of the current collector insert material, in particular electrical conductivity, thermal conductivity, melting point
and the ability to form stable protective films on the surface. The use of graphite-based composite materials allows
reducing the intensity of electrical erosion due to their ability to form a thin graphite film on the contact wire,
which partially stabilizes the contact and reduces the local current density.

Mechanical wear of sliding contact

Mechanical wear of contact wires and current-collecting elements occurs as a result of friction of surfaces
that contact and slide relative to each other. The main types of mechanical wear of materials in sliding contact are
oxidative, fatigue, abrasive and molecular-mechanical. Oxidative wear is associated with the destruction of thin
oxide films on friction surfaces and their formation again. Fatigue wear is associated with deformation, cracking
and removal of a heavily hardened (hardened) layer of rubbing surfaces. Abrasive wear is caused by the ingress
of solid particles from the outside (dust, sand, etc.) between the rubbing surfaces, as well as wear products (metal
oxides and particles from the destroyed heavily hardened layer). Molecular-mechanical wear is explained by the
processes of seizing, tearing and tearing out of particles of contact materials. This causes deformation and heating,
which causes the contact surfaces to oxidize. The lubricant significantly reduces molecular-mechanical wear.

In sliding contact, under the influence of processes caused by friction, plastic deformation and hardening
of the surface layer of the contact wire occurs. As a result, the density of dislocations and the heterogeneity of
their distribution increase in the surface layer of the contacting surface, which leads to the formation of
microregions. During further operation, the formed microregions are crushed and disoriented. Outside their
boundaries, the concentration of internal stresses increases, which lead to the formation of microcracks. Behind
them, the destruction of the surface layers occurs with the separation of mechanical particles that participate in the
abrasive wear of the contacting surface of the contact wire. The intensity of the formation of microregions and the
subsequent destruction of the contacting surface increases with increasing speed of movement and the force of
pressing the current collector on the contact wire.

Destructive processes caused by plastic deformation and hardening of the surface layer, as well as abrasive
wear, largely depend on the nature of the contact wire metal. In a contact wire made of alloyed copper, the plastic
deformation of the surface layer is less than in pure copper, therefore, there are fewer and further destructive
processes. As a result, the resistance of the contact wire to mechanical wear increases. In alloyed copper, the
tendency to set is also reduced. Since the hardness and hardening temperature of copper increase during alloying,
the resistance to abrasive wear increases and the upper limit of the operating temperature increases.

The intensity of mechanical wear increases with increasing contact pressure, and decreases with improving
the quality of the lubricant in the contact. Therefore, this indicator is greatly influenced by the nature of the
materials of the contact pair and, first of all, their hardness. The most unfavorable in this respect are contact pairs
made of the same material (for example, the contact pair "copper contact wire - copper current-collecting plate").

The dependence of the degree of wear of the contact surface of contact wires made of bronze of CuAg0.1
and CuMg0.5 grades on the speed of movement (up to 50 km/h), contact pressure (up to 300 N) and current load
(up to 1000 A) was investigated. Studies have shown that at constant contact pressure (250 N) and constant current
load (300 A), the maximum wear of the contact wire surface occurs at a speed of movement of about 50 km/h. At
constant speed of movement (50 km/h) and constant current load (300 A), with increasing contact pressure, the
wear of the contact wire surface increases. At a constant speed (50 km/h) and constant contact pressure with a
force of 75 or 150 N, with increasing current load, the wear of the contact wires increases, and at a contact pressure
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with a force of 300 N and with an increase in current load from 100 to 150 A, the wear of the contact wires
disappears.

Studies show that when moving at high speed, with an increase in current load and contact pressure, the
service life of contact wires can be extended. With an increase in traction current to a certain value, other things
being equal, the intensity of contact wire wear decreases. This is explained by the "lubricating" effect of the
current, which occurs as a result of the formation of a graphite film on the surface of the contact wire. When
normalizing the speed of movement, it is possible to obtain a contact wire wear value of 1 mm per 100,000
pantograph passes. It also follows from these works that with an increase in current load, the electrical form of
contact wire wear increases, and with an increase in contact pressure, the mechanical form of wear.

