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Abstract

This paper proposes a method for calculating limiting deformations under conditions of localized
deformation during tensile testing. The method for calculating limiting deformations was used to construct
plasticity diagrams under conditions of strain localization under uniaxial tension.

The plasticity diagram is one of the material functions that forms the technological map of the material.
The plasticity diagram displays the properties of a material depending on the degree of deformation and the stress
state scheme.

According to the studies carried out in this work, it was established that the critical increase in plasticity
with increasing stress state indicator is explained by the influence of three factors: the strain gradient, the history
of deformation and the third invariant of the stress tensor.

The obtained dependencies make it possible to construct plasticity diagrams for materials whose destruction
is preceded by localized deformation in the form of a "neck".

This work establishes the quantitative influence of these three factors on the magnitude of the limiting
deformations of a sample stretched to the point of failure.

Application plasticity diagrams constructed using the proposed methods for cold plastic deformation
processes, depending on the type of deformation path and the features of metal rheology, clarifies the value of the
used plasticity resource of the metal, which allows to reduce the number of defective products for processes whose
modes are calculated according to limit deformations.

Keywords: limiting deformations, stress state indicators, deformations gradient, deformation history,
stress tensor, deformation tensor, plasticity diagram, tension testing.

Introduction

In the theory of pressure processing of metals, where large plastic deformations are considered (limiting
deformations) of such standard mechanical characteristics as yield stress — ao,2, elastic stress — oe1, proportionality
stress — opr, Strength stress — os, as well as plasticity characteristics — relative residual elongation —
5 = Ii _ IO AO _An

0 4
mechanics of metal pressure processing processes.

In the modern phenomenological theory of deformability, the properties of materials are considered in the
form of various functions, such as the flow curve of the material; plasticity diagram; calibration schedule: hardness
— intensity of stresses — intensity of deformations. These functions form the "technological passport of the
material".

When constructing diagrams of plasticity of materials, the method of their construction during stretching
of the samples forming the neck remains insufficiently researched.

The development of a technique for constructing plasticity diagrams, which takes into account the
peculiarities of deformation localization during the study of tensile materials, remains relevant to this day.

-100%,, relative residual narrowing — ,, = -100% , is far from sufficient for describing the

Copyright © 2024 1. lu. Kyrytsya, O. V. Petrov, I. V. Vishtak, S. I. Sukhorukov. 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
£ the original work is properly cited.
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During the stretching of cylindrical samples, the deformation is determined by the diameter of the neck at
the time of its initiation, which is significantly lower than that determined by the same diameter after the sample
breaks. Therefore, tensile studies allow obtaining sufficiently reliable data only in those cases when a developed
neck does not form before failure. In this regard, for a more strict definition of the limiting deformations during
stretching of samples, the destruction of which is preceded by a loss of resistance to plastic deformation, it is
necessary to have experimental data on the development and accumulation of damage and detected moments
preceding the spontaneous development of a macrocrack.

When stretching cylindrical samples from materials, the destruction of which is preceded by the loss of
resistance to plastic deformation (formation of the neck), a number of problems arise related to a strict definition:

— accumulated deformation intensity up to the moment of failure (limit deformation) — e,;

— the stress state indicator — 5 — the ratio of the average stress to the stress intensity.

Strict calculation of 5 and e, during stretching of the samples forming the neck will allow to establish the
path of deformation of the material particles from the beginning of the loss of stability to the complete destruction
of the sample. As is known, the path of deformation (the rate of change of # and e,) affects the maximum strain
intensity accumulated before failure.

With the help of the approaches proposed in this work, material models are formed, which are the basis for
calculating the stress-strain state and energy parameters of deformation processes in pressure treatment processes.

Analysis of recent research and publications

In modern fracture criteria, which have been applied in the problems of metal forming by pressure [1-5],
experimental data are used in the form of functions — material characteristics, called plasticity diagrams. The
plasticity diagram is one of the functions, which allows in the future to form a technological map of the material.

Plasticity diagrams are obtained by testing materials in tension, compression, torsion, or a combination of
these types of tests [6-10].

The calculation of the stress state index » and limit deformation e, is carried out according to the method
obtained on the basis of the solution of the problem of the stress state in the neck, proposed by N.N. Davidenkov
and N.I. Spiridonova [11]. This technique was based on the Haar-Karman assumption about the equality of the
circular stress to one of the main stresses in the meridional plane. As shown in [12-14], this hypothesis is valid
only when determining deforming forces. When estimating the stress-strain state, this hypothesis leads to errors
of unknown magnitude.

As follows from the results of the calculations (Fig. 1.), the limiting deformation determined by the diameter
of the neck at the point of rupture is overestimated, and for some materials it reaches a value that exceeds even the

value e, at shear, ¢, (n=2 >e, (7 =0), while according to the second experiments plasticity decreases with

increasing ». This is not related to a change in the stress state pattern in the neck. Since triaxial tension occurs in
this region, the # index increases, which should lead to a decrease in plasticity.

e
p

1,75 |
NN 1,50 |

] 2
1,00, Y
0,75 | . /
0,50 |

0,25 |

\7%‘“7
0\{ T

-n -5 -10 -05 00 05 10 15 n

Fig. 1. Diagram of plasticity of steel 3 and pathes of deformation 1,2,3 of material particles: path 1 corresponds
to the stretching of the sample before the appearance of critical stable deformation; path 2 — stretching the sample
until its complete destruction; path 3 — the appearance of macrocracks before the destruction of the sample.

In our opinion, this abnormal increase in plasticity can be related to three factors. One of them is the
influence of the deformation gradient on plasticity.
In work [10] it is shown that, other things being equal (while the stress state indicator remains unchanged,

plasticity increases). It is also shown that if grad €, varies from 0 to 0,06, then plasticity increases by A €, =0,15.
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There are reasons to assume that the deformation gradient in the neck area can influence the growth of
plasticity.

The second factor that can influence the increase in plasticity in the neck region is the rate of change of the
stress state indicator, in other words, the history of deformation.

Thus, work [11] shows that when j_’? > 0, plasticity increases, and when :—77 <0, plasticity decreases.

€y €y

The reason for this abnormal increase in plasticity should also be sought in the very nature of the
destruction. The highest # is obtained in the center of the neck on the axis of the sample. According to this, the
macrocrack originates in this place.

Thus, in the work [12] shows an X-ray picture of the neck of an aluminum round sample immediately
before destruction, while a macrocrack is observed in the center of the cross-section, which did not reach the edges
of the cross-section contour. Therefore, the calculation of the limit deformation according to the formula

e,=2In d—o is incorrect.
n

According to the observations made [13], the deformation is determined by the diameter of the neck at the
time of its initiation, which is significantly lower than that determined by the same diameter after the sample
rupture. Therefore, tensile studies allow obtaining sufficiently reliable data only in those cases when a developed
neck does not form before failure. In this regard, for a more strict definition of the limiting deformations during
stretching of samples, the destruction of which is preceded by a loss of resistance to plastic deformation, it is
necessary to have experimental data on the development and accumulation of damage and detected moments
preceding the spontaneous development of a macrocrack.

For further experiments, we chose steel 3, because this metal is ductile due to its low carbon content, and
the formation of a neck is clearly visible on the samples during tension.

When testing for tension, compression, torsion or tension together with torsion, it is necessary that the
constancy the dimensionless stress state indicators is maintained. Such indicators, which are widely used in the
theory of deformability, are:

n=—F—= @)
J31,(Do) o

15(1,) . Jor0904

= 3, (0.) , )
where 11(T5), 13(T,) are the respectively the first and third invariants of the stress tensor;
I, (T ) is the second invariant of the stress deviator;
o1, oy, oz are the principal stresses;
ois the average stress;
o; is the stress intensity.
Experimentally plotted curves e, (i, x)
ep = [ dejj ®

approximate and the resulting functions are called the plasticity diagram [12, 13].

When carrying out experiments, it is necessary to observe the conditions n = const, y = const.

However, the specified condition of the constancy of the stress state index during the test is often not
performed. The deformation path of the material particles # (e;), for example, under tension can vary from 5 = 1
(uniaxial tension) to # > 2 (biaxial tension). As shown in work [14], the limiting deformation turns out to be
dependent on the history of deformation and in some cases exceeds the value of e, (3=0) (torsion), which
contradicts the physical concepts.

Besides, as shown in work [14], when tensile samples made of materials, the destruction of which is
preceded by localization and deformation in the form of a "neck”, the value of e, (y=1) is influenced by the
volumetric stress state schema. As an indicator of the stress state in work [14], the indicator (2) is proposed, which
takes into account the influence of the third invariant of the stress tensor. In the same work, it was shown that /3 (
T ) affects the plasticity e, (y=1). In the range of the index / ># > -2, the diagram is influenced by the third



Problems of Tribology 9

invariant of the stress tensor. In the region 7 > 5 > 0, the third invariant increases plasticity (in comparison with

the plasticity diagram plotted under the conditions 75 (7', ) = 0) (Fig. 2).

=
18

16

\ 14

12
7

N

’/' S N 8
LT, 120 Aoy
g6 = =
——a
T
02 vl gf=
-2 -15 -1 -05 a 05 7 15 2 ,7
Fig. 2. Diagram of plasticity for steel 20
m — stretching; A— compression; @ —torsion; o — y=1,55; - - L (75 ) #0;=-L(T5)=0

In work [14] is stated that at a constant stress state index, the deformations gradient increases plasticity.
This work presents the results of experiments carried out on samples of high-speed steels P12 and P18 of square
and rectangular cross-section. Different deformation gradients are achieved by different cross-sectional sizes. The
samples were deformed under conditions of pure bending up to fracture. Deformations were determined
experimentally by the method of dividing grids applied with a Vickers hardness tester with a base of 1 mm on the
side surface.

Deformation degree at pure bending

=32 [ —ep P-lepe P rle, ¢ P @

Deformation tensor characterizing the deformations gradient

oe 2 aee 2 oe 2 e € 2
T = _r +{ —Z + _Z 42 r_ o . (5)
€ or or or o

The derivatives were determined as the tangent of the angle of inclination of the tangents to the
corresponding dependences at the points adjacent to the fracture site. The radii of curvature were determined for
the stretched surface in the area adjacent to the rupture line.

The stress state index (1) equal to the ratio of the first invariant of the stress tensor to the stress intensity
was calculated by the formula

n=2—- ©)

The value of # practically did not differ from unity.

Aim of the article is to develop the method of calculating limiting deformations at constructing plasticity
diagrams at conditions of localization deformation under uniaxial tension. To investigate what factors influence
the abnormal increasing in plasticity with increasing stress index under uniaxial tension.

Methods

In the process of the research the following methods have been used: analysis of the literature sources,
mathematical modelling of the processes, using basic laws of solid-state mechanics, theory of modelling and
system analysis, numerical methods of studying mathematical models, described by the systems of differential and
algebraic equations, computer processing of information.

Methods of mathematics and applied theory of plasticity, phenomenological theory of deformability were
also used to solve the problems posed in the work. The hardness method, the experimental-calculation method of
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grids and the approximate engineering method for calculating the stress-strain state were also used. The results of
the research were processed using the methods of mathematical statistics.

Experimental studies performed using physical modeling methods. The physical and mechanical properties
of the studied materials were determined using standard equipment. Specially made devices were also used.
Experiments were conducted in laboratory and production conditions.

The problems were solved, using the package of the applied programs MathCAD.

Results
Based on the processing of the experimental data obtained in work [15], proceeding from the theory of

diffusion of dislocations and the assumption that at # = const the intensity of deformations is proportional to the
density of dislocations, the following equation is proposed

oe:
i .[ ‘/Dt
e, = exp(ﬂt)+§—\/; | @)

Dependence (7) is verified by experiments: gt = 2,079, Dt = 16,78 mm?, b = 0,00895.

1 0,3
e =—(grad e.j (8)
p 2 I
or
Ing‘;3
rad e. =exp| —= |. 9
g , p 03 %)

The results obtained make it possible to take into account the effect of the deformations gradient at
constructing the plasticity diagram.

The work [14] investigated the limiting deformation on the contour of the central circular hole in stretched
plates 50 mm wide and 2 mm thick made of steel 3. The plates were stretched by a stepwise increasing load. A
dividing grid with a base of 0,1 mm is applied on the plates. The specific deformations e; were measured.

The obtained results of the dependence of the limiting deformation intensity on the deformations gradient
were approximated by the relation

1\
ep =B(grad & WJ (10)
or
1 Ine—p
grad e, — =exp| —B- |, (1)
U vm n

where B = 0,849, n = 0,258.

The greatest inhomogeneity of the stress-deformation state is also found in this type of test as torsion (i =
0).

With a constant stress state index (i = 0), it is possible to carry out experiments on torsion of samples with
a diameter d = 20, 15, 10, 7,5, 5 mm.

Along the generatrix of the cylindrical samples with the help of a vernier caliper, a longitudinal risk was
drawn. After fracture, the angles of inclination of the helical lines near the fracture site were measured using an
instrumental microscope. The degree of deformation was determined by the formula

tga
o f3- (12)
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The diameter of the sample and the length of the working part were also measured before and after
destruction. In the case under consideration, these parameters practically did not change. Consequently, the torsion
was constrained, i.e. axial compressive stresses appeared, however, as shown in [13], they are two orders of
magnitude less than tangential ones, and the elongation of the samples was practically absent.

Therefore, the hypothesis of flat sections is performed €, (2) =const=0, o,= 0.
The quadratic invariant of the deformation tensor Te at torsion is

2 2
T -|[fze] [ %20
€ r or : (13)

1
2

At torsion grad ej=—— ——=—"*" , that is, with a radius r = 4 mm,

mm
Among the many approximations [13, 15] and plasticity diagrams [10, 11], let us dwell on those for which
the approximation coefficients have a physical meaning. So in work [11] an approximation of the form is given:

grad e; =£=0,25~L
r

e ,(7)=e,(7=0)exp(~2n). (12)
where ep (7 =0) — limiting deformation at shear (torsion); /Ii — respectively:

—| ep(n=0)
M= ”W (15)

is the coefficient of sensitivity of plasticity to a change in the stress state diagram in the region of the index1 >
>0;

e,(=-1)

ﬂbzzln—O
ep(n— )

(16)

is the coefficient of sensitivity of plasticity to a change in the stress state diagram in the region of the index
0>n>-1.

In fig. 3 shows a diagram of plasticity of high-speed steel R18 approximated using formula (14), where 11
= 1,31, A2 = 1,26. The specified material was chosen due to the fact that when the samples of this material are
stretched, a "neck" is not formed.
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Fig. 3. Diagram of plasticity of high-speed steel R18 A — e, (7=-1) ; m - e,(1=0) ; o — e, (r=1) ; X - calculation
by the formula (14)
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In semilogarithmic coordinates A; are the tangents of the slope of the straight lines plotted in the coordinates
ep(n). The coefficient A;i (i = 1, 2) is essentially the coefficient of plasticity “sensitivity" to changes in the stress

state diagram. The greater the value of these coefficients, the more intensive the growth of plasticity occurs with
increasing hydrostatic pressure.

A similar idea of the physical essence of the coefficients A was later published in the work [13], in which,
from the point of view of the physics of metals, the expediency of introducing coefficients of "sensitivity" of
plasticity to a change in the index # is shown. Thus, in this work, the inflections in the plasticity diagrams plotted
in semilogarithmic coordinates are associated with the index of the relaxation capacity (plasticity) of polycrystals
n:

d Ino

d Ine: an

and the quantities e, J,  are a consequence of the quantity n (but not only of it alone).

Thus, in this work, we have considered the features that arise when constructing plasticity diagrams under
conditions of such tests as uniaxial tension and torsion.

Using the example of steel 3, tested under tensile conditions, let us consider our proposed algorithm for
constructing plasticity diagrams in the range of variation of the index 1 from zero to two [14, 15].

Three standard cylindrical samples made of steel 3 (this steel was chosen due to the fact that the destruction
of this steel is preceded by localization in the form of a neck) were stretched to various degrees of deformation (

5= Iil_—|0-100% , 6 =2,56%, 69 =1592%, &3 =20,92%). After deformation (the third sample was destroyed),
0
the geometric parameters were measured (see Table 1).

Table 1
Geometric parameters and some characteristics of steel samples steel 3
Sample number [ 1 11

I, mm 12 14 16
h, mm 1,59 1,09 0,99
dn, mm 5,09 6,08 7,68
do, mm 9,5 9,5 9,5
dst, mm 8,01 8,06 8,47
lo, mm 9,89 9,89 9,89

J, % 20,89
R, mm 11,6 22,79 34,1
r, mm 1,289 1,189 1,164

ep 1,29 0,901 0,442
d,+d

d =2n st , MM
or 2.22 5,89 6,349 7,268
e, 0,915 0,83 0,557
According to work [14], the neck radius was determined by the formula
o 12440
sh . (18)

The stress state index is calculated according to Bridgman, taking into account the approach proposed in
works [14, 15]

d 1
— _Cr . —
n=1+3In| 1+ 2 R (19)

The work [10] shows a snapshot of the neck of an aluminum sample immediately before destruction. In this
case, a macrocrack is observed in the center of the section, which did not reach the edges of the section contour.
Therefore, the calculation of the limiting deformation using formula
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significantly overestimates the plasticity.
In works [14, 15], it is proposed to calculate the limiting deformation e, by the formula

dg-222

sk
e’ =2In
P dp +dgt

1)

where ds is the cross-sectional diameter of a cylindrical sample at a distance from the minimum neck
radius.

Calculation by formula (21) underestimates the plasticity, which corresponds to the physical concepts of
the decrease in plasticity with an increase in the index #.

S
Fig. 4. Scheme of the meridional section of the sample at the site of necking

We will substantiate the possibility of such a calculation based on the above approach on the influence of
three factors on plasticity — the deformation gradient, the history of deformation, and the third invariant of the
stress tensor.

In the considered example of tension of cylindrical samples of steel 3 in the area of localization of
deformation (in the neck), the gradient of deformations overestimates the plasticity by Adei =~ 0,12, the history of

e (n)

deformation by an amount g = In % =012..014, the third invariant |5 (7,_.) overestimates the plasticity
e (n =const
p

by 10 — 12%. The calculation of the actual limiting deformation gives the result

eZ =e, [1-(0,12+013+012)]=1291-0,37]=0,81, 22)

Calculation by formula (21) gives satisfactory convergence with calculation by (22) e; =0915.

Using of the plasticity diagram in the form of the dependence of the limiting deformation on the stress state
parameter in the known deformation criteria for cold plastic deformation processes can significantly clarify the
calculation of the used plasticity resource. In turn, this makes it possible to reduce the probability of fracture (from
30 to 40 %) in the processes of cold plastic deformation, the parameters of which are calculated with minimal
margins for fracture deformations, and to expand the technological capabilities of metal pressure processing
processes.

Conclusions

The method of calculating limiting deformations at constructing plasticity diagrams at conditions of
localization deformation under uniaxial tension is developed in this work.

The abnormal increase of plasticity with an increase in the stress state index is explained by the influence
of three factors: the gradient of deformations, the history of deformation and the third invariant of the stress tensor.
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A method of constructing plasticity diagrams has been developed, which takes into account the peculiarities
of deformation localization during tensile testing of materials. The method is based on the analysis of the stress-
strain state in the neck of the stretched sample in the area of localization of deformation without the inclusion of
the Haar-Karman hypothesis and allows determining the limit deformations during stretching of plastic materials.

Using the example of plotting the plasticity diagram of steel 3, the quantitative influence of these three
factors on the value of the limiting deformation in the neck of a sample stretched to failure is shown. The total
value of the overestimation of the limiting deformation is from 34 to 38 percent.

With the help of the proposed approaches, material models (technological map of the material or passport
of the material) are formed, which are the basis for calculating the stress-strain state during the manufacture of
blanks (parts), as well as calculating energy parameters of deformation processes.

In this work, modern phenomenological approaches are considered, which will allow structural engineers
and technological engineers to create safe structures, structural elements, details, etc., even at the design stage.

The obtained dependencies will allow in the future to provide recommendations for the construction of
technological processes for the manufacture of parts or structural elements, etc.
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Kupnus 1. 10., ITerpos O. B, Bimrak I. B., Cyxopykos C. I. Busnauenns rpanuyaux aedopmartiii npu
BUNPOOYBaHHI UMIIHAPUYHUX 3pa3KiB HA PO3TST

CrarTsl NpuUCBsiYEHa pPO3paxyHKy IpaHMYHHMX aedopmaliii B ymMoBax JokamizoBaHoi aedopmauii mpu
BUTIPOOYBaHHI Ha PO3TAT. 3a JOMOMOTOI0 METOLY PO3paxXyHKY TpaHHYHHUX Jedopmariii ToOyZoBaHO IiarpaMu
TUTACTHYHOCTI B YMOBaX JIOKaji3amii qeopmartiii mpu OTHOBICHOMY PO3TATY.

JiarpaMa miacTHYHOCTI € OfHI€IO 3 (GYHKIIN MaTepiany, sika (opMye TEXHOJOTIUHY KapTy Marepiainy Ta
BioOpa)kae BIACTHBOCTI MaTepiary B 3aJIeKHOCTI Bl CTyIeHs AeopMallii i cXeMH Halpy>XeHOTO CTaHy.

BcranoBneHO, 0 KPUTHYHE M ABUINCHAS TUTACTHYHOCTI 31 301IBIIIEHHSAM MOKAa3HWKA HAIPYKCHOTO CTaHY
MOSACHIOETHCS BIUIMBOM TPHOX (hakTopiB: TpamieHTa medopmartii, icropii medopmamii Ta TpeTboro iHBapiaHTa
TeH30pa HampykeHb. OTpUMaHi 3aJeXKHOCTI Jal0Th 3MOTY MOOyAyBaTH AiarpaMu IUIACTUYHOCTI Marepialis,
PYHHYBaHHIO SKHX Hepeye JIOKali30BaHa JeopMallis y BUISAL «ITHHKAY.

Y po0oTi BCTAHOBJIEHO KUIBKICHHH BIUIMB LUX TPHOX ()aKTOPIiB HA BEIMYMHY TPaHHMYHUX AedopMariii
PO3TATHYTOTO 10 pylHHYBaHHs 3paska. [IpukiagHi qiarpamu IiacTHYHOCTI, MOOYJOBaHI 3a 3alPONOHOBAaHUMHU
METOJlaMH, I IPOILECiB XOJIOJHOI IUIacTHYHOI aAedopMarii 3alekHO Bijg BHAy LUIAXy aedopmauii Ta
0co0JIMBOCTEH peoJIorii MeTally YTOYHIOIOTHh BEIMYMHY BHUKOPHCTAHOI'O PECYpCy IUIACTUYHOCTI MeTally, IO
JTO3BOJISIE 3SMEHIITUTH KUTBKICTh OpaKOBaHUX BUPOOIB Ha MPOIIECH, PEKUMH SIKUX PO3PAaXOBYIOTHCS 32 TPAHIIHUMU
nedopMamisMu.

Karouosi cioBa: rpanndHi aedopmartii, TOKka3HUKA HAPY>KEHOTO CTaHY, TpamieHT Aedopmartiii, icropis
nedopmariii, TeH30p HaIpyKeHb, TeH30p AedopMarlii, JiarpaMa IIIACTUYHOCTI, BUTIPOOYBAaHHS Ha PO3TAT.



Problems of Tribology, V. 29, No 1/111-2024, 16-24

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

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2024-111-1-16-24

Modeling surface structure of tribotechnical materials

I. Drach*, M. Dykha, O. Babak, O. Kovtun

Khmelnytskyi national University, Ukraine
*E-mail: cogitare410@gmail.com

Received: 5 January 2024: Revised 25 January 2024: Accept 5 February 2024

Abstract

Modern tribology makes it possible to correctly calculate, diagnose, predict and select appropriate materials
for friction pairs, to determine the optimal mode of operation of the tribo-joint. The main parameter for solving
friction problems and other problems of tribology is the topography of the surface. The main purpose of the models
in these tasks is to display the tribological properties of engineering surfaces. In the framework of the classical
approach, the topography of the surface is studied on the basis of its images from the point of view of functional
and statistical characteristics: the evaluation of the functional characteristics is based on the maximum roughness
along the height and the average roughness along the center line, and the statistical characteristics are estimated
using the power spectrum or the autocorrelation function. However, these characteristics are not only surface
properties. They depend on the resolution of the device for measuring the surface geometry and the length of the
scan. However, the degree of complexity of a surface shape can be represented by a parameter called the fractal
dimension: a higher degree of complexity has a larger value of this parameter. Fractal dimensionality is a
characteristic of surface relief and makes it possible to explain tribological phenomena without the influence of
resolution. This article provides an overview of mathematical approaches to the description of the relief of
engineering surfaces, in particular statistical, stochastic and topological modeling, their limitations, advantages
and disadvantages. The implementation of the principles of the theory of fractal structures is discussed, which
makes it possible to introduce the degree of imbalance of the tribological system into the analysis of structure
formation in the surface and near-surface layers of materials and to describe the development of friction and wear
processes. This is the basis for controlling the structure of the surface layers of materials with given properties.
The concept of fractals, used for the quantitative description of the dissipative structure of the tribojunction zone,
makes it possible to establish a connection between its fractal dimension and mechanical properties, as well as
critical states of deformation of metals and alloys. The course of research and stages of fractal modeling, the
classification of methods of fractal analysis of the structure of engineering contact surfaces are considered. A
critical analysis of modern models based on the energy-spectral density function, which are quite similar to fractal
models, is presented. Readers are expected to gain an overview of research developments in existing modeling
methods and directions for future research in the field of tribology.

Keywords:surface relief; statistical models; stochastic models; fractal models; energy spectral density
function.

Introduction

Tribotechnical indicators of materials (compatibility, wear resistance, antifriction, etc.) characterize the
behavior of the entire tribological system as a whole [1]. Therefore, it is not possible to establish a connection
between the above indicators and the geometric and/or physical-mechanical-chemical properties of the elements
of the friction pair.

The article deals mainly with engineering surfaces, that is, those used in engineering practice. It is known
that all technical surfaces are rough [1, 2, 3], so contact between technical surfaces is carried out using several
contact points [4]. If the surface profile z(x) is determined using the Fourier distribution, and the term "roughness"
is defined as a short-wave form, then the technical surface is defined as a long-wave form and is called a "wave-
like" surface [5]. If the waviness is removed from the surface profile, the rough surface can be considered

Copyright © 2024 1. Drach, M. Dykha, O. Babak, O. Kovtun. 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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nominally flat [6]. The roughness of technical surfaces is a decisive factor for the performance of tribological
components. The surface profile has a huge influence on energy dissipation during sliding of dry engineering
surfaces and, accordingly, on friction [7].

Increasing the reliability of many technical systems is impossible without an in-depth study of the processes
occurring on friction surfaces; development of physical ideas about friction and wear; application of modern
research methods based on the results and methods used in classical fundamental and applied physical and
mathematical sciences; use of computer technologies.

This article presents a critical review of some popular functional, statistical, fractal, and related methods
for modeling and analyzing surface roughness. Prospective trends in the development of mathematical modeling
in tribology are proposed, determined on the basis of the obtained data and statistics of the published literature in
this field. After all, the choice of appropriate surface characterization methods and calculation methods for the
study of various surfaces is the main problem of current studies of engineering surface topography.

Modern mathematical modeling in the study of the mechanism of contact and destruction of engineering
friction surfaces develops in the following main directions: statistical modeling, stochastic modeling, topological
modeling, fractal modeling.

Probabilistic and statistical characteristics of surface roughness

Modern research involves a systematic approach to the study of tribotechnical problems. The importance
of such an approach increases in the case of applying probabilistic statistical methods in solving problems in the
field of friction, since this process is quite complex and has a stochastic nature of functioning. The method of
creating mathematical models of the friction and wear process using the apparatus of the theory of similarity,
dimensions and mathematical planning of the experiment is quite progressive, since the transition to generalized
coordinates sharply reduces the number of factors that must be taken into account and gives sufficiently justified
values of the initial parameters. Most tribological systems work in accordance with the Pareto principle, which
states that only some of the many factors are significant from the point of view of the system's characteristics. The
methods of group consideration of arguments, a priori ranking of factors, rank correlation, random balance and
others are used to determine essential factors. The rational choice of the appropriate method is determined by the
availability of a priori information about the researched object. Regression analysis is widely used to establish the
relationship between input and output parameters and to obtain a mathematical model adequate for the object under
study.

One of the first attempts to apply statistical methods to describe surface roughness was presented by Abbott
and Firestone, who calculated the cumulative distribution function of surface heights:

®(2) = [ p(t)dt,

where ¢(z) is the probability density function.

In tribology, this parameter is called the Abbott-Firestone curve or the bearing area curve. Subsequently, a
huge number of statistical roughness parameters were introduced [8]. These characteristics were related to both
the vertical distribution of heights and the horizontal distribution of rough profiles [9].

The next step in surface roughness research was the idea of modeling based on the theory of random
processes. This idea was first implemented by Linnik and Khusu [10], who suggested using the details of the
stationary Gaussian random process graph and the correlation function for the Gaussian random process N(x) to
describe the surface roughness:

N(x) = N(0) - e-alxD, @)

where N(0) and a are some roughness parameters. A similar idea was presented later by Whitehouse and
Archard [11]. They proposed to describe the Gaussian profile z(x) of a random rough surface by the distribution
of the heights of its protrusions and the correlation (autocorrelation) function of the process R(3):

R(8) = lim = [ [20x + 8) - 2] [2(x) — 2. @

where Z is the middle line of the profile.

Statistical modeling results are effective if the roughness is Gaussian (normal). If the roughness is not
normal, then the properties of the sample trajectory are not fully determined by the mean and covariance functions.
Therefore, the statistical modeling technique includes a stage of assessing the reliability of the model, which is
based on proving the assumption of a Gaussian (normal) distribution of the heights of the projections of the rough
surface.

There are many criteria for testing this assumption. Each of these criteria provides a quantitative assessment
of the closeness between a theoretical Gaussian distribution and an observed sample of measurements by
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calculating a p-value. Estimates are based on certain statistics of the relevant criterion. According to the literature
review, the most popular criteria for checking the normality of roughness of different surfaces are: Pearson,
Kolmogorov-Smirnov (KS), Anderson-Darling (AD), Cramer-von Mises (CVM), Shapiro-Wilk (SW), Shapiro-
Francia (SF) criteria ), Lilliefors (LF) [12]. The p-value is a number that characterizes, for the observed
measurements, the significance on a scale of [0, 1] that the hypothesis of a normal distribution law is true. As a
rule, an acceptable level of significance is nominated (5%). The trend of using statistical tests on both nano and
micro scales is relevant.
Non-Gaussian processes can be generated by a stochastic differential equation:

dX(X) = — O(X(x) — Pdx+o(X(x))dWB(x),

where x > 0 and WB(x) is a standard Brownian motion (Wiener process). Choosing the appropriate value
of the parameter p and the function o(-), we obtain a certain distribution of the process X(x) by height with the
autocorrelation function p(x) = e—0|x| , by the power spectrum G(®)=276/(02+w2) for any choice of pn and o(-).

Research has proven that the surface relief is a non-stationary random process, that is, this statistical
parameter depends on the scale. In other words, the accuracy of this characteristic parameter of the contact problem
is affected by the length of the sample and the resolution of the measuring device [13].

Statistical models of contact with multiple protrusions between two nominally flat surfaces are the most
popular for predicting the contact behavior of rough surfaces, their assumptions and simplifications greatly limit
their reliability, and the criteria for identifying protrusions and their characteristics lead to significant deviations
in the calculated topographic input parameters, which are also strongly dependent from the resolution of the
topography measurement technique. Typical engineering surfaces are also not isotropic, and the distribution of
ledge heights is not Gaussian [14].

Methods of topological modeling of the structure of the surface layer

Traditional methods of topological modeling (geometric assessment) of the formation of various objects,
including in tribology, are based on the approximate approximation of the structure of the object under study (in
tribology of surface and near-surface layers) by geometric shapes, for example, lines, segments, planes, polygons,
polyhedra, spheres. These techniques are based on classical Euclidean geometry, the topological dimension of
which is an integer. At the same time, the internal structure of the object under study is usually ignored, and the
processes of structure formation and their interaction with each other and with the environment are characterized
by integral thermodynamic parameters. This, naturally, leads to the loss of a significant part of information about
the properties and behavior of the studied systems, which, in fact, are replaced by more or less adequate models.
In some cases, such a replacement is quite justified. However, there are problems when the use of topologically
non-equivalent models is fundamentally unacceptable. In particular, for the modeling of structurally complex
objects, where a generalized concept of a specific physical representation of the structure and description of the
properties of the object is necessary.

An example of topological modeling of elastic contact between two nominally flat metal surfaces is the
Greenwood-Williamson model [6]. The surface relief model is a set of spherical segments having the same radius
of rounding of the upper part of the protrusions and located on the middle plane of the rough surface. The model
is based on fairly clear physical provisions about the contact interaction of rough surfaces in the elastic state of
frictional contact spots (the number of contacting spheres of a certain height increases when the surfaces approach
each other) [6]. Adopting a constant radius of the upper part of the protrusions simplifies the modeling of the
contact interaction process, while the accuracy of the calculations decreases. And at low loads, when we have to
take into account sub-roughness when determining the contact parameters (when the contact between two rough
surfaces consists of a large number of contact spots of different sizes), the Greenwood-Williamson model is
inapplicable. Majumdar [14] managed to eliminate the shortcomings inherent in the Greenwood-Williamson
model using fractal modeling.

Fractals Approaches to Surface Topography

In fact, the fractal terminology for describing surface roughness was pioneered by Berry and Hannay [16],
who argued that the geometric properties of rough surfaces can be characterized by a new concept of "fractal”,
which was described in detail by Mandelbrot [17]. He introduced the concepts of fractal, fractal geometry and
fractal dimension (FD).

Fractal geometry became widespread in tribology thanks to the works of A.-K. Janahmadov, V. lvanova
[18, 19], which are devoted to the analysis and control of structure formation in alloys, surface and near-surface
layers of materials as open nonlinear systems that are far from a state of thermodynamic equilibrium. Such systems
are unbalanced due to the dissipation of energy received from the outside. As a result of self-organization, stable
structures can arise in such systems, which exist under the condition of constant dissipation, that is, loss of energy
by the system. With the appearance of a complex ordered structure in the system, entropy increases, which is
compensated by a negative flow of entropy from the outside.
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To date, it has been established that the resistance to destruction of metals and alloys is determined by the
dynamic structure that is formed in the process of deformation and has dissipative properties. In tribology, surface
layers and all internal boundaries should be considered as an independent planar nonlinear subsystem with broken
translational invariance, which is the leading functional subsystem in a deformed solid. The main part of the
stresses arising during friction is concentrated in the near-surface layers of the friction elements. The reconstruction
of the surface layer under the action of external thermal loads occurs precisely in the process of establishing the
temperature field and is a process of dissipative structure formation associated with deformation defects [19].

Self-organized dissipative structures in open systems are fractal [17]. This makes it possible to apply fractal
modeling when studying the physical and mechanical nature of the destruction of materials by introducing new
quantitative indicators of structures in the form of fractal dimensions.

The basis of fractal modeling is the concept of a fractal - a self-similar structure with a fractional dimension,
which has the property of scale invariance. In general, fractals are a powerful tool for understanding and designing
materials with complex structures and properties [17]. It is based on the works of Russ JC [20], Mandelbrot [17],
Feder [21], and others.

The fractal dimension FD characterizes any self-similar system: when the linear dimensions change by u
times, the fractal value changes by uFD times. The fractal dimension is not related to the topology, but to the
method of construction of the considered object [21].

For a fractal structure, the dimensionality or, usually, the fractional parameter FD, describes the
preservation of statistical characteristics when scaling. Fractal dimensionality allows you to quantitatively describe
microstructures and their constituent elements, to establish the actual area of collision of phases, the actual lengths
of "rough” lines and surfaces, and to determine other structural parameters related to the properties of materials.
The fractional metric dimension of such objects not only characterizes their geometric image, but also reflects the
processes of their formation and evolution, as well as determines their dynamic properties. Fractals provide a
compact way of describing objects and processes in strictly quantitative terms.

The fractal model assumes that the engineering surface is self-similar (a part of the surface reflects the
entire object) and scaling (a part repeats its structural features at a different measurement scale). Thus, the fractal
approach has the potential to predict the behavior of a surface phenomenon at a particular length scale based on
observations at other length scales.

The self-similarity of structures is established on the basis of the analysis of certain geometric patterns and
their measurements at different magnification scales. In order to establish the fractality of the structure, it is
necessary [22]: 1) to check self-similarity; 2) determine the limits of self-similarity; 3) calculate the fractal
dimension.

The fractal tribomodeling methodology is explained in Figure 1, where the main stages of the research and
their results are defined.

object

(engineering processing sample —. combined microscopy )-> picture
surface)

definition of the area of existence |_fractal synthesis |

of structural self-similarity:
= | - self-similarity check; model of characteristic

- determination of limits of self-similarity; geometric shapes

- calculation of fractal dimension (obtained through iterations)

as a means of studying the
initial structures of the object

[ calculation (computer simulation) |

results:

- quantitative description of the
microstructure and its constituent elements; lanaiysis and interpretation of results
- determination of structural parameters
related to surface properties

relationship between
property and fractal structure

Fig. 1. Information model of the study of structural characteristics of the engineering surface based on fractal analysis

It should be noted that determining the relationship between a property and a fractal structure is a difficult
task, since the existing models establishing these relationships for periodic structures are not applicable to fractal
ones [23]. The solution of this problem requires the development of fractal analysis of microstructures, the
determination of the area of existence of structural self-similarity, as well as the development of fractal synthesis,
which includes the modeling of characteristic geometric shapes (through iterations) as a way to study initial
structures in real materials.

Below (Figure 2) is a classification of the main experimental methods of studying statistically self-similar
tribo-structures.
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] experimental methods for determining fractal dimension

[ porous surfaces | - porometry method; o
- according to secondary electronic emission data;

- small-angle scattering method

| rough surfaces ] - according to the physical properties of the object;
- adsorption methods

- by the mechanical properties of the object
- fractographic (metallographic) methods:
- the method of cut islands
- Fourier analysis of profiles
- method of vertical sections
- similarity transformation method

[ failure surfaces |

[ toidentify dendritic structures |  visual identification

Fig. 2. Classification of experimental methods for determining the fractal dimension of statistically similar
structures

It should be noted that fractographic (metallographic) studies are the most direct methods of determining
the fractal dimension of statistically self-similar profiles and surfaces of natural objects.

Fractal theory is used as a mathematical model for random surface topography, which can be used as input
in modeling contact mechanics. In many tribological applications, some geometric parameters defined in
Euclidean space, such as the unfolded area, bearing surface, cavity, and material volume, are very difficult to
measure independently of the unit of measurement. The values of these parameters increase when the measurement
scale is reduced. Fractal geometry can be used as an adaptive space for rough morphology, in which the roughness
can be considered as a continuous but non-differentiable function, and the FD dimension of this space is an intrinsic
parameter to characterize the surface topography [15]. Fractal dimensionality is used as an indicator of the real
values of various scale-dependent parameters, such as length, surface, and roughness volume, and as an invariant
parameter for analyzing the distribution law of the area of contact points.

Real physical objects, which have signs of self-similarity, can rarely be described using only one value of
the fractal dimension. That is why the analysis based on the theory of multifractals - non-homogeneous fractal
objects - has become very popular recently. A characteristic of a multifractal is an infinite spectrum of such
dimensions, which is called the generalized fractal dimension or Renyi dimension [21].

With the help of multifractal characteristics, phenomena in contact mechanics, wettability, and lubrication
of rough material are described, where knowledge of the area of the supporting surface, the developed area, or the
volume of voids is directly related to the scale of observation [22].

Another important step in advancing the fractal approach to the description of surface roughness was the
study of the Weierstrass-Mandelbrot fractal function by Berry and Lewis [24]. Mandelbrot [17] generalized the
Weierstrass function, the graph of which is continuous everywhere and nowhere differentiable, and introduced the
complex-valued Weierstrass-Mandelbrot (WM) function W(x) and its special real case C(x; p):

W(xp) = L p Pr(1 — e"*)eien,
®
C(xt;p) = P~ P™(1 — cos(p™x)), p > 1, 0<p<L.

where ¢n are arbitrary phases. Box-counting dimension (the Minkowski dimension) of graphs C(x; p) is
equal to D =2 — B. There is no rigorous mathematical proof that its Hausdorff dimension is the same. The plot of
the function C(x; p) has often been used to model rough profiles.

Later, Weierstrass-type functions were used by many researchers as a model of rough surfaces [22].

For a while, fractal models were all too popular. There are reviews of the application of fractal concepts in
contact problems, in fracture mechanics, and several articles on the use of fractal concepts in tribology [25, 26].

Thus, let's define some main features of the fractal approach.

1. The authors in [25] divided fractals into mathematical and physical (natural) fractals. Both mathematical
and physical fractals use the concept of coverage. This means that the object (set) is covered by cubes of size
greater than or equal to §. Fractal geometry is based on mathematical fractals. Mathematical methods of fractal
geometry are described in many books and articles where various FDs are studied as applied to mathematical
objects. Various FDs are used in research, mainly Hausdorff dimension (dimH) and box-counting dimension (the
Minkowski dimension) (dimB) (and the Hausdorff dimension of the set S may not be equal to the box-counting
dimension of dimBS, but it is known that dimHS < dimBS.) These FDs can be calculated by taking the limit at &
—0[17].
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A mathematical fractal curve has an infinite length. Even if a mathematical fractal curve is continuous
everywhere, it is non-differentiable. Therefore, it is often very difficult to formulate a boundary value problem for
solids that have a fractal boundary.

If real-world objects or numerically modeled objects have a power-law number-radius relationship, then
those objects are physical fractals. The power law of the number-radius ratio has the form:

N(8)~6-D, 5*<8< 8*, N(R)~(R/5)D, r*<R<R*, @)

where N(9) is the number of elements covering the object of size §, D is the dimension of the object FD, &*
and 0* are the upper and lower limits of the physical fractal law, respectively. The first relation (4) is used when
the coverage size § varies and the object size R is fixed, while the latter relation is used when the coverage size o
is fixed and the object size R varies. In the latter case, R* and r* are the upper and lower cutoff limits. The ratio
In(N(8%)) / In(R) is used to estimate the D value.

The main difference between these types of fractals is as follows: the physical behavior of the fractal (4) is
observed only in a limited range of scales, while for the study of mathematical fractals it is necessary to take into
account the scales of consideration up to the zero limit.

If FD is specified, it is convenient to use the fractional part FD — D*. Then FD of fractal profiles and
surfaces are equal to 1 + D* and 2 + D*, respectively.

2. Self-similar sets are a very specific kind of fractals. In general, self-similarity is not related to
mathematical fractals. Their scaling properties are based on the scaling of the fractal measure or quasi-measure
[25], while for physical fractals their scaling properties are reflected by relations (4).

3. On average, the estimate of the FD value is 1.5. However, if the FD value is less than two or three orders
of magnitude, the fractal concept is not useful [26].

4. In addition, the term fractal geometry is also quite often loosely applied to a set of semi-empirical or
empirical methods for estimating the FD of objects. In general, the FD values obtained by different practical
methods are not reliable [25].

5. As noted by Whitehouse [27], there is very little scatter in the FD values obtained for surfaces produced
by different manufacturing processes. In addition, there is no well-established algorithm for estimating the
intercepts of the fractal law (3).

6. The roughness of real bodies is not a mathematical fractal. In [25] using fractal parametrically
homogeneous surfaces, it is shown that the tribological properties of a rough surface cannot be characterized only
by the fractal dimension of the surface.

Fractals are only mathematical idealizations of complex forms of natural objects. Of course, it is possible
to use a mathematical fractal as a possible model that reflects the power dependence of the number-radius of a
natural object within a limited range of scales. However, the resulting task can be very difficult.

Thus, the physical value of the fractal approach is very limited. Furthermore, if the fractal scaling has a
small range that spans only 1.5 or 2 orders of magnitude, then fractals do not provide a scale-independent
description of surface roughness.

Power Spectral Density Function (PSDF) Approaches to Rough Surfaces

Currently, another trend is quite popular, namely the description of rough surfaces using exclusively the
PSDF (power spectral density function) of the surface relief [28]. By Fourier transformation of expression (2) for
R(3), we obtain the power spectrum G(w) or the power spectral density function (PSDF). If the frequency of the
signal is denoted by ®, then the PSDF is defined as:

G(w) = %foooR(S)cosmB dé. (5)

Developing the random signal approach, Sayles and Thomas [29] presented experimental relationships
between wavelength and scaled power spectral density for many different surfaces. They argued that the scaled
spectral density functions of many surface profiles can be approximated as G(®) = 2nA/®2. Sayles and Thomas
[29] called A the surface topothesis.

Borodich et. al. in [25] showed that models based solely on the power spectral density function (PSDF) are
quite similar to fractal models, and these models do not reflect the tribological properties of surfaces. In particular,
it is shown that different profiles can have the same PSDF.

Conclusions

An overview of mathematical approaches to the description of the topography of engineering surfaces is
given. Itis noted that, despite a fairly large number of parameters used to characterize the surface relief, only some
parameters are quite useful. However, their use is quite limited, for example these parameters may be useful at the
meso- or even micro-scale, but they may be useless at the nano-scale.
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There are many models of random processes, but only the case of Gaussian processes is well developed.
An analysis of the publications showed that undamaged surfaces are quite often Gaussian at both the micro- and
nanoscales, while polished surfaces are not normal.

Based on the analysis of literary sources, an information model for the study of the structural characteristics
of the engineering surface based on fractal analysis and the classification of experimental methods for determining
the fractal dimension of statistically similar structures have been developed. Some shortcomings of fractal
approaches and typical incorrect statements about fractals are identified. It is argued that the practical utility of
fractal approaches is quite questionable. It should not be expected that the use of a mathematical fractal model of
a rough surface will give significant advantages. Usually, such models are mathematically complex. Thus, a strict
approach to fractal modeling can only replace a complex problem with another, more complex than the original
one. In addition, the dimensions of physical (natural) fractals cannot be used as scale-independent parameters.
Adequate explanations of the fractal concepts used must also be provided, otherwise results may be misinterpreted.

Surface roughness models based solely on the properties of the autocorrelation function or its Fourier
transform (PDSF) are also discussed. It was pointed out that the PDSF approach to non-Gaussian surfaces does
not reflect the tribological properties of the surfaces.
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Hpau L.B., Iuxa M.O., Badak O.Il., Kopryn O.C. MojentoBaHHs NOBEpXHEBOi OynOBHM MaTepiaiiB
TPUOOTEXHIYHOTO IIPU3HAYECHHS

CyuacHa TpuOOJIOTiSl a€ MOXJIMBICTH NPAaBWIBHO PO3PaxOBYBaTH, AiarHOCTYBaTH, IPOTHO3YBaTH M
miI0MpaTH BIAMOBIAHI MaTepiaid map TepTs, NpH3HAYaTH ONTUMAaJbHUI PEXHUM poOOTH TpUOO03'€HAHHS.
OCHOBHHUM ITapaMeTPOM IS BHPIIIEHHS Ipo0iIeM TepTs Ta iHIIHUX Ipo0IeM TpUOOIIoTii € Tormorpadist MoBepXHi.
OcHOBHE TNIpU3HAYCHHS MOEICH B IUX 3ajadax — BimoOpakeHHS TPHUOOJIOTIYHMX BIIACTHBOCTEH iH)KEHEPHIX
MOBEPXOHb. B paMKkax KIIACHIHOTO MiAX0Iy TOrorpadis HOBEpXHi JOCIIIKY€ETHCS HAa OCHOBI 11 300paskeHb 3 TOUKU
30py (YHKIIOHATBHUX i CTATHCTUYHUX XapaKTEPHUCTHK: OWIHKA (DYHKI[IOHANBHUX XapaKTEPHUCTHK MAroTh 3a
OCHOBY MaKCHMAJbHY HIOPCTKICTh 32 BHCOTOIO i CEpeAHI0 IMIOPCTKICTh MO IEHTPaJbHIA JiHii, a CTaTHCTHYHI
XapaKTepUCTHKH OIIHIOIOTHCS 3a IOMOMOTOI0 CIEKTpa IOTY)XHOCTI abo ¢yHkmii aBTOKOpessmii. OmHak, i
XapaKTEePUCTHUKHU HE € JIMIIE BIACTUBOCTSMH NOBEpXHi. BoHM 3anexarh BiJ pO3UIHLHOT 34aTHOCTI pUIIaLy s
BUMIPIOBaHHS TeOMETPii IIOBEpXHIi Ta JOBXKHUHU cKaHyBaHHs. O/IHaK, CTYIiHb CKJIATHOCTI (pOpMH IIOBEPXHI MOKHA
MOZIATH Yepe3 IapaMeTp, SIKUH Ha3UBAE€ThC (PPAKTAIHHOIO PO3MIPHICTIO: BUIIMI CTYIIIHb CKIAJHOCTI Ma€ Oiblie
3Ha4YeHHs OO0 NapaMeTpa. PpakTaiabHa PO3MIPHICTH € XapaKTEPUCTUKOIO peNbedy MMOBEPXHI Ta Ja€ MOXKIMBICT
MOSICHUTH TPUOOJIOTIYHI siBUIa Oe3 BIUIMBY PO3MIIBHOI 31aTHOCTI. Y IIiif CTATTi MOAAHO OTJISA MaTEeMAaTHYHUX
HiIXoMAiB 10 onucy penbedy IHKEHEpHHX IMOBEPXOHb, 30KpeMa CTaTUCTUYHE, CTOXAaCTHYHE 1 TOIOJIOTiuHE
MOJICITIOBAaHHS, 1X OOMeEXeHHs, mepeBard 1 Hemoiiku. OOTOBOPIOETHCS BHPOBAKCHHS MNPHUHIUINB Teopii
(hpaKTadbHBIX CTPYKTYp, IO Ja€ MOJMJIMBICTP yBECTH B aHANli3 CTPYKTYPOYTBOPEHHS B IIOBEPXHEBUX 1
MPUTIOBEPXHEBUX IMapax MaTepialliB CTYIiHb HEPiBHOBAXXHOCTI TPHUOOIOTIYHOI CHCTEMH M ONMHCATH PO3BUTOK
nponeciB TepTs i 3HomyBaHHs. CaMe Iie € OCHOBOIO KePYBaHHS CTPYKTYPOIO IIOBEPXHEBHX LIApiB MaTepialiB i3
3aaHMMH BJacTUBOCTAMH. KoHuenmist ¢pakraiiB, BUKOPUCTOBYBaHA IS KiJbKICHOTO ONMHUCY JUCHIIATUBHOL
CTPYKTYPH 30HH TPHOO3'€IHAHHS, JO3BOJISAE BCTAHOBUTH 3B'S30K 11 ()pakTalbHOI PO3MIPHOCTI 3 MEXaHIYHUMH
BJIACTHUBOCTAMH, a TAKOXK KPUTHYHAMH CTaHAMH AedopMallii MeTaliB i cruiaBiB. Po3risHyTO Xia HOCTIIKEHHS 1
eTany (ppakTaIbHOrO MOJIENIOBAHHS, Kiacu(ikalifo MeTo/iB (pakTaJbHOTO aHaji3y CTPYKTYPH IH)KEHEPHHX
MOBEPXOHb KOHTAKTY. [10/JaHO KpUTHYHHI aHAII3 Cy4acHUX MOJIENIEH, sIKi MAlOTh 32 OCHOBY €HEPrOCHEKTPaIbHY
(yHKIIIO IIUIBHOCTI, 1 € TOCUTh CXOXKUMHU Ha (paktanbHi Mozpeni. O4iKyeTbes, 110 YUTa4i OTPUMAIOTh OTJISA
PO3BUTKY JOCHTI/DKEHb ICHYIOUMX METOJIB MOJICJIOBAHHS Ta HANpsAMKH MaiOyTHIX JOCHI/KEHb Y raiysi
TpuOOJIOTiI.