When contact wires interact with current-collecting elements as a result of heating of the contacting
surfaces under the influence of high current loads, the surface layer of the contact wire can be strengthened to a
depth of 0.54...1.16 mm. The weakened layer of copper (bronze) that has formed will be subject to more intense
mechanical wear (abrasive and molecular-mechanical). Thus, structural changes in the metal (alloy) of the contact
wire caused by electrical wear increase the intensity of its mechanical wear.

Based on the above, it can be concluded that the intensity of electromechanical wear of contact wires and
current-collecting elements, in addition to their design and technical condition, mainly depends on: the uniformity
of the contact suspension of the wire in the span; the amplitude of the force of pressing the moving current collector
on the contact wire; the magnitude of the consumed current; the nature of the materials of the friction surfaces and
the quality of the lubricant.

One of the most important and largely determining the efficiency of electric traction parameters is the cost
associated with the cost of repairing worn contact wires and replacing them with new ones. These costs consist
not only of the cost of new contact wires (minus the cost of the material of the worn wires) and the labor costs for
their replacement, but also of losses due to delays in the traffic schedule, which are necessary for the performance
of basic works.

Under conditions of sliding electrical contact of the contact wire and the current-collecting insert,
mechanical wear is closely related to thermomechanical processes occurring in the surface layers of materials.
Under the action of contact pressure and tangential friction forces, significant local stresses arise in the contact
zone, which lead to intensive plastic deformation of the surface layer. As a result, a riveted layer with a changed
microstructure, increased dislocation density and increased hardness is formed.

During long-term operation of the contact pair, cyclic loading of the surface layers of materials occurs,
which leads to the development of microcracks due to contact fatigue. Further propagation of such microcracks
causes the separation of small particles of material, which accumulate in the contact zone and can act as abrasive
particles. In this case, the wear mechanism switches to a mixed mode, which includes elements of abrasive and
fatigue wear.

An important factor affecting the intensity of mechanical wear is the microgeometry of the surface of the
contact wire and the current-collecting insert. With increasing surface roughness, the number of local contacts
between the protrusions of micro-irregularities increases, which leads to an increase in contact stresses and
intensification of plastic deformation processes. At the same time, the probability of the formation of micro-
interference between the surfaces increases, which contributes to the development of adhesive wear.

In the contact pair "copper contact wire - graphite or composite current collector insert" an important role
is played by the formation on the surface of the contact wire of a thin layer of wear products containing graphite
and metal oxides. Such a layer can act as a solid lubricating coating, reducing the coefficient of friction and the
intensity of mechanical wear. At the same time, with excessive accumulation of wear products or ingress of solid
abrasive particles from the external environment (dust, sand), this layer can turn into an abrasive medium, which
accelerates the destruction of the surface of the contact wire.

In addition, it should be taken into account that mechanical wear in a sliding electrical contact is inextricably
linked to electrical and thermal processes. Heating of the contact zone under the action of a current load can lead
to a decrease in the strength of the surface layer of the contact wire material, which increases its susceptibility to
plastic deformation and accelerates the development of mechanical wear. Thus, the real process of destruction of
materials in the contact pair "contact wire - current-collecting insert" has an electromechanical nature and is
determined by the complex action of mechanical, electrical and thermal factors.

Conclusions

1. It is shown that the wear of the contact pair “contact wire — current-collecting insert” is of an
electromechanical nature and is determined by the complex action of mechanical, electrical and thermal processes
in the sliding contact zone.

2. It has been established that electrical wear of contact surfaces is mainly caused by electrical erosion,
which occurs as a result of local electrical discharges and uneven current distribution between surface
microcontacts.