KawuoBi cioBa: penped MOBEpxXHi; CTATUCTHYHI MOJENi; CTOXaCTHYHI MOIETi; (pakTaabHI MO
€HeprocreKkTpanbHa (QYHKIIS MUTEHOCTI



Problems of Tribology, V. 29, No 1/111-2024, 25-31

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

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2024-111-1-25-31

Study of Wear Resistance of Cylindrical Parts by Electromechanical
Surface Hardening

D.D. Marchenko*, K.S. Matvyeyeva

Mykolayiv National Agrarian University, Mykolayiv, Ukraine
*E-mail: marchenkodd@mnau.edu.ua

Received: 15 January 2024: Revised 30 January 2024: Accept 10 February 2024

Abstract

The work scientifically substantiates the use of an effective technology for increasing the wear resistance
of cylindrical parts, using the example of protective sleeves of cantilever pumps, due to electromechanical surface
hardening. A review of research was carried out and it was established that the achievement of the highest values
of microhardness of the surface layer at a depth of up to 1.2 mm is possible during electromechanical processing
of protective sleeves of cantilever pumps. The application of various modes and schemes of electromechanical
surface hardening (EMSH) is accompanied by a change in structure and, as a result, an increase in the hardness of
the surface layer of the bushings. The actual contact area of the tool roller with the processed surface and the depth
of the temperature-deformation effect depend on the physical and mechanical properties of the materials and the
pressing force. The formation of a temperature gradient in the hardened zone at a depth of up to 1.2 mm from the
surface has been proven. Metallographic analysis of the surfaces of the sleeves treated by EMSH shows the
formation of a white layer with reduced etchability and increased hardness in the hardening zones. The results of
the X-ray structural analysis confirmed the formation of the martensite phase in the hardening zone. The
microhardness of the hardened steel zone increased by 2.6...3.6 times compared to the initial values at a depth of
up to 1 mm from the surface, depending on the materials. In the case of their overlap, the alternation of a fully
hardened zone, a partially hardened zone, and a self-relief zone is observed. At the same time, the microhardness
of steels along the surface depends on the hardening scheme.

Wear tests under friction conditions of parts of cantilever pumps paired with stuffing boxes showed that
the wear resistance of protective sleeves after EMSH increased by 3.1 times for 45 steel, 1.9 times for U8 steel,
2.5 times for SHKH15 steel, for cast iron by 1.9 times compared to the initial values. The use of U8 steel samples
after EMSH, instead of serial bushings made of steel 45, allows to increase the wear resistance of parts by 6.1
times, which allows us to recommend U8 steel for use in the manufacture of protective bushings for console pumps.
On the basis of the research, recommendations are given for the application of EMSH for the formation of a surface
layer with increased wear resistance of protective sleeves during their production and during repair of console
pumps in workshops or service centers of agribusiness companies.

Key words: wear resistance, electromechanical hardening, durability, surface hardening, cylindrical parts
Introduction

In most cases, the structural characteristics and properties of the surface layer of parts have a decisive
influence on the ability of materials to break. The failure of metals and alloys usually originates from the surface.
The reasons for the violation of integrity can be: low quality of production of protective bushings of cantilever
pumps, unreasonable choice of materials for their manufacture, ineffective technologies for their strengthening
(34...40 HRC), not taking into account operating conditions and types of friction with packing stuffing. Increasing
the hardness of the surface is one of the main measures to increase the durability by increasing the wear resistance
of the surface layers of materials. Existing methods of strengthening and increasing surface hardness are associated
with the use of methods of surface plastic deformation, thermal, chemical-thermal, laser, magnetic-pulse,
thermomechanical and combined methods of increasing durability [1]. Today, the technology of processing
surfaces with concentrated flows of electric energy is one of the most popular methods of reducing the
manufacturing cost, strengthening and improving the quality of parts.

Copyright © 2024 1. 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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Electromechanical processing (EMP) provides: increase in hardness of steel surfaces up to 70 HRC (steels
KhVG, U10...13A); hardening of low-carbon steels (steel 20) up to 42 HRC, cast iron up to 75 HRC; replacement
of chemical and thermal treatment (cementation, nitrocementation...); increasing the limit of endurance by
30...80%; increase in wear resistance by 3...12 times; lack of oxidation and decarburization of the surface layer;
lack of grooving of the product; reduction of production cost by 2.. 4 times; hardening in air and without the use
of coolants, environmental cleanliness and safety; technological simplicity of processing methods.

The specifics of the work of experimental and repair organizations that produce artificial products or parts
in small batches do not allow them to maintain workshops and sites with equipment and qualified specialists
capable of ensuring the quality of manufacturing machine parts only at the level of industrial enterprises. However,
even machine-building enterprises do not guarantee the necessary quality of performance of executive surfaces
for a wide range of parts, primarily in terms of hardness, roughness, structure and texture of metal fibers on one
part, in various combinations, there may be seats for rolling and sliding bearings, slots and keyways, toothed
profiles, holes, threads and grooves. Since the operating conditions and load schemes of the listed surfaces are not
the same, their optimal performance cannot be ensured only by means of thermal or chemical thermal treatment
[2]. Electromechanical surface hardening is one of the methods of processing products with concentrated energy
flows, forming high quality indicators of the surface layer of steel and cast iron parts.

A feature of electromechanical surface hardening (EMSH) is the combination of surface plastic
deformation and thermomechanical hardening in a single technological scheme for processing workpieces and the
possibility of forming gradient hardened layers of metal with a finely dispersed structure on the surface. This
makes it possible to significantly increase the wear resistance of cylindrical parts, including protective sleeves of
console pumps.

Literature review

EMP refers to modern science-intensive technologies of impact by concentrated flows of energy on the
surface of machine parts. EMP processes successfully compete with such classic technologies as: surface plastic
deformation (SPD), heat treatment (HT) and thermomechanical treatment (TMT). By changing the technological
modes of EMP (current density J, processing speed and pressure of the processing tool on the surface of the part)
on the machine tool, it is possible to perform operations with hot SPD, surface TMT and surface maintenance.

The technology of EMP was developed at the Ulyanovsk Agricultural Institute. The founder of the EMP
method is B.M. Askinazi. He investigated heat generation in the surface layer, the method of calculating the depth
of the hardened layer, the peculiarities of thermomechanical processes in the surface layer; the nature and structure
of the surface layer, the roughness and accuracy of the finished surface; internal stresses of the surface layer during
EMP; the effect of EMP strengthening on the fatigue strength, wear resistance and corrosion resistance of parts;
conducted research on the technology of restoration of parts with additional metal and without additional metal
by electromechanical method; studied the processes of turning parts with a thread [3].

The activities of V.P. Bagmutova, I.N. Zakharova and their colleagues outlined the technological and
physical foundations of EMP. The classification of EMP processes according to technological and energy criteria
is given. Technological equipment and schemes of contact interactions of the electrode-tool with the surface of
the part during EMP, calculation of optimal structural and technological processing parameters have been
developed. The conditions of formation of surface layers of structural steels are described, their physical and
mechanical properties and stress-strain state are determined [4]. Thermal processes and properties of the surface
layer of steels are presented: strength, fatigue strength, wear resistance, corrosion and heat resistance after
electromechanical processing. The influence of the structure and properties of the surface layer on the fatigue
strength of hardened steels strengthened by combined electromechanical processing was studied [5]. In works [6,
7], the processes of strengthening of the surface layer of titanium alloys during EMP and strengthening by
combined electromechanical processing are investigated.

Activities of V.V. Safronov developed, theoretically indicated and experimentally implemented an
effective technological method of increasing the durability of cylinder-type steel parts by electromechanical
processing. The nature of the influence of technological factors of EMP cylinders on the accuracy of processing,
surface quality and heat distribution in the surface layer has been established. The dependence of the thickness of
the hardened layer on the initial structure of the processed metal is theoretically justified and experimentally
confirmed. An explanation of the increase in corrosion resistance of the surface layer after EMP is given on the
basis of the electrode potential studies.

S.K. Fedorov investigated the peculiarities of work and the main defects of threaded joint parts under
different operating conditions, substantiated and investigated the principles of electromechanical restoration of
parts with external metric threads, developed a design and technological method of increasing the durability of
remanufactured threaded parts connections Proposed a method of restoring the profile of the thread at the time of
the initiation of defects due to the plastic redistribution of the material of the parts. Introduced EMP to improve
the operational properties of parts [8].

In the work of N.G. Dudkina, the main regularities of the formation of the surface structure during
electromechanical processing and the influence of the given structure of the white layer on the change in
mechanical properties, kinetics of deformation and destruction of steel 45 under load were revealed; the nature of
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pressures during EMP is revealed, as a complex parameter of contact stresses from mechanical pressure on the
tool and thermoelastic stresses arising during heating of the local microvolume. The regularities of changes in the
physicomechanical properties and kinetics of microplastic deformations of steel 45 due to the structural
inhomogeneity of the strengthened surface during EMP were established, and the regularities of changes in the
cyclic strength of steel 45 due to different surface topography after EMP were determined. The properties of the
surface layer were studied when EMP was combined with other methods [9].

In work [10], an improved EMP method is given in relation to the strengthening of the previously obtained
profile of the metric thread and fundamentally new methods of restoring the defective screw surface are developed
due to the plastic thermodynamic redistribution of the metal of the distorted areas, squeezing the material from
the base and moving it in the desired direction with the simultaneous formation of a cavity and side surfaces. The
conditions for the formation of the profile of thread turns with a hardened surface and a viscous core have been
determined. The sophisticated possibility of electromechanical restoration of the worn thread profile. The
dependence of the pressure in the contact zone on the geometrical parameters of the tool and on the physical and
mechanical properties of the metal was established [11].

In the work of G.D. Fedotov, approximate analytical equations for the distribution of temperature fields in
the tool from a constantly operating normal-circular heat source in the part, when the heat source moves along a
helical line, were obtained. The possibility of using tungsten-free tool materials with low thermal activity during
EMP is shown in order to increase the efficiency of EMP operations due to a greater strengthening effect on the
surface layers of the processed parts with equal heat release in the contact zone of the tool with the part; the use
of hard alloys with high electrical resistance makes it possible to achieve an even strengthening effect with lower
energy costs and obtaining compressive residual stresses in the surface layers of the processed parts. A.V.
Morozov investigated the improvement of the operational properties of thin-walled steel bushings by
electromechanical mandrel (EMM). He proposed mathematical models of the EMM process, which allows
studying the influence of EMM modes on the depth and structure of the strengthened layer, roughness, wear
resistance of the inner surfaces of the bushings [12]. Selected EMM modes that allow obtaining a high-quality
connection with tension along the outer diameter of a thin-walled steel sleeve with simultaneous surface hardening
and a reduction in the roughness of the treated hole. Edigarov V.R. improved the processing method with
preliminary application of antifriction material on the surface of the part followed by electromechanical processing
(AFEMP). AFEMP of the surfaces of steel parts of tribosystems with preliminary application of a thin anti-friction
layer made of various solid lubricants to the surface of the processed parts, which allows to change the structure
of the surface layer, increase its wear resistance and operational characteristics, especially anti-friction due to the
reduction of the friction moment of the tribopair samples. In A.V. Pavlov developed a method and technological
equipment for electromechanical strengthening of shafts using three-phase current. He studied the influence of
processing parameters when using three-phase current on the depth and hardness of the hardened layer, the wear
resistance of the surface after EMP. Based on the analysis of the methods of manufacturing and restoration of
threaded joint parts, in [13] a method of finishing and strengthening electromechanical processing of parts with
an external metric thread to increase the fatigue life of threaded joints is proposed. The optimal values of current
density, force in the contact zone and processing speed and their influence on the depth of hardening were
determined. V. A. Petrushenko developed a method for calculating EMP modes for the production of various
standard sizes of metric threads; calculated the contact temperature to ensure the specified depth of hardening;
established the relationship between the temperature in the contact zone of the tool and the workpiece with
technological modes of EMP and geometric parameters of the tool. S.M. Parshev studied the technological
hardening by pulse electromechanical processing (PEP). The effect of PEP on the wear resistance of medium-
carbon structural steels under conditions of abrasive wear and limit friction, the issue of accuracy during
electromechanical processing, the stability of the cutting edges of blade tools when strengthened by the PEP
method was studied.

In [14], he developed a method of improving the operational properties of threading parts of lifting
mechanisms based on electromechanical processing. At the same time, mathematical models were obtained that
establish the relationship between the technological modes of electromechanical processing and the depth of the
hardened layer for screws made of 35, 45, 18KHT steels. It was established that the maximum hardness is achieved
at a depth of 0.05...0.15 mm from the surface, and an increase in the carbon content in steel leads to an increase
in the depth of the hardened layer.

Purpose

The purpose of the research is to increase the durability of console pumps by increasing the wear resistance
of the executive surfaces of protective sleeves by electromechanical surface hardening.

Research methodology
Samples for bench tests were made of steel 40G, 40X, 45, U8, SHKH15 and cast iron SCH35 of the

following sizes: outer diameter 25 mm; hole diameter 15 mm; height 20 mm. The roughness of the surfaces of the
studied samples before EMSH corresponded to Ra3.2 um according to DSTU 2789.
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EMSH of the samples was performed on a lathe and screw-cutting machine with the modes: hardening
speed 1.2 m/min; the current in the secondary circuit is 1600 A; secondary circuit voltage 3; force of adjustment
of the tool 400 N; tool feed 2.5 mm/rev.

For carrying out wear tests, a stand was developed and manufactured, which allows simulating the operating
conditions, the load pattern and the nature of the wear of the protective bushings.

The wear of the samples was determined by weighing on analytical balances AND GH-252 before and after
the tests with a maximum weighing mass of 250 g with an accuracy of 0.00001 m. Before weighing, the samples
were wiped with acetone, blown with air and dried in a muffle furnace at a temperature of 60 °C.

Research results

The formation of the structure of the strengthened zone of the surface layer during EMSH is a set of
processes associated with the simultaneous influence of heating, plastic deformation and high cooling rate. This
effect is accompanied by plastic deformation by grinding the grain and increasing the density of dislocations, and
by hardening by changing the structure of the material.

The study of the microstructure of the samples after EMSH was performed on an metallographic
microscope. The results of studies of the microstructure of steel and cast iron samples indicate the formation of a
white layer with increased hardness and reduced corrosion in the hardening zones, even with large increases [15].
Depending on the original structure and modes of strengthening, the thickness of this zone can be different.

Studies of the structure of the surface layer after EMSH have shown that the structure of the white layer,
observed in an optical microscope, looks like a continuous, uniform light field. This is due to the fact that with
EMSH the process occurs instantly, phase transformations are combined with plastic deformations.

The specific properties of the white layer are explained by the occurrence in it of a special structureless
martensite [16], which is characterized by a large dispersion of the structure, significant concentration
heterogeneity and significant distortions of the crystal structure. In addition, the reason for reduced etchability and
high hardness is changes in the electronic structure and chemical bonds of individual elements as a result of action
in the processing zone of extreme temperatures and pressures. The white layer formed on the surface of the metal
under the action of concentrated energy flows inherits both the heterogeneity of the composition and properties of
austenite, which originates, generally speaking, under abnormal conditions, and the close to critical fineness of its
structure.

The kinetics of austenite formation in pre-eutectoid steel during heating is characterized by certain features
associated with the presence of structurally free ferrite in it. With high-speed heating of pre-eutectoid steel under
EMSH conditions, independent transformation of structurally free ferrite into carbon-free iron becomes possible,
i.e. e. without interaction between it and carburized austenite. With an increase in the heating rate, the dissolution
of excess ferrite into austenite is gradually "suppressed”, as a result of which most of the ferrite is overheated to
higher temperatures, at which thermodynamic prerequisites are created for its diffusion-free transformation into
austenite, typical for pure iron (at temperatures above 905°C), the subsequent (upon cooling) formation of low-
carbon martensite in such areas. In addition, in the transition zone there is an area of incomplete hardening, as a
result, when such an area is heated, the process of austenite formation does not proceed completely, and when it
cools, an inhomogeneous structure is formed in it (Fig. 1). As the white layer is removed from the fragment, the
temperature in the zone of thermal influence decreases, which leads to the formation of transitional structures.
Their presence in the surface layer improves the surface quality of the protective sleeve.

After EMSH, the microhardness of the surface layer of steels increased by 2.6...3.6 times compared to the
initial values. This hardness is much higher than the initial one and is 700...940 HV depending on the brand of
material. The microhardness of cast iron SCH35 after EMSH is high (943 HV), but the depth of hardening is not
great (0.2...0.3 mm).

For example, for U8 steel, the increase in microhardness at a depth of 0.05 mm from the surface was 3.6
times. Gradient layers with increased values of microhardness are observed at a depth of up to 1 mm under these
regimes.
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With removal from the surface, the microhardness decreases to the initial values. The transition zone has a
microhardness lower than that of the white layer zone. This is explained by the presence of very high local heating
temperatures at a high cooling rate, but insufficient for hardening these volumes.

The undulating change in microhardness values is associated with the specifics of electromechanical
processing. If necessary, by choosing the appropriate processing parameters, you can possibly minimize this
effect.

Reheating the previous track when the next one is applied leads to the release of previously formed
martensite. An area of repeated hardening with heating close to the maximum temperature of heating for
hardening, upon cooling, martensite, which has high microhardness, forms again in this area [17].

Analysis of the phase composition of steel was performed on a DRON-4-07 X-ray phase diffractometer in
the following modes: Shooting step, gr. 0.050; tube mode BSV-27(Co) 20 mA, 35 kV; beta - filter - Fe; shooting
method: according to Bragg - Brentano - w/2t; combined t=3000 s, V=4.0 g/min.

In the Table 1 and Fig. 2 presents the results of wear of the surfaces of the studied samples before and after
EMSH.

Table 1
The results of wear measurements of samples before and after strengthening
s | Wear, ¢

ample type 45 us SHKH15 SCH35

Initial 0,04199 0,01308 0,01696 0,02295

EMSH 0,01371 0,0068 0,0081 0,01222
0,045
0,04
0,035
0,03
0,025
0,02
0,015
0,01
0,005
0

45 us SHKH15 SCH35

Wear, g
M Initial EMSH

Fig. 2. Results of wear tests

The results of the research showed that in the conditions of contact between the protective sleeve and the
oil seal in the friction zone of the abrasive during 30 min of tests, the wear resistance of the surface layer of steel
45, U8, SHKH15 and cast iron SCH35 after EMSH increased for steel 45 by 3.1 times, for steel U8 - by 1.9 times,
SHKH15 steel - 2.5 times, cast iron - 1.9 times compared to the initial values. At the same time, the use of U8
steel samples after EMSH, instead of serial bushings made of 45 steel, allows to increase the wear resistance.
details by 6.1 times.

Conclusions

1. An overview of modern methods of strengthening, their advantages and disadvantages allows
recommending the technology of electromechanical processing and, in particular, electromechanical surface
hardening, as one of the effective ways to increase the wear resistance of protective sleeves of cantilever pumps.
The development of a mathematical model allows you to determine the temperature field in the contact zone, to
get a visual picture of the change in the depth of hardening depending on the processing modes, with the possibility
of its application to other materials.

It was established that the achievement of the highest values of microhardness of the surface layer at a
depth of up to 1.2 mm is possible during electromechanical processing of the protective sleeves of cantilever
pumps. The use of different modes and schemes of EMSH is accompanied by a change in the structure and, as a
result, an increase in the hardness of the surface layer of the bushings.

2. The actual contact area of the tool roller with the treated surface and the depth of the temperature-
deformation effect depend on the physical and mechanical properties of the materials and the pressing force. The
calculation of the temperature field at the EMSH was carried out. The formation of a temperature gradient in the
hardened zone at a depth of up to 1.2 mm from the surface has been proven.
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3. Metallographic analysis of the surfaces of the sleeves treated by EMSH indicates the formation of a white
layer with reduced corrosion and increased hardness in the hardening zones. The results of the X-ray structural
analysis confirmed the formation of the martensite phase in the hardening zone. The microhardness of the hardened
steel zone increased by 2.6...3.6 times compared to the initial values at a depth of up to 1 mm from the surface,
depending on the materials. In the case of their overlap, the alternation of a fully hardened zone, a partially
hardened zone, and a self-relief zone is observed. At the same time, the microhardness of steels along the surface
depends on the hardening scheme.

4. Wear tests under friction conditions of parts of cantilever steam pumps with gland packing showed that
the wear resistance of the protective bushings after EMSH increased by 3.1 times for steel 45, for steel U8 by 1.9
times, for steel SHKH15 by 2.5 times, for cast iron by 1.9 times compared to the initial values.

5. The use of U8 steel samples after EMSH, instead of serial bushings made of steel 45, allows to increase
the wear resistance of parts by 6.1 times, which makes it possible to recommend U8 steel for use in the manufacture
of protective bushings for console pumps.
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Mapuenko J.JI., MarBeeBa K.C. [locmikeHHS 3HOCOCTIMKOCTI IWIIHAPUYHUX  JeTajieu
CJIEKTPOMEXAHIYHUM MMOBEPXHEBUM 3arapTyBaHHIM

Y poboTi HAyKOBO OOIPYHTOBAaHO 3aCTOCYBaHHA €(PEeKTHBHOI TEXHOJIOTIi MiIBHINEHHS 3HOCOCTIHKOCTI
ITIHAPUYHUX JeTajei, Ha MPHUKIAAl 3aXUCHUX BTYJIOK KOHCOJIFHUX HACOCIB, 38 paXyHOK €JEKTPOMEXaHITHOTO
MIOBEPXHEBOT0 3arapTyBaHHs. [IpoBeeHO OIS 1OCHIPKEHb 1 BCTAHOBIICHO, 1110 JOCSITHEHHSI HalO1JIbIII BUCOKUX
3Ha4YeHb MIKPOTBEP/IOCTI MOBEPXHEBOT'0 IIapy Ha TIMOMHI 10 1,2 MM MOKIIMBO TPH eJIEKTPOMEeXaHiuHii 00poOii
3aXMCHHUX BTYJOK KOHCOJBHHX HAcoCiB. 3acTOCYBaHHS pI3HHX pPEKHMIB Ta CXEM EJIEKTPOMEXaHIYHOTro
noBepxHeBoro 3arapryBanHs (EMII3) cympoBOMKYETbCS 3MIHOIO CTPYKTYPH i, B pe3yNbTaTi, IiJBHIICHHAM
TBEPAOCTI IOBEPXHEBOro Iapy BTyJOK. (PakTW4yHAa IUIOM[A KOHTAKTYy I1HCTPYMEHTAJIBHOI'O pOJHKa 3
00po0IIOBaHOIO MOBEPXHEIO 1 TIMOMHA TeMIeparypHo-AedopmaniiiHol il 3anexarh Bif (i3nKo-MeXaHIYHHX
BJIACTHBOCTEH MarepialliB Ta 3yCHIIA NPHTHCKaHHS. JlOBENEHO YTBOPEHHS TEMIIEPAaTypHOTO TIpajieHTa Y
3MilHeHi# 30H1 Ha rauOuHI 10 1,2 MM Big moBepxHi. MeTanorpadidaunii aHaji3 TOBEpXOHb BTYJIOK, 00POOIICHIX
EMII3 cBiguuth mpo hopMyBaHHS B 30HAX 3arapTyBaHHs 0i70T0 mapy 3i 3HIKEHOIO TPABUMICTIO 1 ITiABUIIICHOIO
TBEPIICTIO. Pe3ynpTaTé pEeHTTeHOCTPYKTYPHOTO aHaNi3y MiATBEpIIIN YTBOPCHHSA (a3sd MapTEHCHTY B 30HI
3MinHeHHS. MIKpOTBEpIiCTh 3MIIHEHOi 30HW cTaneld 30iumpmmmacs B 2,6...3,6 pa3u MOPIBHAHO 3 BUXITHUMH
3HAYCHHSAMH TpU TAHOWHI 10 1 MM Bix MOBEpXHI B 3aJIe)KHOCTI BiJ MaTepiamiB. Y BHUHAIKY IX MEPEeKPHUTTS
CIIOCTEPIraloThCs YepryBaHHs MOBHOI 3arapTOBaHOI 30HH, YaCTKOBOI 3arapTOBaHOI 30HU 1 30HH CaMOBIAIYCTKH.
[Tpu npOMy MIKpOTBEPAICTh CTaJIEH B3AOBXK MOBEPXHI 3aJIEKUTh BiJl CXeMHU 3MILHEHHSI.

BunpoOyBaHHsI Ha 3HOIIYBaHHS B YMOBaxX TEpPTs JeTajell KOHCOJbHUX HACOCIB y Mapi 3 CaJbHUKOBOIO
HaOMBKOIO MOKAa3aJIH, 1110 3HOCOCTIHKICTh 3aXUCHUX BTYJNOK miciss EMII3 30inbmmnacs ans crani 45 B 3,1 pasmy,
quist craii Y8 B 1,9 pasu, st crani HIX15 y 2,5 pasu, aist yaByHy B 1,9 pa3u HOpiBHSHO 3 BUXITHUMH 3HAYSHHSIMH.
Buxopucranns 3pa3kiB 3i cram Y8 micis EMII3, 3aMicTs cepiifHEX BTYIOK i3 cTami 45, nO3BOJISE TiABHIIATH
3HOCOCTIHKICTb eTaneid y 6,1 pasis, 0 JO3BOJISIE PEKOMEHAYBATH JI0 BIIPOBAKCHHS CTAb Y 8 IPH BUTOTOBIICHH
3aXHCHUX BTYJIOK KOHCOJIbHUX HacociB. Ha OCHOBI poBeIeHHs OCIIIXKEHb JaHI PEKOMEHIallii [0 3aCTOCYBaHHIO
EMII3 mi1s1 yTBOPEHHS MOBEPXHEBOTO IIAPY 3 MiBHUIICHOI 3HOCOCTIMKICTIO 3aXUCHUX BTYJIOK IIPH BUTOTOBJICHHI
iX Ha BUpOOHUIITBI Ta MPH PEMOHTI KOHCOJIEHUX HACOCIB B MalCTepHsIX a00 cepBicHHUX meHTpax kommaHii AITK.

Kiaw4oBi ciaoBa: 3HOCOCTIHKICTh, EJICKTPOMEXaHIYHE 3aKaTIOBAHHS, JJOBIOBIYHICTh, IIOBEPXHEBE
3MIIHCHHS, IMTIHAPUYHI AeTai
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Abstract

On the basis of the analysis of existing tribological testing methodologies, which includes the selection of
controlled wear parameters, the influence of the type of friction, contact geometry, surface roughness, the scheme
of tribological research, the choice of a machine 2168UMT for friction testing of materials is substantiated. The
friction machine allows you to install three samples at the same time, change the pressure in the contact zone in a
wide range, control the moment of friction, the rotation frequency of the counterbody, the number of revolutions
(friction path), change the rotation frequency, respectively, the sliding speed, automatically limit the distance
traveled and other functions. The method of wear is adopted according to the finger-ring scheme, linear wear is
monitored using an indicator rack with a value of divisions of the measuring device of 0.001 mm. To fix the
samples on the machine caliper, holders were designed and manufactured, which ensure the self-fixation of the
sample on the counterbody - a spherical joint made of the rolling body of the bearing. due to the fact that the
samples were pressed against the counterbody with a force corresponding to the nominal contact pressure, they
were self-aligned. After the sample was self-assembled, the whole structure was fixed by tightening the nuts. The
counterbody is made of a rolling bearing ring, the material is steel SHX15, the hardness of the base is HRC 61.
Three devices are mounted on the caliper for permanent lubrication of the running track immediately before the
approaching sample. Thus, at certain values of pressure and speed, the mode of marginal friction can be reached,
which was marked by a low coefficient of friction.

Key words: friction, installation, sample, wear, contact pressure, lubrication.
Introduction

It is desirable to evaluate the effectiveness of the surface modification of metal parts, tools, and equipment
taking into account the conditions of further operation of the processing objects. Naturally, the rationale and choice
of test methodology are of fundamental importance in forming conclusions regarding the effectiveness of the
processing technology. At the same time, it is important, first of all, to ensure, to the extent that it is realistic, the
adequacy of the test conditions to the modes of practical application of the processed parts. It is obvious that in
this case, deviations not only in the type or method of testing, but also in the choice of limits for changing the main
parameters of research can significantly affect the objectivity of the conclusions regarding the final results of the
modification [1].

The main purpose of surface modification is, among other things (strengthening, increased corrosion
resistance, fatigue resistance, etc.), increasing the wear resistance of friction pairs. Indeed, almost all processes of
loss of performance of processing objects begin from the surface, among them wear is perhaps the most significant
[2]. Therefore, it is important to choose a method of testing for wear resistance in such a way as to ensure adequacy
to the conditions of future operation to the maximum extent possible, while the duration of the tests would be
minimal, but this condition should not significantly affect the objectivity of the conclusions [3].

In general, most of the real operating schemes of general-purpose friction pairs refer to the model of
frictional interaction, which is characterized by a system of parameters. These parameters precisely reflect the
main processes of wear and strengthening of the surface as a result of frictional interaction, the mechanism of

Copyright © 2024 M. Stechyshyn, O. Dykha, V. Oleksandrenko. M. Tsepenyuk, V. Kurskoi, Ye. Oleksandrenko. This is an open
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movement of fracture fragments, elastic and plastic phenomena on the surface that take place as a result of
frictional interaction, up to adhesion (caking) of surfaces.

Literature review

Let's consider the existing designs of friction machines that implement tests according to the "pin-disk"
scheme. In [4], pin-on-disc sliding wear tests for each experimental condition were performed with a commercial
tungsten carbide (WC) pin on silicon carbide (SiC) discs to determine the variance of the wear and friction data.
In [5], each case study included an explanation of the individual modifications required to set up the test, including
hardware and software settings. These case studies represented several application areas generated annually by the
CSM Instrumentation Test Laboratory. Paper [6] describes a new universal tribometer design that allows
simulation of various contacts and test types, such as pin-on-disc, ball-on-disc, and linear reciprocating tests. The
new equipment allows tribological testing of samples of piston rings and cylinder liners at low and high
temperatures and extreme lubrication conditions of any typical gasoline or diesel engine. Some friction results
were shown under boundary conditions of lubrication between piston ring and cylinder liner sliding pairs,
describing how the Tribotest machine is driven by an AC servo motor, which is more accurate than a DC motor.
In [7], a study of the rate of wear and friction for various materials under the influence of load according to the
pin-on-disk scheme was carried out. The tests were carried out using a pin disc tribometer using SKD Il and
aluminum alloy A 5083 as the workpiece material. The test was tested using different types of grease with different
loads. The article [8] presents the design of a "pin-on-disc” type tribometer designed for experimental
characterization of static and dynamic friction behavior for various pairs of sliding samples. The normal force,
sliding speed and temperature, as the main influencing parameters, are precisely controlled during the experiments
by using vertical and rotational servo axes and an electric heater embedded in the rotating disk. A compact triaxial
piezoelectric force sensor placed between the vertical-axis screw driver and the friction specimen provides direct
measurement of normal and tangential forces used to calculate the coefficient of friction of the specimen. The
document [9] exposes a machine built for testing the friction, lubrication and spoilage. Its test conditions have a
large file of options to execute tribology tests checking the working conditions, like movement way (reciprocating
or linear), parts in contact, movement speed, self-lubrication, part geometry, temperature range, humidity,
materials. To perform this test, the tribometer uses the principle of the disc revolution, the load is applied directly
over the arm and do the measure according to the standard obtaining the results with accuracy. In [10] pin on disc
tribometer is a device to determine coefficient of friction and wear rate of the different materials. There is a need
to design a tribometer as per standards for different applications. This study was about designing and developing
a low-cost tribometer to study the wear of automotive engine materials under lubricants with nano additives. Pin
on disc arrangement was designed as per ASTM standard G 99-17. The parameters that can be controlled in the
test rig are load, sliding distance, sliding speed, wear track diameter, lubricant temperature, mixing time of nano
additives in lubricants, mixing speed to the stirrer. A pin-on-disk tribometer for micro-scale applications is
presented in paper [11]. The tribometer consists of a stationary mm-scale pin and a rotating disk. Friction and
lubrication film thickness are measured by a laser position detector and a laser displacement sensor. Using this
tribometer, hydrodynamic tests have been carried out with the specimens fully submerged in a lubricant. Results
suggest that the sliding motion in the mm-scale operates with a direct contact at low speed, and in the
hydrodynamic regime at a higher speed. When the sliding reaches the critical speed, the lubricant film is
established, and the thickness of the film stabilizes and the friction increases with the sliding speed. The tribometer
shows good repeatability in these tests. In [12] the design and fabrication of the apparatus are presented with initial
test results conducted to investigate the power efficiency and wear performances of several polymer and metal
samples. Our results show that for a fixed power transmission torque, there exists a critical pre-load between the
drive components at which the wear and slip are maximum and the value of critical pre-load is independent of the
material. Both wear and slip can be minimized to near-zero if an optimum pre-load, which is higher than the critical
pre-load, is applied between the two components. Therefore, expanding the technological parameters of machines
for friction and wear tests is an urgent task. hydrodynamic tests have been carried out with the specimens fully
submerged in a lubricant. Results suggest that the sliding motion in the mm-scale operates with a direct contact at
low speed, and in the hydrodynamic regime at a higher speed. When the sliding reaches the critical speed, the
lubricant film is established, and the thickness of the film stabilizes and the friction increases with the sliding
speed. The tribometer shows good repeatability in these tests. In [12] the design and fabrication of the apparatus
are presented with initial test results conducted to investigate the power efficiency and wear performances of
several polymer and metal samples. Our results show that for a fixed power transmission torque, there exists a
critical pre-load between the drive components at which the wear and slip are maximum and the value of critical
pre-load is independent of the material. Both wear and slip can be minimized to near-zero if an optimum pre-load,
which is higher than the critical pre-load, is applied between the two components. Therefore, expanding the
technological parameters of machines for friction and wear tests is an urgent task. hydrodynamic tests have been
carried out with the specimens fully submerged in a lubricant. Results suggest that the sliding motion in the mm-
scale operates with a direct contact at low speed, and in the hydrodynamic regime at a higher speed. When the
sliding reaches the critical speed, the lubricant film is established, and the thickness of the film stabilizes and the
friction increases with the sliding speed. The tribometer shows good repeatability in these tests. In [12] the design
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and fabrication of the apparatus are presented with initial test results conducted to investigate the power efficiency
and wear performances of several polymer and metal samples. Our results show that for a fixed power transmission
torque, there exists a critical pre-load between the drive components at which the wear and slip are maximum and
the value of critical pre-load is independent of the material. Both wear and slip can be minimized to near-zero if
an optimum pre-load, which is higher than the critical pre-load, is applied between the two components. Therefore,
expanding the technological parameters of machines for friction and wear tests is an urgent task.

Selection and assessment of wear parameters

In setting up the test methodology, a special role belongs to the selection of wear parameters that need to
be controlled. The nature of the friction process from the point of view of the lubrication regime is easiest to control
by determining the friction coefficient [13]. In most experimental friction machines, this parameter is calculated
by comparing the force of normal pressure in the contact zone with the circular force, to determine which it is
necessary to control the moment of friction. In principle, linear and volumetric wear are interrelated, however,
accurate determination of the volumetric parameter requires no less accurate knowledge of the actual contact area,
and this parameter even in the theoretical aspect is somewhat complicated (taking into account the configuration
of the microprofile).

The mass parameter of wear is determined in principle easily, but the main methodological problem when
using it is that it is necessary to remove the samples from the stand every time, and re-installing them in the same
position is practically impossible. For this reason, after each measurement, the reproduction of previous friction
conditions in the sense of mutual abutment of surfaces, uniform pressure across the contact plane, etc. is unrealistic,
and hence inevitable problems with the reliability of each subsequent measurement. True, in this sense, the method
when the samples are installed in the head, modified together with it and tested in this form deserves attention.
However, such a technique significantly increases the duration of tests.

Type of friction

The choice of the type of friction, as a rule, mainly depends on the design features of the real operating
conditions of the friction pairs. It is obvious that most often in the conditions of most typical designs, sliding
friction is observed, which, among other things, is the most productive in terms of wear rate. A special role is
played by the choice of lubrication mode [13]. Dry friction, which would obviously ensure the maximum rate of
wear and, accordingly, the minimum duration of the tests, nevertheless could slightly distort the wear process,
since in this case the temperature in the contact zone and the parts of the friction pair as a whole would increase
significantly [14]. In addition, it is problematic to find pure dry friction in real friction pairs. The liquid mode of
friction requires special devices or test conditions that would guarantee this mode. In most real pairs of friction,
there is a limit mode of friction, the provision of which is relatively easy to control through the coefficient of
friction [15].

Contact geometry

The geometry of the contact is to some extent related to the type of mutual movement of the sample and
the counterbody. In principle, the contact surface can be in the form of a plane, cone, cylinder or sphere. In addition
to the plane, all other types theoretically provide contact geometry in the form of a line - straight or curved,
including - spatial. It is obvious that depending on what the force characteristics of the contact will be, and,
accordingly, its type - elastic or plastic, including intermediate forms, the real contact area will change
significantly, which makes comparison of experimental results problematic. The contact in the form of a plane is
most simply implemented, since in this case there are no issues with determining the nominal contact area. As for
the type of mutual movement, with flat contact, the relative velocity vector should be directed tangential to the
contact plane [14]. At the same time, in order to ensure equal wear conditions at all contact points, it would be
desirable for the magnitude and direction of the relative velocity vector to be the same, since in this case, for
example, a friction scheme similar to rotational friction or a variant of end friction, when the speed at different
contact points is excluded is significantly different (a relatively large ratio of the width of the contact pad to the
radius of rotation).

Surface roughness

Finally, a very important, if not decisive, role is played by the roughness of the contacting surfaces, both in
particular and the established one, which is formed as a result of running-in. At the same time, the following is
essential.During the run-in process, the surface of the sample is compacted due to the action of normal pressure
and the interaction of the surface and the destruction fragments (depending on the type of movement mechanism
of these fragments). In this way, the problem of choosing the value of the nominal pressure in the friction pair
arises, since the test process will go differently if it is gradually increased during the experiment, while the surface
microhardness will increase, or if a certain value of this pressure is immediately established. In the first case, the
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process is possible at certain, sometimes very large, values of the nominal pressure in the contact zone. An attempt
to start the test immediately at this pressure value can usually lead to adhesion of the surfaces [14, 15].

Selection of the scheme and parameters of tribological studies

Thus, as a result of the above analysis, the following priorities emerge when choosing the scheme and
parameters of experimental studies [13-15]:

1. The contact area should be as small as possible. In this case, both the distribution and magnitude of
pressure stresses in the contact zone will be almost uniform over the entire area of the research object. True, then
the ratio of the area of the zone near the edge to the total area increases, but this shortcoming can be compensated
by more careful sample preparation. At the same time, chamfers or rounding of edges should be minimal and as
stable as possible. In addition, minimization of the size of the contact surface will facilitate the installation of
samples on the counterbody, in which case tight contact would immediately be ensured over the entire area.

2. The nature of the mutual movement of the sample and the counterbody, taking into account certain
complexities of the design of their fixation, which must be self-installed on the counterbody, should be optimally
chosen according to the scheme: the sample is stationary, the counterbody rotates. Then the sample slides over the
counterbody along a track with a sufficiently large radius, which, compared to the size of the sample, ensures a
minimal difference in speeds at all points of the contact area.

3. The optimal shape of the contact pad is a plane, and to minimize the impact of uneven pressure
distribution around the edges, the shape of the contact pad of the sample is round. Among other things, in this case
fixing and processing of samples with high accuracy is simplified. For the convenience of measurements, basing
samples in, as well as minimizing the duration of tests, linear wear was chosen as a control parameter. In this case,
there is no need to remove the samples from the stand and thus the problem of re-basing the samples disappears.

Presenting main material

The 2168BUMT model friction testing machine was chosen as the test stand, which allows you to set three
samples at the same time, change the pressure in the contact zone in a wide range, control the friction moment, the
frequency of rotation of the counterbody, the number of revolutions (friction path), change the frequency in a wide
range rotation, respectively - sliding speed, automatically limit the distance traveled and other functions. The
method of wear is adopted according to the finger-ring scheme, linear wear is monitored using an indicator rack
with a value of divisions of the measuring device of 0.001 mm. To fix the samples on the caliper of the machine,
holders were designed and manufactured, the construction of which is shown in fig. 1.

Fig. 1. Sample fastening scheme: 1 — caliper, 2 — saddle, 3 — nut, 4 — spherical joint, 5 — counterbody
retainer, 6 — sample, 7 — counterbody, 8 — washer

The main element of the design, which ensures the self-fixation of the sample on the counterbody, is a
spherical joint made of the rolling body of the bearing. Previously, the ball was released, a hole was drilled in a
special centering device along the diameter of the sample, and then the ball was sprayed into two parts. To install
the samples, the support with the holders is brought to the counter body and due to the fact that the samples were
pressed against the counter body with a force corresponding to the nominal contact pressure, they were self-
installed. After the sample was self-assembled, the whole structure was fixed by tightening the nuts. Visual control
indicates a high quality of contact, since a stain is observed over the entire area of the sample already on the first
segments of the friction path. The counterbody is made of a rolling bearing ring, the material is steel SHX15, the
hardness of the base was HRC 61. The taper necessary for fixing the counterbody was formed by processing the
ring using a mineral-ceramic cutter. The general appearance of the stand is shown in fig. 2 (a — a general view of
the caliper in the retracted state, b — the holder in the working state). Three devices are mounted on the caliper for
continuous lubrication of the running track immediately before the running sample. Thus, at certain values of
pressure and speed, the mode of liquid friction can be achieved, which was marked by a low coefficient of friction.
Samples of various steels were produced by fine turning (the tolerance was minus 0.05 to 0.01 mm). Within the
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limits of tolerance, samples were sorted into groups through selective selection, which made it possible to use
samples of only one size group for a specific mode of modification in the following [15].

a) b)
Fig. 2. General view of the caliper of the friction machine

The latter makes it possible to achieve approximate equality of the contact area, simplifies modeling of the
nominal pressure in the contact zone. Next, the samples were first ground in a special multi-position mandrel from
one end (base), then to size along the length from the other. The design of the mandrel made it possible to ensure
the perpendicularity of the ends of the cylindrical surfaces with high accuracy, but, as the practice of using samples
in the friction machine showed, this accuracy is not enough for contact over the entire surface of the end from the
very beginning of the wear resistance studies. This explains the need for the design of the holder described above.
In the axial direction (the direction of the normal force), the samples are based on the bottom of the saddle 2 (Fig.
1), so the distance from the bottom plane to the base surface of the caliper must be maintained with high accuracy.
The caliper disc itself is polished with high precision both on the plane of contact with the saddle and in the
mounting holes for the shank of the saddles.

Conclusion

Thus, on the basis of the analysis of existing tribological testing methodologies, which includes the
selection of controlled wear parameters, the influence of the type of friction, contact geometry, surface roughness,
the scheme of tribological research, the choice of a machine 2168UMT for friction testing of materials with a
device that ensures self-installation of samples on the counterbody is justified, namely, a spherical joint made of a
rolling bearing body.
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Creunmun M.C., Iuxa O.B., Onexcangpenko B.IL., Henenwok M.I., Kypckoii B.C., Onekcanapenxo €.I'.
ExcriepuMeHTanbHa YCTAHOBKA JUIsl BUIPOOYBaHb HA 3HOC MATEPIaiB i MOKPUTH

Ha ocHOBI mpoBeneHOTO aHadi3y iCHYHOUHX METOAOJIOTIH TPHOOIOTIYHUX BHUIPOOYBaHB, IO BKIIIOYAE
BUOIp KOHTPOJILOBAaHMX IApaMETPIiB 3HOUIYBAaHHS, BIUIMBY BHUJIY TEpTs, T'€OMETpil KOHTAKTy, MIOPCTKICTh
MOBEPXHI, CXeMH TPUOOJOTIYHUX NOCITIIKEHb OOTPYHTOBaHO BUOIp MaIlWHM Ui BUNPOOYBaHb MaTepialliB Ha
TepTsi. MalrHa TepTst 103BOJISIE OJJHOUACHO BCTAHOBIIIOBATH TPH 3pa3KH, B IIUPOKOMY Jliaria30Hi 3MIHIOBATH THCK
B 30HI KOHTaKTY, KOHTPOJIIOBATH MOMEHT TEPTSl, YaCTOTY OOEpPTaHHS KOHTPTiJIA, KUIbKICTh 00epTiB (LLUISX TepTs),
3MIHIOBAaTH YacTOTY 00epPTaHHsI, BIINOBIAHO, IIBUIKICTh KOB3aHHS, aBTOMaTHYHO 0OMEKYBaTH MPOHICHUN HUISX
Ta iHmn QyHKIil. MeTo/| 3HOIYBaHHS NPUHHATO 110 CXeMi Hajelb-KiIblIe, JIiHIiHE 3HOIYBaHHS KOHTPOJIIOETHCS
3a JIONIOMOTOI0 1HAMKATOPHOI CTOWKH 3 I[IHO MOAUIOK BUMiptoBanbHOro npuiaay 0,001 mm. J{uist 3akpimsieHHs
B3IpLIB Ha CYyNOpPTI MalIMHU CIPOEKTOBAaHO Ta BHUIOTOBJEHI JEpPIKaBKH, ki 3a0e3MeuyroTh
CaMOBCTAHOBJIIOBAaHICTh 3pa3Ka Ha KOHTPTLII — CEpUIHUHN APHIP, BUTOTOBICHAH 3 Tijla KOUYSHHS ITiAIITUITHAKA.
3a paXyHOK TOTO, IO 3pa3Kd MPUTHCKAINCS IO KOHTPTiNIA 3 CHJIOI0, KOTPa BIJIOBIa€ HOMIHAJBHOMY THCKY B
KOHTaKTi, BOHU caMOBCTaHOBItoBauCs. [1iciist Toro, sik B3ipelb CaMOBCTaHOBHBCS, BCSI KOHCTPYKIIs (hiKCyBasiach
HIJISIXOM 3aTATYBaHHS raifok. KoHTpTiio BUTOTOBIIEHE 3 KUIbIS MiIMIMITHAKA KOYEeHHs, Marepian — ctans 1IX15,
TBepAicTh ocHOBU cTaHoBmia HRC 61. Ha cynopTi 3MOHTOBaHO TpH NPHUCTPOT ISt ITOCTIHHOTO 3MameHHs 6iroBoi
JIOPDKKH Oe311ocepeIHbO Nepe 3pa3KoM, sikuii Habirae. L{um, npu NeBHUX 3HAYEHHSIX TUCKY Ta MIBUAKOCTI, MOXKE
JIOCATATUCH PEKUM TPAHUIHOTO TEPTS, IO BiAMIYaIOCh HU3BKUM ITIOKA3HUKOM KOoedillieHTa TepTs.