3. It is shown that mechanical wear of contact elements occurs as a result of abrasive, fatigue and molecular
mechanical processes and largely depends on the contact pressure, the speed of movement of the current collector
and the properties of the materials of the contact pair.
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4. It has been established that the use of composite graphite materials for current-collecting inserts
contributes to the formation of a thin protective film on the surface of the contact wire, which reduces the friction
coefficient and the intensity of wear of the contact surfaces.
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Kostyn O.C., Hoaimyk A.Q. EnekrpomexaHiuHe 3HOIIYBAaHHS MapyW «KOHTAKTHUH MPOBi —
CTPYMO3HIMAJIbHA BCTABKa» €JICKTPOTPAHCIOPTY

Y crarTi pO3MISHYTO NPOLECH CTPYMO3HIMaHHS Ta 3HOLIYBaHHS B CHUCTEMi KOB3HOTO EJIEKTPUYHOTO
KOHTAaKTy «KOHTAaKTHHMH IIPOBil — CTpyMO3HIMaJbHa BCTaBKa» Tpojeidyca. [lokazaHo, mo pyiiHyBaHHS
KOHTAKTHUX IIOBEPXOHb Ma€ CKJIAIHUH ENEKTPOMEXaHIYHHH XapakTep 1 3YMOBIIOETHCS OIHOYACHONO Ii€0
MeXaHIYHUX, CNIEKTPUIHUX Ta TeroBuX (aktopiB. [IpoaHani3oBaHO OCHOBHI MEXaHI3MH EJIEKTPHUYHOTO Ta
MEXaHIYHOTO 3HOIIYBaHHA KOHTAKTHHX €JEMEHTIB, 30KpeMa eJeKTpOepo3ifo, abpa3WBHE, BTOMHE Ta
MOJICKYJIIPHO-MEXaHiYHe 3HOIIYBaHHA. PO3INSAHYTO BIUIMB KOHTAKTHOTO HATHUCKAHHA, IIBHUIKOCTI PyXy
CTpyMoOIlpuiiMaya, BeIMYNHH TATOBOTO CTPYMY Ta BIACTHBOCTEHl MaTepialliB KOHTAKTHOI apy Ha IHTEHCUBHICTh
pyHHYBaHHS TOBepxXHEBHX mmapiB. [lokazaHo, IO HEPIBHOMIPHICTH PO3MOAUTY CTPYMY y 30HI KOHTAaKTy
NPU3BOJUTH JI0 JIOKAJIBHOTO IEperpiBy IIOBEPXHI Ta YTBOPEHHS EJNEKTPUYHHUX YT, SIKI MPHCKOPIOIOTH
eJIEKTPOEpO3iiiHe pyiHYBaHHS KOHTAaKTHHUX €JIeMEeHTIB. BcTaHOBIIEHO, 1110 )OpMyBaHHS Ha HOBEPXHI KOHTAKTHOTO
JPOTy TOHKOI TpaiTOBOI ILTIBKM MOKE YaCTKOBO 3HM)KYBAaTH KOE(II[IEHT TEPTs Ta IHTEHCUBHICTH 3HOIIYBaHHS.
OTtpuMaHi pe3ybTaTh MOXKYTh OyTH BUKOPHUCTAHI JJIsl i IBUILIEHHS JOBrOBIYHOCTI CTPYMO3HIMAIIbHUX €JIEMEHTIB
€JIEKTPUYHOTO TPAHCIIOPTY Ta ONTUMI3allil PEKUMIB IX eKCILTyaTarii.

KarouoBi cioBa: cTpyMO3HIMaHHS; CTpyMO3HIMajbHa BCTaBKa, KOHTAaKTHHUH MPOBIJ; EJNEKTPHYHE
3HOLIYBaHHS; MEXaHIYHE 3HOIIYBAHH; SICKTPUYHA epO3isi; KOB3HUH eJCKTPUYHHI KOHTAKT; €ICKTPOTPAHCIIOPT.