KurouoBi ciioBa: TepTsi, CAMOBCTaHOBIICHHSI, 3pa30K, 3HOC, KOHTAKTHU THCK, 3MaIlyBaHHS
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Abstract

The article is dedicated to the study of the influence of the pressing force on the wear resistance of the
working hydraulic cylinder of the mechanism of the sealing plate of the garbage truck. The usage of a mathematical
dependencies and appropriate software programs for regression analysis made it possible to determine the
exponential regularity of the change in the rate of wear of the working hydraulic cylinder of the mechanism of the
sealing plate of the garbage truck depending on the pressing force. A graphical dependence of the change in the
rate of wear of the working hydraulic cylinder of the mechanism of the compacting plate of the garbage truck on
the pressing force was made up, which confirmed the sufficient convergence of the obtained regularity. Graph of
the influence of pressing force on wear rate of working hydraulic cylinder of the mechanism of the compacting
plate of the garbage truck demonstrates the expediency of its increase. It was established that for the garbage truck
of Ukrainian production of serial model KO-436, the rate of wear of the working hydraulic cylinder of the
mechanism of the sealing plate of the garbage truck according to the obtained regularity will be 0.257 pm/h. The
expediency of conducting additional studies to determine further ways to increase the wear resistance of the
working hydraulic cylinder of the sealing plate mechanism of the garbage truck has been established.

Key words: wear, wear resistance, wear rate, hydraulic cylinder, mechanism, sealing plate, garbage truck,
pressing force, municipal solid waste, regression analysis.

Introduction

An important task of mechanical engineering is to increase the wear resistance and reliability of the
executive bodies of machines [1, 2], in particular, utility machines equipped mainly with a hydraulic drive of
working bodies [3]. One of the main technologies of primary processing of municipal solid waste (MSW) in order
to reduce the costs of their transportation, as well as the negative impact on the natural environment, is their
compaction during the process of loading into a garbage truck. Compaction of MSW in the garbage truck is
performed by a compacting plate, the working hydraulic cylinder of the mechanism of which undergoes from
intensive wear, which is caused by a large number of work cycles, as well as significant efforts of pressing solid
waste, which have a non-linear compression characteristic. Hydraulic cylinders are usually made of alloy steel.
The usage of wear-resistant coatings to increase their wear resistance is explained. Therefore, the urgent task is to
determine the regularity of the change in the rate of wear of the working hydraulic cylinder of the mechanism of
the sealing plate of the garbage truck due to the pressing force.

Analysis of recent research and publications
The work [1] gives the research results of the processes of destruction during friction on the example of

composite electrolytic coatings. By means of the analysis methods of theoretical and experimental research results
within the energy model of the formation of wear particles in the near-surface zones of the friction pair, an
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assessment of the process of destruction of the surface layers was made. The dependence of the size of the wear
particles on the mechanical properties of the material was established.

In the article [3], using the results of computer modeling of the hydrodynamic processes of the flow of the
working fluid through the hydraulic valve, its pressure losses are determined. In order to reduce pressure losses, it
is proposed to make changes to the design of the hydraulic valve without impairing its performance. It made it
possible to reduce pressure losses on the working part of the hydraulic distributor, which reduces overall losses in
the hydraulic drive.

In the article [4], a study of the peculiarities of the process of pressing wood shavings in screw machines, as
well as the processes taking place in different sections of the screw, was carried out also, appropriate regularities were
determined. It allows to calculate the loads acting on the turns of the screw, as well as determine the pressing power.
The degree of heating of raw materials and specific energy consumption during the pressing process were determined.

In the article [5], a regression analysis was used to determine a power law that describes the dynamics of
wear and tear of garbage trucks in the Khmelnytskyi region that allows to forecast and plan the infrastructure of
communal enterprises, in particular, the renewal of garbage trucks, the base for maintenance and repair, which is
necessary to solve the problem of solid waste management. It has been predicted that by 2030, the wear and tear of
garbage trucks in the Khmelnytskyi region will decrease to 51.9% at the current rate of decline.

The logarithmic regularities of screw wear depending on the hardness of its surface for different values of
the friction path are defined in the paper [6]. Conducting an additional regression analysis made it possible to
obtain the dependence of wear of the auger depending on the hardness of its surface and the friction path. The
obtained dependence permitted to establish that during two-week operation and wear of the auger during the
dehydration of MSW in the garbage truck, an increase in the surface hardness of the auger from 2.31 GPa to 10.05
GPa leads to a decrease in the rate of growth of the energy intensity of solid waste dehydration from 16.7% to 1.
5%, and, therefore, to the cheaper process of their dehydration in the garbage truck.

Among the main components of garbage trucks with a side-loading method of MSW, the hydraulic system,
according to the research [7], has the shortest mileage before failure, which makes the most significant contribution
to increasing the wear and tear of garbage trucks. Based on the results of research [8], the structure and most
frequent causes of failures of the hydraulic equipment of garbage trucks were determined: hydraulic cylinders —
34.92% (wear of cuffs, seals, rod; rupture of the nut attaching the piston to the rod; bending of the rod; mechanical
damage), hydraulic pump — 16.40% (casing failure, wear of gears, extrusion of oil seals, cracks in the casing),
pipelines, hoses — 15.34% (breakage of hoses, wear of pipelines), hydraulic distributor — 13.23%, (wear of seals,
spools; cracks in the casing).

An analysis of the causes of typical technical failures of garbage truck units [9] also showed that the
majority of malfunctions (about 45%) are associated with failures of the hydraulic drive, which mainly are due to
manufacturing defects caused by the installation of low-quality components on the hydraulic drive, as well as large
fluctuations of loads on working bodies. The study of the causes of failures of working bodies showed that
breakdowns occur due to defects in heat treatment and deviations from structural dimensions during mechanical
processing (35%), defects in assembly, adjustment, tightening of threaded connections (30%), poor-quality
welding (30%), etc. It was established that most failures (80-90%) occur due to wear and corrosion phenomena on
the working surfaces of machine parts. At the same time, the failure does not occur immediately, but after the wear
or corrosion reaches a certain, critical value, that is, when the limit state of the machine or its units comes. It was
also established that failures of hydraulic cylinders due to wear of the working surfaces of couplings, deformation
of the rod and cylinder during operation account for up to 28% of all failures of hydraulic drive elements. The
analysis of durability results shows that the average working time before failure of the hydraulic drive elements,
in particular the hydraulic cylinder, is about 1/3 of the maximum, that is, the resource planned by the manufacturer
is not produced by 45-55%. The main share of failures of hydraulic cylinder parts since the start of operation or
after previous repair is accounted for by rods - 31% and sealing sleeves - 42%. Analysis of failures of hydraulic
system elements showed that the main manifestations of malfunctions are the loss of external and internal tightness
due to contamination of the working fluid, which causes a malfunction of the units.

The given data are also correlated with the data published in the article [10], which also states the main reasons
for the failure of the hydraulic system of garbage trucks caused by wear: for the hydraulic pump — gear wear; for
hydraulic cylinders — wear of cuffs, seals, rod; for the hydraulic distributor — wear of seals, spools; for hoses — wear
and tear of pipelines. Adequate dependencies, according to the Fisher criterion, of wear of garbage truck tires on the
front and rear axles due to the mass of MSW transported and mileage of the garbage truck are determined. It was
established that, according to the Student's criterion, among the investigated factors of influence, the weight of the
transported MSW has the greatest influence on the wear of the tires of the garbage truck on both the front and rear
axles, and the mileage of the garbage truck has the least influence. The regularities of the number of trips of the
garbage truck to the maximum allowable tire wear on the front and rear axles were obtained.

In work [11], the distribution of the reasons for failure of garbage trucks is given, from which it follows that
the main causes of malfunctions are external and internal leakage of hydraulic systems. It was established that the
external leakage is 48% of all failures in the hydraulic system and occurs as a result of the destruction of hoses and
pipelines, as well as depressurization of the seals of hydraulic cylinders and other units. Another common cause of
failure is internal leakage, which was observed in 36% of cases. Most of the malfunctions caused by internal leakage
have such units as spool distributors, safety and non-return valves, hydraulic cylinders and hydraulic pumps.
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In the work [12] it was established that "conical” wear of the hydraulic cylinder rod from 0.2 to 0.4 mm in
length during the operation of the hydraulic cylinder before the first overhaul causes a drop in pressure by 7.2%,
an increase in specific fuel consumption by 11, 4% and the content of carbon monoxide in exhaust gases — by
26%; an increase in the wear of the rods in their working area by 0.6-0.7 mm causes a drop in pressure in the
hydraulic system by 13.4%, an increase in specific fuel consumption by 21.3% and an increase in the toxicity of
exhaust gases from 25% to 59%, which exceeds the permissible norms. It was proposed to consider the value of
0.4 mm as the maximum allowable wear value of the geometric parameters of the rod of the hydraulic cylinder of
the hydraulic drive of construction and road machines. It was also established that wear of the rod deteriorates the
physical and chemical properties of the working fluid, doubles the content of iron and impurities in the working
fluid, which leads to the need for its frequent replacement and overspending, which significantly reduces efficiency
and durability, shortens the service life of the hydraulic drive of construction and road machines.

In the work [13] it is stated that the wear of sealing elements in hydraulic systems leads to the gradual
ingress of hydraulic fluid into non-working cavities of hydraulic machines. Although this process is not visually
apparent, it causes unproductive losses of power of the hydraulic drive, which, in turn, leads to excessive
consumption of fuel, lubricants and power losses of working bodies. Loss of power in the elements of the hydraulic
system due to the wear of the sealing elements can lead to suboptimal operating modes of the hydraulic motor,
which leads to a decrease in the efficiency of the hydraulic drive in a whole. The mechanical system "hydraulic
cylinder — compacted piston — compressed hydraulic fluid" is considered. The dependence of the efficiency of the
hydraulic cylinder on the size of the leak was established. The piston subsidence results for the working fluid were
determined. The mechanism of liquid flow through the hydraulic cylinder seal is also determined.

The authors of the work [14], during the evaluation of the observation results of garbage trucks, found that
the largest number of failures occurs due to wear and corrosion of the working surfaces of the working equipment
parts. Failures of hydraulic cylinders caused by wear of the working surfaces of couplings, deformations of the
rod and cylinder during operation are 32% of all failures of hydraulic drive parts. It happened due to the uneven
loading of the body, as well as the abrasive wear of the working surfaces in the hard conditions of the work of
garbage truck. The research of the reasons for failures that was carried out, allowed to establish that the main
cause is wear of the working surfaces of the main parts in the design of the hydraulic drive, namely spools and
housings of hydraulic distributors, hydraulic cylinder rods, etc. The main cause of wear was hydroabrasive damage
due to untimely replacement of the working hydraulic fluid and the use of poor-quality or worn sealing parts such
as oil seals of hydraulic cylinders, which causes dust particles and wear products to enter the sliding zone, which
lead to the acceleration of the process of wear of the working surfaces of the parts. One of the most promising
ways to restore worn parts is chrome plating in a cold self-regulating electrolyte in order to obtain chrome coatings
with high deposit quality and high productivity.

The paper [15] provides data on the effect of pressing force on the rate of wear of hydraulic press
mechanism parts, in particular, the working hydraulic cylinder. It was established that with an increase in the force
of the hydraulic press, the acceleration coefficient of the tests of the working cylinder decreases. It is also noticed
that the development of measures for permanent automatic control and prevention of the approach of the hydraulic
press to the emergency limit is a main factor for ensuring the trouble-free operation of its basic components, at
conditions if they are optimally designed and that the performance indicators correspond to the specified
operational characteristics.

However, as a result of the analysis of known publications, the authors did not find specific mathematical
dependencies of the change in the rate of wear of the working hydraulic cylinder of the mechanism of the sealing
plate of the garbage truck due to the pressing force.

Aims of the article

Determination of the dependence of the change in the rate of wear of the working hydraulic cylinder of the
mechanism of the sealing plate of the garbage truck as a result of the acting of the pressing force.

Methods

The determination of the paired regularity of the change in the rate of wear of the working hydraulic
cylinder of the mechanism of the compacting plate of the garbage truck from the pressing force was carried out by
the method of regression analysis. Regression was determined on the basis of linearization transformations that
allow to reduce the non-linear dependence to a linear one. The coefficients of the regression equation were
determined by the method of least squares using the developed computer software "RegAnaliz", which is protected
by a certificate of copyright law.

The results

The values of the rate of wear of the working hydraulic cylinder of the hydraulic press mechanism at
different values of the pressing force are given in the Table 1 [15]. The rate of wear decreases with increasing
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pressing force. This is explained by the fact that with a constant power of the drive, an increase in the pressing
force leads to a decrease in the pressing speed and the amount of work performed.

Table 1
The influence of pressing force on the rate of wear of the working hydraulic cylinder
of the hydraulic press mechanism [15]

Ne Pressing force Fpr, MN Wear rate v, pm/h
1 30 0.191
2 40 0.169
3 50 0.151
4 60 0.138
5 70 0.124
6 80 0.111
7 90 0.102
8 100 0.089
9 110 0.080
10 120 0.071
11 130 0.067
12 140 0.062
13 150 0.053

As a result of the regression analysis of the data in the Table 1, the dependence of the change in the rate of
wear of the working hydraulic cylinder of the mechanism of the sealing plate of the garbage truck is determined
depending on the pressing force

v, =0,2575e %= [ yimyh ], @)

where vy, is the rate of wear, pm/h; Fpg — pressing force, MN.
The results of the regression analysis are shown in Table 2, where cells with the maximum values of the
correlation coefficient R for paired regression are marked in gray color.

Table 2

The results of the regression analysis of the dependence of the change in the rate of wear of the working
hydraulic cylinder of the mechanism of the sealing plate of the garbage truck on the pressing force

Ne | Type of regression Correlation coefficient R Ne | Type of regression | Correlation coefficient R
1|y=a+hx 0.98253 9 |y=axP 0.97824
2| ly=1/(a+)_ 0.98588 10 | y=a+bIgx 0.99858
3|y=a+b/x 0.96354 11 |y=a+b-Inx 0.99858
4 | y=x/(a+bx) 0.96953 12 |y=al/(b+x) 0.98588
5| y=ab* 0.99892 13| y=ax/(b+x) 0.83269
6|y=ae™ 0.99893 14 | y=aeb’* 0.90835
7 y=a-10™ 0.99892 15 | y=a-10°/* 0.90835
8|y=1/(a+be™) 0.38561 16 |y=a+hx" 0.93336

It was established that the rate of wear of the working hydraulic cylinder of the mechanism of the
compacting plate of the garbage truck decreases exponentially with increasing pressing force.

In the Fig. 1 is shown the graphical dependence of the change in the rate of wear of the working hydraulic
cylinder of the mechanism of the compacting plate of the garbage truck on the pressing force, which is made up
using dependence (1), which confirms the sufficient convergence of the obtained dependence compared to the data
given in Table 1.

For a garbage truck of serial model KO-436, manufactured in Ukraine, which is equipped with a hydraulic
cylinder of a sealing plate with an effective area of 9.5-10 *m? at a maximum pressure of the working fluid in the
hydraulic system of 10 MPa, the pressing force will be 0.095 MN, and the rate of wear of the working hydraulic
cylinder of the sealing mechanism plates of the garbage truck according to the obtained dependence (1) will be

v, =0.2575¢%%1%4709% — 0. 257 [ um/h .
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Fig. 1. Dependence of the change in the rate of wear of the working hydraulic cylinder of the garbage truck sealing
plate mechanism, depending on the pressing force: actual o , theoretical —

It can be seen from the Fig. 1 that the increase in pressing force from 30 MN to 150 MN leads to a decrease
in the rate of wear of the working hydraulic cylinder of the hydraulic press mechanism by 3.6 times, which
indicates the importance of determining further ways to increase its wear resistance.

Conclusions

The exponential dependence of the change in the rate of wear of the working hydraulic cylinder of the
mechanism of the sealing plate of the garbage truck, depending on the pressing force, was determined. It was
established that for the garbage truck of Ukrainian production of serial model KO-436, the rate of wear of the
working hydraulic cylinder of the mechanism of the sealing plate of the garbage truck, according to the obtained
dependence, will be 0.257 pm/h. Therefore, the establishment of further ways to increase the wear resistance of
the working hydraulic cylinder of the mechanism of the sealing plate of the garbage truck requires additional
research.
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Bepesok O.B., CaByask B.l.,, XapxeBcbkmii B.O., AnekceeB A.€. BuszHaueHHS 3aKOHOMIpHOCTI
MIBUAKOCTI 3HOLIEHHS pOOOYOro TiIpOLMIIIHAPAa MEXaHi3My VYIIUIBHIOIOYOi IUIMTH CMITTEBO3a BiJ 3yCHIUISA
NpecyBaHHS

CraTTs mNpUCBsUCHA JOCHIKCHHIO BIUIMBY 3yCHWUIA MPECYBaHHA HA 3HOCOCTIMKICTE pPo0OOYOro
TIAPOIMIIIHAPAa MEXaHi3My VINITBHIOIYOI TUIMTH CMITTEBO3a. BHKOPUCTaHHSA MaTeMaTHYHOIO arapary Ta
BIJIMOBIAHUX TIPOTpPaM PETrpeciiHOro aHami3y JO03BOJWIO BH3HAYUTH EKCIIOHCHINAIBHY 3aKOHOMIPHICTh 3MiHH
MIBUAKOCTI 3HONIYBaHHS POOOYOTO TiAPOIMIIIHAPa MEXaHi3My VIIUILHIOIOUYOT TUIUTH CMITTEBO3a 3aJIC)KHO Bif
3ycuiuis  npecyBaHHA. [loOymoBaHa rpadidHa 3aleKHICTh 3MIHHM IIBHAKOCTI 3HOIIYBaHHSA poOOYOTo
TIAPOIMIIIHAPAa MEXaHi3My VIIUIBHIOIOUOT IUITMTH CMITTEBO3a BiJ 3yCWUISI TNPECYBaHHS, sKa IiATBEpIMIIA
JIOCTaTHIO 301KHICTh OTPHMAHOI 3aKOHOMIpHOCTI. I'padik BIUIMBY 3yCHUIS TpeCyBaHHSA Ha IIBHUAKICTH
3HOIIYBaHHS POOOYOro TiAPOLMITIHAPA MEXaHI3MYy YIIUIBHIOIOYOI IUIMTH CMITTEBO3a JIEMOHCTPYE IOLIIBHICTD
HOro mifBMINCHHS. BCTaHOBJIEHO, MIO JJIS CMITTEBO3a YKPaiHCHKOTO BHPOOHHUIITBa cepiitHoi moxeni KO-436
MIBUAKICTH 3HOLTYBaHHS pOOOYOro TiAPOLMIIIHAPA MEXaHI3My YIIUIBHIOIYO] IUIMTH CMITTEBO3a 32 OTPUMAHOIO
3aKoHOMIpHicTIO ckiamaTume 0,257 MkM/roj1. BcTaHOBICHA JOIUTBHICTh MPOBEACHHS JTOAATKOBUX JOCIIIKEHb 3
BU3HAYCHHS TMOJANBIIAX [UIAXIB MIABHIICHHS 3HOCOCTIMKOCTI pOO0OYOro TifpONWITIHIApa MeEXaHi3My
VIIIJIBHIOKOYOT TUTUTH CMITTEBO3A.

Kiro4oBi cjioBa: 3HOC, 3HOCOCTIHKICTh, IIBUIKICTH 3HOITYBAaHHS, T1IPOIITIHAP, MEXaHi3M, YIIIJIFHIOIOYA
TUTATA, CMITTEBO3, 3YCHIUISA MIPECYBaHHS, TBEP/Ii HOOYTOBI BITXOI!, peTpeciiiHmiA aHaJIi3
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Abstract

The technologies of continuous strengthening of technological surfaces have practically exhausted their
capabilities, which calls for the creation of fundamentally new approaches. The application of the principles of
discrete-oriented strengthening of tribosystems has wide prospects for improving existing methods of
strengthening due to the selection of modes and control of the geometric structure of the surface layer. The essence
of the discrete-oriented strengthening method is the application of combined electromechanical processing and
electrocontact cementation of cylindrical surfaces. The purpose of the work is to determine the parameters of
discrete processing of cylindrical steel parts that are optimal according to the surface hardness criterion. Using the
Statistica program, a factorial experiment was implemented according to the Box-Behnken plan, and the results of
dispersion and regression analysis of the influence of processing parameters on microhardness were obtained. It
was established that the following optimal parameters of DOZ processing are necessary to achieve the maximum
values of microhardness (5950 MPa): current strength-500A, force-350 N, contact time-0.3 s.

Key words: strengthening, surface, hardness, technological parameters, optimization, Statistica
Introduction

Widely used technologies of continuous strengthening of technological surfaces have practically exhausted
their capabilities, which calls for the creation of fundamentally new approaches. The application of the principles
of discrete-oriented strengthening of tribosystems has broad prospects for improving existing approaches due to
the choice of strengthening technology and the principles of the geometric arrangement of strengthening islands.
Bearing tribosystems are one of the most common types of friction nodes, which are an integral and responsible
component of modern machines: bearings, axles, shafts, bushings of technological and transport machines. When
analyzing the performance of bearing tribosystems, an algorithm for assessing the impact of technological and
design factors on their wear resistance and durability is necessary.

Literature review

Much attention is paid to the problem of creating discretely reinforced surfaces in modern scientific
literature. In [1], a study of the properties and characteristics of the surfaces of a discrete structure with
mechanically formed depressions was carried out. In work [2] a mathematical model of discrete frictional contact
of bodies with periodic surface textures is proposed. The contact problem is reduced to a system of singular integral
equations for the functions of the heights of the contact gaps and the relative displacement of the surfaces in the
sliding zones. Characteristics of contact deformation and wear of materials with a smooth and discrete track were
investigated using nanoindexing and nanoscratching [3]. Wear tests have shown that wear is less for discrete discs
than for smooth discs.

Research [4] determined the effect of discrete point laser hardening on abrasion and contact fatigue
resistance during rolling. Samples hardened with adjacent and separated laser spots showed higher abrasion
resistance than surfaces treated with overlapping laser spots.

Copyright © 2024 O. Dykha, V. Dytyniuk, N. Grypynska, A. Vychavka. 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
[ original work is properly cited.
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In order to improve the surface tribological properties of titanium alloy, laser processing technology
was used in [5] to obtain a cellular texture on the surface of the material. Surface textures of grooves with different
orientation and distance between them were obtained on the Ti—-6Al-4V alloy using a laser in the study [6].

In contrast to traditional research and development of new materials and coatings, three types of surface
microstructure, including V-shaped, U-shaped and ring-shaped groove microstructures, were performed in [7] to
increase the erosion resistance of sludge. In [8], a groove of a certain size was made, then it was filled with pure
phenolic resin and molybdenum sulfide additives to obtain a surface with time-varying contact characteristics.
Operational characteristics of friction pairs of a cylinder liner - piston ring of a diesel engine with different surface
textures were studied in [9].

Therefore, the problem of creating discrete structures on the surfaces of materials and researching the
technological parameters of their formation is an urgent task.

The essence of the process of discrete strengthening of cylindrical parts.

The essence of the discrete-oriented strengthening method is the application of combined
electromechanical processing and electrocontact cementation of cylindrical surfaces using a carbide roller as a
tool. The schematic diagram of DOZ is shown in fig. 1.

The working tool-roller 4 is pressed against the processed workpiece with a given spring force in the

range of 100...500 N. One current pole from the power transformer is supplied to the workpiece through the contact
roller. The second pole is brought to the processed workpiece. At the same time, an electric discharge occurs
between the roller and the tool, which leads to local heating of the contact point. Due to heating, structural
transformations similar to the hardening process occur in the surface layers of the metal with the formation of a
so-called white layer. Additionally, during processing, the outer surface of the shaft is covered with a layer of
graphite by rubbing it with a graphite rod. Graphite, falling into the place of contact between the tool and the
workpiece, is also heated and can diffuse into the surface under the action of contact pressure from the roller. That
is, there is a local high-temperature diffusion of carbon into the surface of the workpiece, that is, the process of
cementation.
The roller and cylinder are set by the shaping movements inherent in the usual processing on a lathe. By setting
the movement-feed step, it is possible to form specified processing tracks on the surface of the workpiece.When a
large amount of Joule heat is released, the surface of the microvolume is rapidly heated (1000C/s) with its plastic
deformation.

(H‘
Fig. 1. Schematic diagram of the discrete-oriented method of strengthening cylindrical surfaces

Then intense cooling takes place due to heat dissipation inside the material. As a result, a finely
dispersed and hard martensitic "white layer" structure with high strength and wear resistance is formed in the
surface layer.

The installation allows strengthening of various cylindrical parts, including the bearing necks of the
camshaft of the internal combustion engine. To apply the graphite layer on the surface of the workpiece, cylindrical
graphite rods with a diameter of 10 mm were used. Samples made of 20X steel were mounted on a cylindrical
mandrel, which rested on the conical center of the installation. In the process of rolling with a roller on the surface
of the samples, strengthened strips were formed with a step in accordance with the given feed of the movement of
the roller (1.5...2 mm).

Optimization of technological parameters of the discrete-oriented method of strengthening bearing
tribosystems
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The software package for statistical analysis STATISTICA was used to plan the experiment to determine
the optimal values of the technological factors of the electrical contact strengthening process. The STATISTICA
DOE package module is intended for experiment planning.

The 3-level Box-Behnken plan was used for planning. In statistics, Box—Behnken plots are experimental
plots for response surface methodology developed by George E.P. Boxing. Each factor or independent variable is
assigned one of three equidistant values, usually coded as -1, 0, +1. (At least three levels are required to achieve
the next goal.) The plan should be sufficient to fit a quadratic model, that is, a model containing elements in a
square, product of two factors, linear. The ratio of the number of experimental points to the number of coefficients
in the quadratic model must be justified (in fact, their plans are kept in the range from 1.5 to 2.6). The variance of
the estimate should depend only on the distance from the center of the plan.

The STATISTICA DOE module contains a complete implementation of standard (block) 3**(kp) plans.
The module also includes standard Box-Behnken plans. As with other plans, it is possible to display and save
these plans in standard or random order, request replicas or individual experiments, view the plan and block
generators, and more. The program performs a complete analysis of 3**(kp) plans. It is possible to include any
effects in the analysis. Main effects are broken down into linear and quadratic effects, and interactions are broken
down into linear-linear, linear-quadratic, quadratic-linear, and quadratic-quadratic effects. You can view
correlation matrices of factors and effects. The program calculates standard estimates of variance analysis
parameters (standard errors, confidence intervals, statistical significance, etc.), coefficients for recoded (-1, 0, +1)
factors and coefficients for untransformed factors. The analysis of variance table will contain tests for the linear
and quadratic components of each effect and combined tests for effects with many degrees of freedom. If the
design contains replicates, the net error estimate can be used for analysis of variance and significance testing; in
this case, a general loss of consent test will also be conducted. To interpret the results, the program calculates a
table of means (and confidence intervals), as well as marginal means (and confidence intervals) for the
interactions. Graphical options include plots of means and marginal means (with confidence intervals), Pareto
effects plots, normal and semi-normal probability effect plots, response surface plots, and contour plots.

On the Pareto diagram of the effects, the estimates of the effects of the analysis of variance are arranged
by the absolute magnitude of the values: from the largest to the smallest. The magnitude of each effect is
represented by a bar, and the bars are crossed by a line indicating how large the effect must be (ie, how long the
bar must be) to be statistically significant. It has been established that the main technological parameters affecting
the parameters of hardening at DOZ are: the amount of operating current of the power source, the force of pressing
the working roller against the surface of the shaft, and the duration of contact between the tool and the processed
part. The duration of contact depends on the speed of rotation of the cylindrical part and the size of the contact
area, which was estimated when setting the contact parameters. In order to evaluate the influence of the specified
factors and determine their optimal values according to the criterion of ensuring maximum hardness, it is advisable
to use the methodology of planning the experiment, with the accepted ranges:

Factor | Current strength, A | Effort, N [ Contact time, p
min 200 200 0.1
max 800 500 0.3
average 500 350 0.5

In this case, taking into account the planning of the experiment to determine the optimal values of the
technological factors of the electrical contact strengthening process, the software package for statistical analysis
STATISTICA was used. Taking into account the number of factors and their independent influence on the
response function, the 3-level Box-Behnken plan was used for planning:

No. of the experiment | Current strength, A | Effort, N | Contact time, p
1 -1 0 -1
2 -1 -1 0
3 +1 -1 0
4 +1 0 +1
5 0 +1 -1
6 0 0 0
7 0 0 0
8 -1 0 +1
9 +1 0 -1
10 +1 +1 0
11 +1 -1 +1
12 -1 +1 0
13 +1 +1 +1
14 +1 -1 -1
15 +1 0 0
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Using the program menu, an experiment plan was formed, which consists of 15 experiments, presented
in table 3.1.

Table 1.
Factorial experiment plan for the DOZ method

No. of the experiment | Current strength, A | Effort, N | Contact time, p | Microhardness, MPa
1 200 350 0.1 4500
2 200 200 0.3 4400
3 800 200 0.3 4900
4 800 350 0.5 5300
5 500 500 0.1 6050
6 500 350 0.3 5800
7 500 350 0.3 6150
8 200 350 0.5 4750
9 800 350 0.1 5000
10 800 500 0.3 5750
11 500 200 0.5 6300
12 200 500 0.3 5250
13 500 500 0.5 6400
14 500 200 0.1 5750
15 500 350 0.3 5900

Microhardness was taken as the response function. Next, the Statistica program allows you to perform a
variance analysis to determine the effect of processing parameters on the response function. To assess the
significance of the factors, a Pareto map was constructed, shown in Fig. 2.

Pareto map of standardized effects; Change:Microhardness, MPa
3 3-level f, 1 Blocks; Residual SS=326614,6
3IM Microhardness, MPa

Load, N(K) l 2,276529
Amperage, A(K) 1,898276
(1)Amperage, A(L) -,835163
Duration of contact, s(K) -,791532
(2)Load, N(L) ,6186389
(3)Duration of contact, s(L) -,092796
p=,05

Effect Score (Absolute Value)

Fig. 2. Pareto map of the importance of operating factors

On the diagram, the letter L indicates the linear effect of the factor, and the letter K indicates the effect
of the factor value in the quadratic equivalent. From the analysis of the diagram, it can be seen that the quadratic
value of the current and the linear value of the pressing force have the greatest influence on the microhardness,
the contact time has a smaller influence, and the squares of the force and the contact time in the response functions
can generally be neglected, since they are beyond the red limit of significance.

The results of variance analysis are presented in Table 2.
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Table 2
Results of dispersion analysis
Analysis of variance; Prm.: Microhardness, MPa; R-squared=.94983;
Factor Rate.9122 (3 fact. Box-Behnken plan (Data table 1) in Plan_7n.stw)
3 3-level f, 1 Blocks; Final.SS=37812.5
ZP Microhardness, MPa
SS SS MS F p
(1) Current strength, A(L) 525313 1 525313 13.8926 0.005810
Current strength, A(K) 4119375 1 4119375 108.9421 0.000006
(2) Effort, H(L) 551250 1 551250 14.5785 0.005103
Effort, N(K) 121298 1 121298 3.2079 0.111060
(3) Contact time, s(L) 262812 1 262812 6.9504 0.029882
Contact time, s(K) 144 1 144 0.0038 0.952269

In the table, the value of Fisher's test is indicated by the letter F, and the Student's probability test by the
letter p. The results shows the adequacy parameters of the built experiment plan, that is, in general, the obtained
experiment plan can be considered adequate. Next, graphs of response functions for microhardness from a

combination of determining factors were constructed with the help of a software package (Fig. 3).

Fitted surface; Change.: Microhardness, MPa
3 3-level f, 1 Blocks; Residual SS=326614,6
3N Microhardness, MPa

10
6
o
T e
- g
- 20
! e
o o®
2%
590

Il > 6000
Bl < 6000
Bl <5500
[ <5000
[ < 4500
z=1309;4328703703+5;7106481481481*x-;0062731481481481*x"2
+21,898148148148*y -;030092592592593*y "2-557,8125

a)
Fitted surface; Change.: Microhardness, MPa

3 3-level f, 1 Blocks; Residual.SS=326614,6
3 Microhardness, MPa

Bl > 6400
Bl < 6400
Bl <6200
Bl < 6000
[ <5800
[ <5600
[ <5400
[ <5200

z=1309;4328703703+5,7106481481481*x-,0062731481481481*x"2-3625;*y
+5885;4166666666*y "2+3978;00926
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b)
Fitted surface; Change.: Microhardness, MPa
3 3-level f, 1 Blocks; Residual.SS=326614,6
3l Microhardness, MPa

I > 6400
Il < 6300
Bl < 5900
[ <5500
2=1309;4328703703+21;898148148148%-,030092592592593*x2-3625*y
+5885;4166666666*y"2+1287;03704

c)

Fig. 3. Graphs of response functions and approximating correlation functions

Predicted value profiles and desirability functions

Amperage, A Load, N Duration of contact, s Desirability
7500,0
Y 6400,0
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[ o 5400,0
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o ..a
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Fig. 4. The value of desirability indicators for the maximum value of the response function (microhardness)

So, it follows from the results that to achieve the maximum values of microhardness (5950 MPa), the
following optimal parameters of DOZ processing are necessary: current strength - 500A, force - 350 N, contact
time - 0.3 s.

Microhardness, MPa
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Analysis of the obtained graphs shows that the current strength has a clearly defined extreme influence
on the microhardness, while the influence of other factors is almost linear.
The results of the regression analysis, that is, the determination of the coefficients of the regression
equations, are shown in Table 3.3.

Results of regression analysis

Table 3

Regression; R-squared=.94983; Rate.9122 (3 fact. Box-Behnken plan (Data table

Factor 1) in Plan_7n.stw)
3 3-level f, 1 Blocks; Final.SS=37812.5
ZP Microhardness, MPa
Regression. | St. Osh. t(8) p -95.% +95.%
Coef. Dov. Pred Dov. Pred

Average/St. Member 2677,257 646,147 4.1434 | 0.003238 1187.24 4167.275
(1) Current strength, A(L) 12,590 1,148 10.9716 | 0.000004 9.94 15,236
Current strength, A(K) -0.012 0.001| -10.4375| 0.000006 -0.01 -0.009
(2) Effort, H(L) -3,889 3,182 -1.2223| 0.256372 -11.23 3,448
Effort, N(K) 0.008 0.004 1.7911| 0.111060 -0.00 0.018
(3) Contact time, s(L) 1000,000 | 1556,394 0.6425| 0.538515 -2589.05 4589.052
Contact time, s(K) -156,250 | 2529,931 -0.0618| 0.952269 -5990.28 5677,782

To determine the optimal values of the determining factors of the processing process, a spline
approximation of the plan results was carried out using the discrete method according to the criterion of maximum
microhardness. In fig. 4 are given by the results of such approximation.

Conclusions

In order to determine the optimal technological parameters of the discrete-oriented method of strengthening
with the help of the Statistica program, a factorial experiment according to the Box-Behnken plan was
implemented, and the results of dispersion and regression analysis of the influence of processing parameters on
microhardness were obtained. It was established that the following optimal parameters of DOZ processing are
necessary to achieve the maximum values of microhardness (5950 MPa): current strength-500A, force-350 N,
contact time-0.3 s.
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Huxa O.B., Intuniok B.O., l'pununacbka H.B., BuuaBka A.A. OnTuMmi3ailis TEXHOJIOTIYHUX TAPaMETPiB
JIUCKPETHOTO 3MIITHEHHS CTAJICBUX HWTIHIPUIHUX TOBEPXOHb

TexHoorii CyliIbHOrO 3MIIHEHHS! TEXHOJIOTIYHMX HOBEPXOHb MPAKTUYHO BHYEPIIAIN CBOI MOXKIMBOCTI,
0 BUKJIMKAE MOTPe0y y CTBOPEHHS INPHHIMUIOBO HOBUX MiAXOHIB. 3aCTOCYBaHHS IPHHIUIIB JHUCKPETHO-
OpIEHTOBAHOTO 3MIIIHEHHS TPUOOCHCTEM Ma€ IIMPOKI MEPCIEKTHBH IJIS BIOCKOHAJCHHS ICHYIOUHMX CHOCOOIB
3MIIIHEHHS 32 paXyHOK BUOODPY peXMMIB Ta KEPyBaHHSI T€OMETPHUYHOI0 OYIOBOIO ITOBepXHEBOTO mapy. CyTHICTD
JMCKPETHO-OPIEHTOBAHOTO METOAY 3MII[HEHHS IOJIATaE y 3aCTOCYBaHHI KOMOIHOBAaHOI eJIEKTPOMEXaHIYHOI
O00pOOKH 1 EeJIeKTPOKOHTAKTHOI MEMEHTAIlil NWTHIPHIHUX TOBEPXOHb. MeTo poOOTH € BU3HAYCHHS
ONTUMAJIFHUX 33 KPUTEPi€M MTOBEPXHEBOI TBEPAOCTI IMapaMeTpiB JUCKPETHOI 0OPOOKH IMITIHAPUIHUX CTATIEBUX
Jerajei. 3a monomMororo mporpaMu Statistica peanizoBanuit pakTopHHI eKCIIEpUMEHT 3a IaHoM bokca-benkeHa,
OTpHMaHI pe3yJIbTaTH JAUCIIEPCIHHOTO 1 perpeciiiHoro aHaji3y BIUIMBY IapaMeTpiB 0OpOOKH Ha MIKPOTBEPIICTb.
BcranoBneHo, 1o Ui AOCATHEHHS MaKCUMaJIbHHX 3Ha4eHb MikpoTBepaocti (5950 MIla) HeoOXiaHI HacTymHi
onTUManbHI mapamerpu 0opodku JI03: cuna crpymy-500A, 3ycumsn-350 H, wac koHrakTy-0,3 c.

KiouboBi ciioBa: 3MilHEHHS, MOBEPXHsI, TBEPAICT, TEXHOJIOTIUHI MapaMeTpu, onTumMizaris, Statistica
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Abstract

The paper uses the principles of the system approach to establish the relationship between wear of
individual surfaces on the example of a gear drive of the GP type pump. The hierarchical structure of the part is
considered, its individual functional parts are classified as subsystems, and the working surfaces are classified as
system elements. A systematic approach to the study of part wear condition included, in addition to identifying the
relationships between the wear of individual elements of the part, the creation of a mathematical statistical model
of the worn part as a whole, as a system. The main types of wear of the gear working surfaces were determined.
The laws of wear distribution of gear working surfaces and their main numerical characteristics were found. The
established relationship between the wear of individual gear elements has become the basis for the system quality
of the technical system "gear drive of the GP pump" in relation to the wear of its elements. A mathematical
statistical wear model was obtained in the form of linear regression equations system of gear elements wear
dependence on their outer diameter wear. This makes it possible, using the principles of a systematic approach
based on the data of a single defect — gear wear along the outer diameter, to create a complete statistical image of
the worn part, i.e., to determine the wear of other elements of the drive gear. The results obtained allow us to
reasonably approach the issue of choosing a method for restoring parts and forming routes for the technological
process of restoring a part.

Key words: systematic approach, restoration of parts, wear of the working surface, drive gear, automotive
and tractor equipment, mathematical statistical model.

Introduction

The restoration of worn parts remains a very important reserve for increasing the efficiency of equipment
use, saving material, fuel and energy, and labor resources. The technical and economic feasibility of restoring parts
is due to the possibility of reusing 65-75% of the parts (often repeatedly). The cost of restoring worn parts does
not exceed 50% of the cost of new ones, and material costs are 15-20 times lower than during the manufacture of
parts [1].

At the same time, the problem of restoring parts is complex in nature [2]. To study and solve it, it is possible
to apply a systematic approach, which is a methodological orientation of study based on the consideration of
objects in the form of systems, that is, a set of elements connected by interaction, and therefore acting as a single
whole in relation to the environment [3].

The choice of optimal restoration methods and their sequence is determined by many factors and in many
cases is associated with increasing hardness, achieving a set of mechanical properties, wear resistance, as well as
the roughness of the restored surface and the dimensional accuracy of the restored part [4].

Each restoration method has its own niche of optimal conditions of use, including even the technological
traditions that have developed at a particular enterprise, so the implementation of a systematic approach to the
restoration of parts, in particular, vehicles, is a decisive factor in the selection of primary processing methods in
the technological restoration process and the possibility of integrating them into a single technological cycle [5].

Copyright © 2024 M.I. Chernovol, V.M. Kropivniy, Y.V. Kuleshkov, 1.V. Shepelenko, V.I. Gutsul. This is an open access article
@I}. distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
[ any medium, provided the original work is properly cited.
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The technological process of restoring machine parts, including automotive and tractor equipment, has all
the necessary properties that are required for systems [1, 3, 4]:

- is an integral complex of interconnected elements, such as parts, technological operations, modes, etc;

- is an element of a higher-order system, in particular, the production process of machine repair;

- technological process elements can be considered as lower-order systems (a technological operation
consists of the following interconnected elements: equipment, fixtures, tools, part, transition).

It should be noted that a part as an object of design or restoration also corresponds to all the above system
concepts [6]. Possessing integrity, it consists of interconnected parts, functional and structural components depend
on the type and complexity of the part design, its purpose. Considering a part as a system, it can be divided into
subsystems or only into elements. In a part-system, one of the subsystems (or one of the elements) is the main one,
its role in determining the state of the entire system is more significant than the influence of other subsystems. The
main elements of a part are the mating surfaces.

As an example, consider the hierarchical structure of the drive gear of hydraulic pumps (Figs. 1, 2), which
are widely used in hydraulic systems of automotive and tractor equipment.
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Fig. 1. Structure of the part design: 1-V — functional parts of the part; 1-15 — surfaces of the part
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Fig. 2. Scheme of the hierarchical structure of the part

In such a system, one of the subsystems is the main one, and its role in determining the state of the entire
system is more significant than the influence of other subsystems. The main elements of a part are the mating
surfaces.

As a rule, there are no more than six types of defects in a part [7]. However, combinations of two, three,
and sometimes four defects are most common. The probability of n defects occurrence out of m possible in worn
parts can be determined using a binomial distribution:
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P,(n)=C,P"q"™", @

where Cr?] — the number of n defect combinations out of m possible; P — the probability of defect

occurrence; g — the probability of defects occurrence.

The connection between individual surfaces can be functional and correlative.

The functional connection feature allows classifying defects and their combinations into separate classes
by combining such defects into common restoration routes.

Usually, when studying the wear of a part, the wear of each element of the part is considered separately.
The wear of one surface (element) of the part is not related to the wear of other surfaces. A systematic approach
to studying the wear state of a part involves studying and finding relationships between the wear of individual
elements of the part, i.e. creating a mathematical statistical model of the worn part as a whole, as a system.

Purpose

The aim of this paper is to use a systematic approach to construct a mathematical statistical model of a worn
part that will establish the relationship between the wear of individual surfaces on the example of a gear drive of
the GP type pump.

Research Methodology

A static mathematical model of a worn part will be understood as a mathematical image of a part whose
characteristics that determine the type, degree, and relationship of wear are adequate to the real picture.

The construction of the mathematical model of the worn gear was as follows:

1. Collecting information about the wear of pump gears by micrometering.

2. Determining the minimum required sample size.

3. Determining the numerical characteristics of a random sample:

average wear value; absolute scattering index — dispersion and average square deviation and relative
scattering index — coefficient of variation.

4. Checking the collected information for dropout points.

5. Selecting a theoretical distribution law and determining its parameters.

6. Using a systematic approach to creating a mathematical image of a worn part, the characteristics of which
determine the type, degree and relationship of wear, are adequate to the real picture. This involves determining the
pairwise correlation coefficients, creating regression equations for the relationship between the wear of individual
elements of the part, checking the coefficients of the resulting regression equations for significance, and the entire
regression equation for adequacy.

The main defects of the GP pump drive gear are shown in Fig. 3.

Fig. 3. Defects of the drive gear of the GP-46U pump: 1,3 — wear of the trunnion diameter; 2 — wear of the gear
outer diameter; 4 — wear of the width of the gear crown; 5 — wear of the neck diameter under the oil seal; 6 — wear of
the general normal of the gear teeth; 7 — wear of the drive gear splines in width

The measuring tool for determining the amount of wear was chosen based on the accuracy of the dimensions
in the manufacture of gears and the amount of wear on its working surfaces.

A micrometer MK-50-1 DSTU GOST 6507:2009 Micrometers was used to determine the wear of the
trunnion and neck for the oil seal by diameter, as well as the gear by tooth length. Technical specifications (GOST
6507-90) with a division price of 0.01 mm.
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The spline thickness wear was determined by a vernier caliper SHTS-11-250-0.05 DSTU GOST 166:2009
Vernier calipers. Technical specifications (GOST 166-89 (ISO 3599-76), IDT) with a division price of 0.05 mm.

To determine the wear of the gear teeth along the involute profile, the length of the general normal was
measured with a micrometer M3-25-1 according to DSTU GOST 6507:2009 Micrometers. Technical specifications
(GOST 6507-90) with a division price of 0.01 mm.

Statistical processing method of the obtained experimental data on the wear of the drive gear of the GP type
pump as a system was performed according to the recommendations given in paper [8].

Statistical processing of information on the wear of gear elements was performed in accordance with the
recommendations using the Statistica software [9].

The systematic approach to building a statistical mathematical image (model) of a worn part, in addition to
the laws of part wear distribution, involves determining the relationship between the wear of the part's working
surfaces.

The presence and closeness of the relationship between the wear of gear elements, i.e., the qualitative side
of the issue, is determined by correlation analysis methods.

The stochastic relationship between the wear of gear working surfaces is determined by regression analysis
methods. The method allows determining how the resultant attribute changes quantitatively when the factor
attribute changes.

When obtaining regression equations for the relationship between the wear of gear elements, the wear of
gears along the outer diameter was chosen as an independent factor. This is due to the fact that:

- first, it is the wear of the gears on the outer diameter that largely determines the volume flow rate of the
pump;

- secondly, due to the uniform wear of the gears along the outer diameter, the determination of wear of this
element is technologically advanced and accurate;

- thirdly, the wear of other gear elements also depends on the wear of the gears along the outer diameter.

The experimental information on gear wear was processed by regression and correlation analysis according
to the method given in paper [10].

Results
It was found that abrasive wear is the predominant type of wear on the gear working surfaces. This is

evidenced by the characteristic marks on the wearing surfaces (Fig. 4, a-c). Wear of the involute tooth profile
should be attributed to mechanical abrasion (Fig. 4, d).

Ly iz
C) d)

Fig. 4. Traces of abrasive wear on the surfaces of the gear trunnion (a), gear tooth tip (b), gear face (c), and
mechanical abrasion of the tooth head (d)

The information on the wear of gear elements was processed in accordance with the methodology [11]. The
main characteristics of the wear distributions of GP pump gears are shown in Table 1.
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Table 1
Main characteristics of wear distribution on gear working surfaces of pumps GP-46U
T Pumps that came in for repair for Pumps that came in for repair for the
Name of the distribution parameters the first time ond and 3rd time
Wear of gears on the outer diameter, AD,
Average amount of wear, t 0.091 0.074 0.348 0.315
Average square deviation, o 0.088 0.092 0.215 0.196
Asymmetry, A 1.141 2.53 0.369 0.056
Excess, E 1.376 9.45 0.274 -0.769
Coefficient of variation, V 0.967 1.23 0.619 0.624
The law of distribution I&ﬂﬁfg normal Laplace-Charlier normal
Probability of acceptance the
hypothesis, P 0.85 0.19 0.995 0.975
Wear of the gear trunnions in diameter, Ad
Average amount of wear, t 0.026 0.018 0,248 0,224
Average square deviation, o 0.024 0.032 0.116 0.107
Asymmetry, A 1.120 3.59 -0.284 -0.238
Excess, E 1.36 16.13 -0.897 -1.02
Coefficient of variation, V 0.94 1.75 0.467 0.476
The law of distribution Iaﬂﬁ(i:eer_ Uniform Laplace-Charlier Laplace-Charlier
Probability of acceptance the
hypothesis, P 0.81 0.86 0.927 0.944
Gear wear along the tooth width, Ab,
Average amount of wear, t 0.147 0.106 0.576 0.595
Average square deviation, o 0.142 0.155 0.273 0.314
Asymmetry, A 1.04 2.7 0.45 0.303
Excess, E 0.532 9.4 0.74 -0.041
Coefficient of variation, V 0.968 1.46 0.474 0.53
The law of distribution Iaﬂﬁ(i:eer_ normal normal Laplace-Charlier
Probability of acceptance the
hypothesis, P 0.617 0.544 0.997 0.99
Wear of gear teeth along an involute profile, AW,
Average amount of wear, t 0.011 0.01 0.028 0.031
Average square deviation, o 0.033 0.026 0.064 0.065
Asymmetry, A 3.9 3.49 2.84 2.55
Excess, E 16,2 13.23 7.77 7.62
Coefficient of variation, V 2.96 2.65 2.32 1.79
The law of distribution Uniform Uniform Uniform Uniform
Probability of acceptance the
hypothesis, P 0.437 0.37 0.12 0.07
Error in gear tooth direction, F,
Average amount of wear, t - - 0.077 0.071
Average square deviation, o - - 0.022 0.020
Coefficient of variation, V - - 0.285 0.280

Analyzing the results of statistical processing of the working elements of the GP pump drive gear, we come
to the following conclusions. The overwhelming majority of gear element wear distributions obey either the normal
law or the Laplace-Charlier distribution law (the latter law is obeyed by random variables close to the normal
distribution, but having an asymmetry and excess other than zero). And as is known, the wear phenomena are
based on a normal distribution law. This indicates the correct approach to solving the problem. The asymmetry
and excessiveness of the wear distribution indicators, which determined the discrepancy between the actual
distribution and the normal distribution, are usually small and can be attributed to random events.

The results of constructing a statistical model of a worn gear (Table 2) make it possible to establish the
relationship between the wear of gear elements.

The obtained dependencies (2) ... (5) are shown graphically in Fig. 5. From the analysis of the obtained
regression equations, it follows that there is a linear relationship between the wear of gear elements (see Fig. 5).
In all the dependencies, with the growth of the factorial feature — AD,; , the effective feature also grows. This
suggests that with an increase in wear of one of the surfaces, wear of other working surfaces of the gears also
increases.
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Table 2
Results of constructing a statistical model of a worn gear
Variable Average Average Coefficient Student's t- Regression equation
value, © square of variation, test, ty at y=ax+b
deviation, o \ a=0.99
Independent 0.47 0.176 - - -
variable
Wear of gears by
outside diameter
- AD,,
Dependent 0.30 0.27 0.809 t,=6.74 Ad,; =0,755AD,, - 0,052 (2)
variables t=2.79
Wear of gear
trunnions by
diameter — Ad,,
Wear of gear teeth 0.52 0.23 0.738 t»=5.36 Ab =0,98AD,; +0,059 (3)
by width — ap, t=2.79
Wear of gears on | 0.058 0.021 0.751 t4=5.59 AW, =0,090AD,, +0,016 (4)
involute profile — ta=2.79
AW
The gear tooth | 0.064 0.035 0.96 t,=18.7 F, =0,195AD,; — 0,027 (5)
direction error — t=2.79
Fﬂ

As shown by the calculations for the correlation and regression coefficients of all relations (2) ... (5), the
following condition t, =r_~n—1>t; is fulfilled, which indicates their significance. In addition, condition

F,., > F, isfulfilled for all regression equations, which indicates the adequacy of the obtained dependencies.
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Fig. 5. Graphical display of linear regression equations:

1 — Graph of the regression equation for the wear of the gear width on the wear of the gear by the outer diameter
Ab, =0,98AD,, +0,059 (3); 2 — Graph of the regression equation for the wear of the gear trunnions on the wear of the gear by

the outer diameter Ad,, =0,755AD,, - 0,052 (2); 3 — Graph of the regression equation for the error of tooth alignment on the wear

of the gear by the outer diameter AW =0,195AD,; —0,027 (4); 4 — Graph of the regression equation for the wear of gears along

the involute profile on the wear of the gear by the outer diameter F, =0,195AD, -0,027 (5)

Thus, the presented results indicate the existence of an unambiguous correlation relationship between gear

surface wear.

The obtained equations (2) ... (5) make it possible to determine the wear of each of the working surfaces,
knowing the wear of the gears along the outer diameter — AD,; with a confidence level o =0,99 . In addition, the
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equations of the relationship between the wear of gear elements make it possible to create a mathematical image
of a worn gear and implement it according to the developed methodology.

Conclusions

Obtained results allowed drawing the following conclusions:

1. The considered part — the drive gear of hydraulic pumps in the form of a system consisting of
interconnected parts, its structural parts can be considered as subsystems, and the surfaces, in turn, are elements
of the system.

2. It is shown that the predominant type of wear on the working surfaces of gears is abrasive wear. Wear of
the involute profile of the gear teeth and splines should be attributed to mechanical abrasion.

3. The distribution laws of wear on the working surfaces of gears and their main numerical characteristics
are found. The distribution of gear wear obeys mainly the normal distribution law and also the Laplace-Charlier
law.

4. The relationship between the wear of individual surfaces (elements) of the gear was revealed, which
became the basis for the presence of system quality (emergence) of the technical system "gear drive of the GP
pump", relative to the wear of its elements.

5. The emergence of the technical system "gear drive of the GP pump" made it possible to create a
mathematical statistical model, an image of a worn part in the form of linear regression equations system of wear
dependence of gear elements on their outer diameter wear. This makes it possible to create a holistic statistical
image of the worn part based on a systematic approach to determining one defect, in this case, gear wear along the
outer diameter, i.e. to determine the wear of other elements of the part.

6. The resulting mathematical statistical model of a worn part becomes the basis for a systematic approach
to justifying the choice of a method for restoring parts and forming routes for the technological process of restoring
a part.
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Yepuosoa M.I., KponiBauii B.M., Kynemkos 10.B., lllenenenko I.B., I'yiya B.I. CucremMuuii miaxin
IPY JOCIIIPKEHH] 3HOCIB POOOUYMX IMOBEPXOHb JIETANICH aBTOTPAKTOPHOT TEXHIKU

BukopHCcTOBYIOUHM MPUHIMIK CHCTEMHOTO MiJXOXy BCTAHOBJIEHO B3a€MO3B’S30K MIX 3HOCAMH OKPEMHUX
MIOBEPXOHB Ha MPUKJIali BeAyJoi mectepHi Hacoca tuiry HIL. PosrmsHyTo iepapXidHy CTpYKTYpy IeTai, I okpemi
(hyHKIIOHATBHI YaCTHHU BiTHECEHI J0 TiicucTeM, a pododi MOBEpXHi — A0 eIleMeHTiB cucTeMr. CHCTEMHUH ITi IXi T
IO BUBYEHHS 3HOCHOTO CTaHy [eTalli mependadaB, KpiM BHABICHHS B3a€EMO3B’S3KiB MiXK 3HOCAMH OKPEMIX
€JIEMEHTIB JeTali, CTBOPEHHSI MaTEeMaTHYHOI CTATUCTUYHOT MOJIEIi 3HOIICHOT IeTali SIK OHI€T 11101, SIK CHCTeMH.
BusHaueni Beaydn BHIU 3HOIIYBAHHSA POOOYNX ITOBEPXOHB INECTEPHI. 3HAWICHO 3aKOHH PO3IOALTY 3HOCIB
poOoOYHX TOBEPXOHb IIMECTEPHI Ta OCHOBHI YHCJIOBI IX XapaKTEPHCTHUKW. BCTaHOBIECHWI B3a€MO3B’S30K MiX
3HOCaMH OKPEMHX EJIEMEHTaMHU IIECTEPHI CTaB OCHOBOIO HAsBHOCTI CHCTEMHOI SIKOCTI TEXHIYHOI CHUCTEMH
«urectepHs Begyda Hacoca HIII» BimHOCHO 3HOCIB 1 enemenTiB. OTprMaHa MaTeMaTH4YHa CTATUCTUYHA MOZENb
3HOILIECHOI AeTali y BUIVISAI CHCTEMH JIIHIMHUX PIBHSHB perpecii 3aJieKHOCTI 3HOCIB €JI€MEHTIB IECTEPeHb Bij
3HOCY X 110 30BHILIHEOMY jAiameTpy. Lle 103Bossie BUKOPHCTOBYIOYH IPHHIUIINA CUCTEMHOTO MiIX0.1Y, 33 TaHUMH
OJTHOTO JIe()eKTy — 3HOCY LIECTEPEHb MO 30BHINIHBOMY JAiaMETpy, CTBOPUTH LITICHHHA CTAaTUCTUYHUH 00pa3
3HOIICHOI JeTasli, TOOTO BU3HAYUTH 3HOCH IHINIMX EJICMEHTIB Benydoi mmectepHi. OTpUMaHHI pe3yabTaTh
JIO3BOJISIIOTH OOTPYHTOBAHO WIMIWTH IO NHUTaHHA BUOOpPY cHOcoOy BiZHOBIIGHHS aeTaneil Ta (opMyBaHHS
MapIIpyTiB TEXHOJOTIYHOTO IPOIECy BiTHOBJICHHS JETAa.

KrouoBi ciioBa: cucteMHUA TiIXix, BITHOBICHHS JAeTallel, 3HOC poO0Y0i MOBEPXHi, BeAy4a IIECTePHS,
aBTOTPAaKTOpHA TEXHiKa, MaTeMaTHYHa CTATHCTUYHA MOJICIb
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Abstract

Wear and tear limits the possibilities and shortens the operational life of modern technical systems.
Therefore, the importance and necessity of consideration of issues aimed at reducing frictional forces and
increasing wear resistance cannot be doubted. The paper summarizes the theoretical and applied results of
triboresistance studies of detonation coatings of the Nb-Zr-V-Si-C-MgC2 system under conditions of constant
loading in the field of sliding velocities. It has been established that the ratio of the quality of the components that
make up the surface modified structures changes. It is noted that at the initial test speeds the presence of lower
metal carbides that are part of the coating dominates, with an increase in speed under the current load due to solid-
phase and diffusion processes, higher ones are formed in the graphite matrix carbides with enhanced
thermodynamic properties.

Key words: detonation coatings, wear intensity, structural-phase composition, graphitization.
Introduction

The problem of durability and reliability of moving joints of machine parts stands out against the
background of general technical and industrial achievements. The unshakable existence of the problem is based
on the phenomenon of friction, which is associated with one of the most pressing situations in modern technology
- wear and tear of machine parts and structures. Wear, as a universal phenomenon of degradation due to friction,
limits the capabilities and shortens the service life of modern technical systems. Hence the importance and
necessity of considering issues aimed at reducing friction forces and increasing wear resistance.

Obijective

The purpose of the work is to generalize the theoretical and applied results of studies of tribological
resistance of detonation coatings of the Nb-Zr-V-Si-C-MgC, system under constant load conditions in a sliding
velocity field.

Materials and methods of research

The preparation of the powder mixture was carried out by mechanochemical synthesis using a laboratory
attriter of the “IES-1-0.5” type. To prevent sticking of powders to the chamber walls and to optimize the
spheroidization process, an anti-adhesive additive in the form of zinc stearite was added to the mixture.

The study of the features of friction surfaces in which activation processes occur, affecting the intensity of
mechanochemical reactions, was carried out using a complex method of physical and chemical analysis, including
metallography (optical microscope "Neofot-32"), durometric analysis (hardness tester M-400 from LECO),
scanning electron microscopy (scanning electron microscope JSM-840), X-ray structural phase analysis
(diffractometer DRON-UML1).

Copyright © 2024 A.O. Zemlyanoy, S.S. Bys, V.V. Shchepetov, S.D. Kharchenko, O.V. Kharhenko.This is an open access article
@I}. distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
[ any medium, provided the original work is properly cited.
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The tribological properties of the coatings were assessed by friction of model samples according to the end
pattern under conditions of distributed contact. The tests were carried out in continuous sliding mode at a load of
15 MPa, the thickness of the coatings after finishing was 0,750-0,80 mm, roughness Ra = 0,32-0,63.

Tests of detonation coatings were carried out according to a program in which, under similar conditions,
coatings of the VK15 type and coatings dusted with alloyed nichrome powder were tested for comparison.

Research results

The main factors determining the course of friction and wear processes are external influences, which
determine the degree and gradients of elastoplastic deformation, temperature, level of activation, a number of
derivative phenomena and ultimately determine the leading type of wear.

Based on the test results, averaged graphical dependences of wear intensity and friction coefficients in the
sliding velocity field are presented at a constant load of 15 MPa (fig. 1). With a monotonous increase in sliding
speed under constant load conditions throughout the entire operating test range, the lowest values of wear intensity
(curve 1) and friction coefficients (curve 1), corresponding to normal mechanochemical wear, are found in
coatings of the Nb-Zr-V-Si-C-MgC; system.
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Fig. 1. Dependence of wear intensity (1, 2, 3) and friction coefficient (1°, 2', 3") on the sliding speed of coatings: 1, 1" —
Nb-Zr-V-Si-C-MgC: systems; 2, 2' — VK15 (WC-Co); 3, 3" — based on nichrome (Ni-Cr-Al-B).
At P =15 MPa.

Studies of the composition and structure of coatings have made it possible to establish that their structure
consists mainly of a finely dispersed mixture, in which strengthening formations are presented in the form of
carbide and silicide phases and intermetallic compounds, which are distributed in a solid solution matrix and, thus,
represent a structure close to structure of dispersion-strengthened materials. The nature of the interaction of the
coating components was determined using the Lanscan program, and it was found that the distribution spectra of
Nb, Zr and V along the scan line correlate with the phases of silicon and carbon, which confirms their interaction
with the production of the corresponding carbides and silicides, and also determines the possibility of the formation
of both solid solutions and ternary compounds.

Analysis of oxygen scanning lines with elements included in the nanocoating showed their phase alignment,
which indicates their chemical interaction, causing passivation of the working surface due to the formation of
secondary oxide structures. Thus, the obtained research results, supplemented by X-ray diffraction analysis data,
allow us to conclude that the initial coatings are an ultradisperse conglomerate of almost uniformly distributed
particles of silicides NbSi, NbSiy, ZrSi, Zr.Si, VSiz, VsSis and extensive colonies of carbides NbC, Nb.C, ZrC,
VC, V2C in a fine-grained matrix of solid solutions of Nb in B-Zr, B-Zr in Nb, V in Nb and Zr.

Under conditions of structural activation under friction loading, the passivating role of secondary structures
is played by surface films of oxides and, first of all, SiO» and V»0s, which are characterized by increased density
and adhesive strength, as well as high-quality compact oxides that form Nb and Zr. In addition, the formation of
solid solutions of oxygen in niobium and zirconium occurs. Thus, according to X-ray diffraction analysis, a slight
increase in the density and lattice period of zirconium has been established, which is, in our opinion, a consequence
of the introduction of oxygen atoms into the octahedral pores of the hexagonal lattice and, as a result, the formation
of a solid solution. However, the main factor that minimizes molecular adhesion interaction, preventing setting
and destruction, is the formation of a surface film of structurally free a-graphite, the formation of which is caused
by the thermal decomposition of magnesium carbide [1].

Moreover, the higher the temperature, the greater the amount of carbon converted into graphite and the
more graphite is formed. The process is similar to graphitizing annealing. Thus, under friction loading, the running-
in of surfaces whose composition includes magnesium carbides, in a certain sense, can be considered as a specific
type of heat treatment, accompanied by graphitization.

In figure 2 shows the topography of friction surfaces coated with a graphite film. In fig. 2.b (at V = 1,5 m/s
and P = 15 MPa) the graphite film occupies almost the entire working surface, which helps to increase the actual
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contact area, reduce the specific load due to filling and smoothing surface microroughnesses, microcracks, and
causes the fixation of particles graphite in microcavities of contact interfaces and ensures a reduction and
stabilization of the friction coefficient, in addition, it helps to lower the temperature, level out and reduce
deformation fields. The contact zone, which directly forms the friction surface, is a thin plastically deformable
layer, which, according to micro-X-ray spectral analysis performed on a MAP-3 device (probe diameter 1 um), is
a conglomerate of dispersed phases of complex and simple oxides and compounds of silicides and carbides
components included in coating composition.

a b
Fig. 2. Topography of friction surfaces coated with a graphite film P = 15 MPa:
a-Vv=0,5m/s; b-V=15m/s

In figure 3 shows an electron diffraction pattern from the surface of the contact layer. The presence of
diffusion halos with textured maxima indicates that the structure corresponds to a directional orientation in the
friction field. According to the authors, the pattern of its formation can be represented as a process of
amorphization and mechanochemical alloying, including dispersion, grinding of a dispersoid with particles of
oxides, silicides and their transformation under the influence of local temperatures and pressures into an oriented
ultradisperse structure, which represents a substance with liquid-like properties.

Fig. 3. Electron diffraction pattern from the surface of the contact layer
at V=0,5m/s and P=15 MPa.

In figure 4 shows the qualitative distribution of chemical components over the working surface area. The
results of physicochemical phase analysis of secondary structures in the form of surface films based on graphite
made it possible, by analyzing the diffraction pattern, to identify carbide, silicide and oxide phases with a
significant degree of probability. At the same time, it was possible to establish the patterns of structural changes
in the identified phases during their reorganization, which is accompanied under friction conditions by both the
transformation of the structural-phase composition of secondary structures, caused by varying external influences
(sliding speed, load, temperature), and the stability of the dynamic sequence of the processes of their destruction
and formation during friction. Thus, the ratio of the quality of the components that make up the surface structures
changes, but their general order (the dynamics of formation and destruction) remains constant.

Thus, in the testing area up to 2,0 m/s, the dominant factor is the presence of low metal carbides included
in the coating composition and the presence of their oxide reagents. With an increase in sliding speed under the
influence of increased shear strains, temperatures and effective load, as a result of solid-phase tribochemical and
diffusion processes in the graphite matrix, a balanced presence of higher carbides is formed, characterized by
increased thermodynamic stability, which corresponds to the manifestation of the structural adaptability of
materials during friction [2].
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Fig. 4. Qualitative distribution of chemical componentvrthe working surface area.

The nature of the change in the friction coefficient (fig. 1, curve 1) is consistent with the established wear
pattern. The decrease in its value and stability with increasing sliding speed confirm the high performance of the
studied coatings of the Nb-Zr-V-Si-C-MgC, system.

In accordance with the presented test results, the developed niobium-based coatings meet high tribological
characteristics. The possibility of increasing the operational reliability of coatings through the use of magnesium
carbide in their composition, which promotes the formation of carbide graphite under friction loading, has been
theoretically substantiated and experimentally confirmed. It should be noted that the presence of magnesium
carbide is an effective means of regulating wear and ensuring service life through the formation of modified surface
films based on carbide graphite, which, in cooperative mutual consistency with secondary structures, ensure a
stable manifestation of minimizing the tribological properties of coatings. Based on this, the amount of magnesium
carbide in the coating material may influence the stability of normal mechanochemical wear.

Also tested under similar test conditions were VK15 coatings (fig. 1, curve 2), which are the most widely
used tribological material for wear protection of a large range of critical parts of various designs and purposes.
However, under the conditions of these tests at sliding speeds of more than 1,7 m/s, the temperature factor begins
to influence the tendency to reduce wear resistance.

Coatings based on nichrome (fig. 1, curve 3) alloyed with aluminum and boron, starting from 0,4 m/s, are
characterized by a monotonous increase in wear intensity with increasing speed. The structure of the coatings is
represented by a nickel-based solid solution and a dispersed mixture of strengthening phases of nickel aluminides,
chromium borides, and complex boride compounds. The microhardness was about 10,6 GPa. The protective
functions of secondary structures representing heterophase oxide thin-film objects are suppressed by the
development of plastic deformation with increasing sliding speed.

Niobium-based coatings containing magnesium carbide and not containing expensive and scarce
components meet environmental safety requirements and, due to their operational capabilities, have the prospect
of widespread use for the production of competitive tribotechnical equipment.

The most effective use of the studied coatings is to improve the quality of operation of friction units when
strengthening and restoring moving joints of control mechanisms, hinges of guide surfaces, cams, sliding supports,
lever parts, high-speed and heavily loaded units in which the use of traditional oils and lubricants is undesirable.

It should be noted that the development of coatings containing modified films of carbide graphite, the
results of their tests in various friction and wear modes will significantly expand the arsenal of achievements of
modern tribological technology.

The studied niobium-based coatings can be used to restore and strengthen worn parts using any
technological methods using powder materials.

Conclusions

1. Through theoretical premises and experimental studies, the optimal structural-phase composition of
coatings of the Nb-Zr-V-Si-C-MgC, system was realized. A high level of performance characteristics of coatings
was noted, achieved by optimizing the chemical composition and spraying technology.

2. Using modern methods of physicochemical analysis, the structural-phase composition of coatings was
studied, the structure of the surface modified layer based on carbide graphite, which prevents molecular adhesion
interaction and minimizes friction parameters, was determined.

3. It has been established that the ratio of the quality of the components that make up the surface modified
structures changes, it is noted that at the initial test speeds the presence of lower metal carbides that are part of the
coating dominates, with an increase in speed under the current load due to solid-phase and diffusion processes,
higher ones are formed in the graphite matrix carbides with enhanced thermodynamic properties.
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4. The test results form the basis for the development of composite coatings with improved tribological
characteristics, which will expand the arsenal of achievements of modern tribological technology. In addition, the
developed powders, which do not contain scarce and expensive components, can be used for restoration and
strengthening by any technological methods using powder materials.
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3emasinoii A.O., buce C.C., llleneroB B.B., Xapuenko C./1., Xapuenko O.B. TpuborexHiuHi HOKPUTTS

3HOLIYBaHHS 00MEXY€E MOKIIMBOCTI Ta CKOPOUYE CTPOKH €KCILTyaTallii Cy4acHUX TEXHIYHUX cucteM. Tomy
BOXJIMBICTh Ta HEMOXIJHICTh PO3IVISY Ta BUPIIUICHHS MHUTaHb 3HWKEHHS CHJ TEpPTs Ta MiJIBHUIIEHHS ONpPY
3HOUTYBaHHIO HE BUKJIMKAE KOJHOTO CyMHIBY. B po0oTi 3p06ieHo y3arajabHEHHS! TEOPETHUHHUX Ta MPAKTHYHUX
pe3ynbTaTiB JOCIIKeHb TPUOOCTIHKOCTI AeToHauiiHux nokputh cuctemu Nb-Zr-V-Si-C-MgC. B ymoBax
MOCTIHHOTO HABaHTAXXEHHsI KOB3aHHIM. BcTaHOBIIEHO, 1110 3MIHIOETHCSI CITIBBITHOILIEHHS SIKOCTI KOMITOHEHTIB, 1110
BXOJSITh JIO CKJaqy IOBEPXHEBO MOIU(DIKOBAHMX CTPYKTyp. BigmiueHo, 110 Ha IMOYATKOBHX IIBUIKOCTSIX
BUNPOOYBaHHS JOMIHY€ HAasBHICTh HI)KYMX KapOiliB METANIB, SIKi BXOASATH 0 CKJIaIy MMOKPUTTS, IPH 301IbIICHH]
MIBUAKOCTI TIiJ] CTPYMOBHMM HaBaHTaKCHHSM 3a paxyHOK TBeprodasHux 1 andy3iHHUX IpoUeciB BHIII
YTBOPIOIOTHCA B KapOigax rpadiToBOi MaTPHIIi. 3 MiABUIIEHUMH TEPMOINHAMIYHIMH BIIaCTHBOCTSIMH.

KuarouoBi cjoBa: neToHaniiiHi TOKPUTTS, IHTEHCHBHICTh 3HOIIYBaHHS, CTPYKTYpHO-(a30BUH CKIIa],
rpadiTuzaris
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Abstract

The article elucidates the essence of the mechanisms of electronic and phonon friction in the coupling of
samples (parts) using the methods of solid state physics.

It is shown that in the triboconjugation of samples made of metallic materials, the flow of fluctuation-
electromagnetic and electron-phonon processes should be distinguished. Fluctuation-electromagnetic interactions
have long-range effects, and electron-phonon interactions have short-range effects. Based on Lifshitz's fluctuation-
electromagnetic theory, the force of friction in moving couplings of metal samples is substantiated, taking into
account the frequency ratio in the atomic absorption spectrum and the plasma frequency. A formula for estimating
the friction force was obtained, taking into account the dielectric function and the Clausius-Mossotti formula.

The electronic friction force was estimated using the "jelly" model and the generation of electron-hole pairs
in the quantum perturbation theory of solid-state physics.

The mechanism of electronic friction was discovered based on the phenomenological theory of braking
losses of slow ions in solids. The scheme of the model of the electronic friction mechanism is close to the Persson
model, which connects the braking force with the electron scattering process. A refined formula for estimating the
electronic friction force is proposed.

The strength of phonon friction is justified on the basis of structural effects that can be induced by the
mechanism of breaking adhesive bonds, and perturbation theory. A formula was obtained for estimating the force
of phonon friction, taking into account the frequency of phonons, the inverse decay time and the function of the
two-dimensional Fourier image of the force of interaction between the atoms of the conjugated surface of the
triboelement.

Cases of static and dynamic phonon friction are considered.

Electronic and phonon frictional forces are considered at the nanolevel. The Debye low-temperature
approximation and refinement of the expressions for estimating the electronic and phonon friction forces are given,
taking into account the type of interatomic potential.

Key words: fluctuation-electromagnetic interaction, electronic friction, phonon friction, perturbation
theory, friction force, nanolevel, triboconjugation of samples.

Introduction

The energy of translational movement of tribocouples of samples (parts) is dissipated due to various
dynamic mechanisms. Among the most important mechanisms of this type are the processes of fluctuation-
electromagnetic interaction and excitation of electrons and phonons [1-3]. Fluctuation-electromagnetic and
electron-phonon processes in the friction zone have their own specificity. Effects caused by short-lived excitations
of the electron plasma and the formation of a set of electron-hole pairs can be attributed to the latter processes.
While the fluctuation-electromagnetic interactions can be considered as long-range effects. This interpretation
differs from that used in the work of Tomassoni and Widom [4]. Electronic processes at work in a broader sense
are combined with fluctuation-electromagnetic interactions.

Copyright © 2024 V.V. Aulin, A.A. Tykhyi, O.V. Kuzyk, A.V. Hrynkiv, S.V. Lysenko, 1.V. Zhylova.This is an open access article
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[ any medium, provided the original work is properly cited.
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It is known from solid state physics [3] that the self-consistent quantum theory takes into account all
possible types of excitations in the materials of parts in a single way. At that time, the development of such a
theory, the final version of such a theory still needs further development, and possible types of excitations can be
considered as subsystems with their own mechanisms. The specification of individual mechanisms is essential for
a deeper understanding of the processes occurring in the surface layers of tribocoupled materials of samples (parts).

Literature review

The processes of single-particle excitations are forbidden by the laws of energy-momentum conservation
in the absence of damping phonon and plasmon modes [5,6]. In the surface layers of parts materials, in the process
of friction and wear, single acoustic phonons are generated by moving atoms, the speed of which is v > vs, where

Vs — is the speed of sound. At the same time, phonons are emitted in the cherenkov cone €0S @ =V, /V.Inthe

presence of finite damping, particles can lose energy for the excitation of quasi-particles at arbitrarily low speeds
of their movement [7,8].

Elementary excitations of quasiparticles are always accompanied by the final stages of energy dissipation
in the triboconjugation of samples (parts) as a tribosystem in sliding processes. In the mode of contact mode of
AFM [9-12], the proportionality of the speed of movement of quasi-particles to the dissipative (viscous) interaction
forces of the conjugate surfaces of the samples (parts), which are relatively weak, is observed. In the contact mode,
the total work produced by these forces does not exceed the value of 2-:1022J, while the work of adhesive friction
forces is three to four orders of magnitude greater [13-16]. However, this estimate is based on an average velocity
of the order of 1 m/s. At the same time, micro-slip occurs in 101%s, so the work of these forces should be increased
by two orders of magnitude. In this case, the viscous force can be comparable to the force of static friction. At that
time, dynamic friction plays a significant role in the processes of friction and wear in the tribosystem of parts
samples.

A moving fluctuating dipole in the triboconjugates of sample materials (parts) induces electric currents on
the friction surface. In this case, Joule damping is the final result of the friction process. In fluctuation-
electromagnetic friction forces, accurate ideas about a number of main factors, such as their dependence on speed,
distance to the surface, temperature, etc., have not yet been formed. The most general approach to solving the
problems of fluctuation-electromagnetic friction is given by the fluctuation-electromagnetic theory of Lifshitz [17,
18].

Purpose

The purpose of the work is to find out the mechanisms of electronic and phonon friction in the coupling of
sample materials (parts) based on the fluctuation-electromagnetic theory.

To realize the goal, the following tasks were performed:

1. Justification of the mechanism of fluctuation-electromagnetic friction in the couplings of metal samples
(parts).

2. Elucidation of the mechanisms and contribution of electronic and phonon friction in the coupling of
metal samples (parts).

Results
If a neutral atom in the material of the sample (part) has a speed v and moves parallel to the surface at a

distance z from it, which exceeds the typical atomic dimensions, then a lateral (frictional) force proportional to the
speed of movement acts on it. Taking into account the fluctuation-electromagnetic theory in solid-state physics,

we can write:
o 3RV (= v dA (@) L (dX (@)
Ffrt — 87z25 .[0 da){ZI:X (Q)T—A (Q)W +
1)
2411 2.1
+w{x"(a))dA—ga))—A”(a))dx—(za))} coth[ ol ]
dw do 2k, T

where @ —is the frequency of the absorption spectrum of the atom of the sample material (details); X(a)) -
atomic polarizability; g(a))— dielectric function of the part material; K;,7, T — Boltzmann constant, Planck

constant and thermodynamic temperature; A(a)) — is a complex function depending on the dielectric function,
which is equal to:

Aw)= 75—, @)
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Values with two dashes in formula (1) correspond to the imaginary numbers of the corresponding functions:
X(a)) A(a)) For the normal movement of a neutral particle to the conjugate surfaces of samples (parts), a
formula similar to (1) has not yet been obtained.

The analysis of formula (1) shows that at T = 0 the force of friction is not equal to zero. This is a physical
consequence of the existence of zero fluctuation of the electromagnetic field in materials. If we assume that
T =0, then formula (1) takes on a simpler form:

3V e VdA" (@
Ftl=—— J. dex (a))A
477> 0 w
Based on solid-state physics, the strongest line in the absorption spectrum of an atom is the frequency @,

. Then, considering the attenuation coefficient equal to zero, for the imaginary part of the part of the polarizability
function , we will have the expression:

@)

7e? f
x"(a))=ﬁ5(a)—a)o), 4)
e“~0

where €,m,, fOtr — are the charge and mass of the electron, as well as the strength of the transition

oscillator. Substituting (4) into (3), we use the standard approximation of the Drude-Lorentz model for the
dielectric constant of the metal (sample material (parts)), we get:

3ne’ f,r2v y2(12x4 —4xPy? 4+ 4X° - y“)
4m,z° x(4x4 —AX*y? +4X% + y“)2 ’

fet
Ffr -

®)

where x=@,7 , y= w,T, O, and 7 — plasma frequency and relaxation time of metal electrons. Analyzing
formula (5), it can be seen that the sign of the force Fs depends on the ratio of the frequency in the absorption
spectrum of the atom and the plasma frequency. When their ratio is @, > \/2a, , the force Fy is a braking force.
For the typical metals from which the samples (parts) are made, the specified parameters acquire the following
values: 7 =10*-107s, @®,=5-15eV. This condition is almost always fulfilled. At that time, the reverse situation
is also possible for the high-frequency absorption lines of the atom: the lateral force Fs can become accelerating .
However, it should be noted that the absolute values of the integral of the overlap of the absorption spectra of

atoms depend on the values of x, y in formula (4). Therefore, for a correct assessment of the total frictional force
Ff, a detailed consideration of the absorption spectrum of the atom in a narrow range of frequencies around the

value of @, N2

The lateral force of friction acting in the moving tribosystem of conjugation of samples (parts) in the
additive approximation [19] can be obtained from formula (1). To do this, the function a(a)) is represented by the

dielectric function gl(a))of the material of the moving sample (parts) using the Clausius-Mossotti formula and
integrating it over the volume of the surface layer of the friction zone. As a result, we get the formula:

3 hRv

Fot =—— =5 (&) &(@)) (6)
647 h

where R — is the radius of curvature of the moving sample surface in the contact zone with the conjugated

sample (part); J (gl(a)), g(a)))— is the frequency integral, which coincides with the similar integral in formula

(1) when replacing the expression of the polarizability of the atom with the expression:

A (@) =Im{le, (@) -1)/[z, () + 2]}, ™

It follows from formula (6) that the temperature dependence of the friction force becomes significant under
the condition:

h < 2k, T, when coth x — X%, 8)

At room temperature we have: 2K, T ~ 0,05eB . This indicates that the main contribution to the materials

of the samples (parts) is given by low-frequency absorption processes. This is similar to dipole relaxations in
dielectrics and infrared absorption in ionic and conducting crystals.

Estimates of friction force values according to formula (6) were made for combinations of different types
of materials. If R = 10-20 nm, v =1 m/s, z = 0,2-0,3 nm , then at room temperature we obtain the following friction
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forces in the range of 0.1-10 nN . Such forces can make a significant contribution to the damping coefficients of
lateral oscillations at a Q-factor of the order of 104-10°.
The value of the factor due to the force of dynamic friction can be estimated by the formula:

Q=kVv/2Q,F, ©)

where ki — rigidity; €, — the frequency of the material of the samples (parts), which is an order of
magnitude higher than the frequency of normal oscillations. At a stiffness of 100 N/m, a frequency of 108-
107 Hz, a speed of 1 m/sand for a force of 1-10 pN, the Q factor is equal to: Q =5-10° —5-10".

The measurement of the Q-factor shift due to electromagnetic coupling with the surface is a real
experimental task.

Electronic friction is a component of fluctuating electromagnetic friction. The mechanism of electronic
friction associated with the generation of electron-hole pairs. It was first analyzed by Persson in connection with
the problem of damping of lateral vibrations of films adsorbed on a metal substrate [8, 9]. At the same time, the
connection between the force of friction, which occurs during the scattering of conduction electrons on the
oscillating atoms of the adsorbate , and the change in the resistance of the sample material (parts) was used. If the

return time of the damping of the lateral oscillations of the adsorbate atom is denoted by 1/ T

F, =M nyv/mndr,, (10)

where Maand ns — mass and surface density of film atoms on the surface of the sample (details); me, neand
d — are mass, conduction electron density and film thickness. The coefficient is proportional to the speed and can

be considered as the inverse relaxation time y, =1/¢&, associated with an additional electron scattering

mechanism. As a result, the specific resistance of the surface layer of the sample material (parts) increases by the
amount:

Ap, =m Ine’z, =M n, /n’c’z,, (12)
and the desired decay time 7 is equal to:
Mans
Ts =53 '
n;e“dAp,
This theory provides acceptable estimates of the damping time of the lateral movement of atoms
(molecules) in the surface layers of sample materials (parts) in the case of physical and chemical adsorption. At
that time, it was based on a very simplified model that did not take into account the structure of the surface layer
and the nature of the distribution of electrons near its surface.
In the quantum theory of perturbations [20], braking losses of material atoms of samples (parts) upon
excitation of electrons are considered. A "jelly" model with a sharp potential jump at its spatial boundaries is

proposed for conduction electrons. Assuming that the braking force does not change for heavy atoms with a mass
of M, , then the damping time of their lateral motion is equal to:
At = M.V _ 27z|\/|2a4 |
F, 27hrgk;
where ke — is the Fermi vector of electrons (metal) of the sample material (parts); rs — is the Boriv radius.
The estimate according to formula (13) shows that the decay time of atoms of the order (1,1...1,5)-10's. The
damping time of the lateral movement of atoms in the sample material (parts) can be reduced with the help of the
following factors:

1. Energy losses of atoms with a large nuclear charge should be greater, since the effective charge of heavy
atoms is greater than unity.

2. For surface layers of material (films) with a regular N-fold periodic structure, where N — is the number
of atoms in the surface layer (film).

The considered theory gives too large values of the electronic friction force and small damping times of the
motion of atoms in the surface layers and in adsorbed films.

Another approach to the detection of electronic friction mechanisms is based on the phenomenological
theory of braking losses of slow ions in solids: energy losses appear as a result of the hypothetical exchange of
electrons belonging to moving atoms. In the triboconjugation of samples (parts), there is an exchange of electrons
between their atoms on friction surfaces in the tribosystem. At the same time, each electron of the triboelement
that crosses the surface of equal potential of the tribosystem "element 1 - element 2" loses the momentum of
relative motion m.v . In fact, this scheme is close to Persson's model, which relates the braking force to the electron
scattering process. According to this theory, the energy loss by a neutral atom of triboelement 1 with a nuclear

(12)

(13)
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charge Z 1 and speed v flying at a distance b from an atom of the conjugate surface of triboelement 2 with a nuclear
charge Z s equal to:

me’  035(2,+27,)"

e

L
h b+o,16(zl+zz)%b/r8f

Assuming that the material of the sample (parts) has a uniform distribution of atoms with a density n,, and
the moving atom is at a distance z from the surface. After integrating (14) over all possible aiming parameters of
atomic motion, we have:

E ] ,
Fi(z)= dd( 2)_ =07(z,+2,)5 ™" J barccos(z/b)db )
i [1+0162 +2Z )%b/rBJ
The specified theory makes it possible to obtain an expression for the braking force acting on a moving

triboelement, using the "jelly" model and the locally flat approximation for the distribution of electrons within the
homogeneous contact of the materials of the conjugated surfaces of the samples (parts):

F;rN (322 hn5 R”" R+0/2J 4, pRexpl- i) (16)

where h— is the average distance between the conjugate surfaces of triboelements; ne — is the electron
density in the surface layer of the material.

(14)

(15)

For electrically conductive materials of triboelements in the case of "Al-Al" contact, b ~ 119uM™, at
R=20nm,h = 0,2nm,v=1m/swe obtain Ffr ~0,67tH by expression (16). The role of this mechanism in

the case of contact of non-conductive materials is insignificant.

Phonon friction is also a component of fluctuating electromagnetic friction. There is still no generally
accepted point of view about dynamic phonon friction either. This is partly due to the fact that the corresponding
mechanism is manifested on the basis of structural effects that can be induced by the mechanism of breaking
adhesive bonds.

Using perturbation theory, it is possible to obtain a formula for estimating the braking force (phonon
friction) of a single adsorption atom (film) of the surface layer of the material of the samples (parts):

k? f(E]zva
o]

where €, (k) — is the phonon frequency; » — reverse decay time; kx— projection of the wave vector K on
the direction of movement; v, and M, — are the speed and mass of the atom in the surface layer (film) of the material

an

of the samples (parts); f (K ) — is a two-dimensional Fourier image of the force of interaction of atoms with the
conjugated surface of the triboelement. If the force Ff: — is periodic, then the function f(k) is proportional 5K’G

where G — is a two-dimensional vector of the inverse lattice. For the case, ¥ — O formula (17) takes the form:

~\2 —
flk) olosk)-2vz) 8)
The equality follows from formula (18):

Q, (E): KV, (19)

which determines the condition of phonon generation in the triboconjugated materials of the samples. At

the same time, it is obvious that this equality cannot be fulfilled at speeds lower than the speed of sound. At that
time, ¥ # O the more general formula (17) gives the finite force of phonon friction. The value of phonon friction

FfI ==
M

is a small value proportional to the expression W, /Qg (G) atv, —0.

To obtain a realistic estimate of the braking time by a surface layer or an adsorbed film that forms a structure
incommensurate with the adsorbate . Triboelement materials must be partially disordered . This breaks the
translational symmetry and greatly increases the strength of the phonon friction, or uses an exaggerated phonon
decay time (103s). In the latter case, it follows from formula (18) that the force of phonon friction is equal to:

2
F, :”—N2| f(G)’, (20)
GMv;
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where N — is the number of atoms of the surface layer of the material of the sample (parts) or film; vs—
speed of sound; G — is the minimum vector of the inverted lattice.

In this case, the force of phonon friction does not depend on the speed. Obviously, its value largely depends
on the parameters N, v s, f(G). The results of the study indicate that the assessment of the role of this mechanism
of phonon friction requires additional analysis and justification. The speed of phonons in small-sized films is closer
to 100 m/s than to 1000 m/s [7,8], and the value of the Fourier factor f(G) should significantly depend on the
distance z between the film and the surface, decreasing with increasing z.

Dynamic phonon friction also occurs during the movement of individual atoms, and the corresponding
forces of phonon friction can be estimated within the framework of quantum perturbation theory. At the same time,
the most significant role is played by the scattering processes of surface phonons in the film or surface layers of
the material of the samples (parts). For the high-temperature phonon acoustic spectrum corresponding to the

thermodynamic temperature T and the condition V/V <1, the force of phonon friction is equal to:

S(k,T 2 V
ro STl oy Y, 2
(v, ) v,
where Ug(z) — is the two-dimensional Fourier factor of the interaction potential of the atom with the surface
of the sample material (details); S — is the area of the unit cell. The dependence on the distance z is determined by
a specific type of Fourier factor Ug(z), and the quadratic dependence on the thermodynamic temperature is due to
the two-dimensional phonon spectrum of the surface of the sample material (details).
Note that the estimate of the phonon friction force uses the interatomic potential of the form:

v(r)=—C,r* (1— 0,5(r, / r)ﬁ) (22)
where C, =375-10"%J -m°, ry =38-10""m. calculations show that the phonon friction

mechanism provides the observed retardation time of the order of 1 ns if the atom is actually adsorbed at a distance
of 0,3-0,35 nm from the surface.

Phonon friction is considered at the nanolevel . At the same time, the presence of a vacuum gap (of atomic
size) between the triboelements does not prevent the passage of phonons, which carry out momentum transfer, and
is taken into account due to the change in the speed of sound. In the Debye low-temperature approximation, the

force of phonon friction is equal to:
Fl= kT R hv—L (23)
45 v, v vs

where v; and vs — are sound speeds through tribocontact and in volumes of material. At R=20nm,v=1
m/s, vs = 6600 m/s (silicon), V, /V, =0,1-0,01, T = 300 K, the estimate for the friction force gives a value of Ff:

= 0,5-5 pN, comparable with those to which other mechanisms of dynamic friction lead.
The tangential stress 7. applied to the intermediate layer of atoms (molecules) located between the

triboelements is a function of the sliding speed 7, =7 (V) At the same time, the adsorption film can be in both

a solid and a liquid state, alternately " oscillating " between triboelements during the movement of the upper one
in the "sticking-sliding" mode, and the thermodynamics of the corresponding phase transition is characterized by
a phase diagram in the "temperature-degree of coating" variables.

If the film is in the liquid phase, then the sliding speed of the upper triboelement can be different from zero

at arbitrarily small values of the shear stress. If the film has solidified, then 7, # 0 and v =0. The lack of adhesion

is therefore associated with the formation of a two-dimensional liquid layer. This is consistent with the results of
experimental studies. If the film is in the solid phase and has a structure comparable to the substrate, then this

structure is preserved until the tangential stress 7 reaches a critical level 7, at which the film passes into the

liquid phase. When the tangential stress is reduced 7, to values smaller than 7, This indicates that this model

explains the hysteresis of the phonon friction forces in the triboconjugated materials of the samples.

To identify the conditions of the absence of phonon friction in tribosystems, a model of the dynamics of an
isolated atomic chain is used. Since the phonon modes of a solid body of finite dimensions are separated from each
other by a fairly wide interval, a situation may arise when the distance between the modes exceeds the natural
width of the absorption frequency lines. In this case, the transition of translational motion into vibrational modes
(and, finally, into thermal energy) is complicated, and the motion can be carried out without losses (absence of
phonon friction) for a long period of time. For the acoustic boundary of a three-dimensional cubic sample, the
corresponding condition has the form:

(v,z/Na)’
®

>>, (24)
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where Na = L — is the size of the cubic sample; o — became a cage.
Atvs=10°m/s, L= 1 cm this condition gives yw <10''c2, which can be the case for low-frequency acoustic

modes.
In the far infrared region (<15 MeV), the attenuation constants were 0,2-1,1 MeV. In this case wy

=10%4-10%°s2, The half-width of the absorption lines was found to be in good agreement with the formula:

2
M ada)O
Sadpvs
where M,q — is the mass of the adsorbate ; @, — frequency of oscillations; Saqs — is the surface area occupied

by the adsorbate ; o and v s — is the mass density of the substrate and the speed of transverse phonons. Damping

of the translational motion of molecules (atoms) in the direction normal to the surface can be satisfactorily
explained by the phonon mechanism. This is observed under the condition:

— frequency of oscillations of molecules (atoms) is much less than the frequency of volume phonon modes;

— there are no even weak chemical interactions that can lead to the emergence of a dominant contribution
of electronic excitations (electronic friction).

The presented theoretical reasoning is specific to samples (parts) made of metal materials. As for the theory
of friction of polymers on a solid surface, a new approach is proposed, according to which the largest contribution
to the friction force is related to the contribution of internal friction, due to the fluctuating character of the surface
stresses acting on the polymer from the side of the microprotrusions of the solid surface. Another contribution is
related to the strength of adhesion. At low sliding speeds, adhesion forces deform the polymer surface in such a
way that it fills indentations in the surface relief. At very low relative speeds of movement of triboelements, the
first mechanism dominates, since most polymer materials exhibit significant internal friction even at very low
frequencies (about 0,1 ).

y = (25)

Conclusions

1. It was found that the theoretical understanding of the mechanisms of electron-phonon friction at the
nanolevel remains at a rather low level. There is no single quantum theory that self-consistently takes into account
all types of elementary processes occurring in the materials of samples (parts) in the contact zone. There is no
unified approach regarding the quantitative characteristics and relative role of electronic, electromagnetic, and
phonon excitation mechanisms. Today there is no differentiation between them. At that time, there are two types
of nanostructure friction: static, independent or weakly dependent on speed, and dynamic, proportional to speed.
The microscopic theory of static friction is still phenomenological, and the mechanisms of dynamic friction are
more detailed, but require further verification.

2. Macroscopic contact mechanics provides an acceptable interpretation of experimental dependences such
as "friction force — load force" and measurements of the area of elastic nanocontacts . At that time, a simple
extrapolation of the mechanical properties of the materials of the conjugated samples (parts) to the nanostructural
level can lead to significant errors. Parameters such as contact area, shear stress, and work of adhesion at the nano-
level can undergo significant changes. It was also found that the existing contact models do not allow describing
more complex effects related to the interphase atomic and electronic structure, chemical composition and
microscopic mechanisms.

3. The method of molecular (atomic) dynamics when applied to nanoindentation and nanofriction generally
gives a satisfactory description of the energy, structure and dynamics of contacts, as well as a number of other
tribological effects. In the simulation, ultra- short time intervals, high speeds of nanoprobes and limited statistics
of nanoparticles are forced to be used . Increasing the simulation time (or the number of particles) to realistic
values is fundamentally impossible due to the huge costs of machine time and the accumulation of errors in the
calculation of the kinetic energy of particles.

4. It was determined that all dynamic mechanisms of friction at the nanolevel , despite existing differences,
lead to quantitatively close values of friction forces of about 1 pN at probe speeds of 1 m/s. The presence of
specific, for different mechanisms, dependences of friction forces on the radius of the probe, temperature and other
physical parameters of tribocontacts makes it possible to choose between the available models based on the
measurement of damping decrements in the vibration mode. This creates a basis for the development of new
methods for diagnosing the parameters of nanostructures by non-destructive methods.
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Ayain B.B., Tuxmii A.A., Ky3nk O.B., I'punskis A.B., JIucenko C.B., )Kniosa I.B. O0rpyHryBanHs
MEXaHI3MIB €JIEKTPOHHOTO Ta ()OHOHHOT'O TEPTs B CIPSDKEHHSAX MaTepialiB 3paskiB (neTaneid) MeTogaMu (i3uku
TBEPJIOTO TiJia

B crarTi 3'IcOBaHO CyTHICTH MEXaHI3MIB €JISKTPOHHOTO Ta (POHOHHOTO TEPTS B CHPSDKEHHSX 3pPa3KiB
(meraneit) Mmeronamu (i3MKH TBEPIOTO Tija.

IToka3aHo, MmO B TPHOOCHPSIKEHHAX 3pa3KiB 3 METaJeBHX MaTepialliB CIiI PO3PI3HATH MPOTIKAHHS
(iIyKTyamiifHO-eIeKTPOMArHITHUX 1  eIeKTPOHHO-(OHOHHUX TpomeciB. DIyKTyalliifHO-eJIeKTpOMAarHiTHi
B33a€MOJIii MAIOTh JAICKOMAII0Ui, a eNIeKTPOHHO-(POHOHHI — KOpOoTKOnifoui edextn. Buxomsau 3 ¢aykryaniiiHo-
enekTpoMarHiTHOI Teopil Jlipmmums oOrpyHTOBAaHO CHIIy TepTS B PYXOMHX CHPSDKCHHSX METalICBHX 3pa3KiB,
BPaxOBYIOUH CHiBBIIHOIIECHHS YaCTOTH B CIIEKTPi MOTJIMHAHHA aTOMa 1 I1a3MoBO1 yacToTe. OTpUMaHO GOpMyITy
JUTSL OLIIHKY CYUTH TEPTsI, BpaXOBYIOUH MieNeKTpHUIHY GyHKII0 i popmyry Kiaysiyca-MoccorTi.

OLiHKY CHJIH €JIEKTPOHHOTO TEPTS MPOBEACHO, BUKOPHCTOBYIOUH MOJIEJIb "JKelie" Ta reHepallito eJIeKTPOH-
JIPKOBHX Nap B KBaHTOBIH Teopii 30ypeHb (i3MKH TBEPIOTO Tija.

BusiBneHHS MexaHi3My €JIEKTPOHHOTO TEPTsI 3/1iHCHEHO, BUXOATYH 3 PEHOMEHOJIOTTYHOT Teopil ralbMiBHUX
BTpaT MOBUIBHMX 10HIB B TBepAMX Tinax. Cxema MoJesi MeXaHi3My €JEeKTPOHHOTO TepTsl OJM3bKa 10 MOAENi
Iepcona, mio 3B'S3ye cuily TalbMyBaHHS 3 IPOLECOM PO3CIIOBaHHS E€JIEKTPOHIB. 3alpOIIOHOBAHO YTOYHEHY
(hopMyITy OLIIHKH CHIIH €JIEKTPOHHOTO TEPTSL.

Cuiry ¢(oHOHHOTO TepTs OOTPYHTOBAHO Ha OCHOBI CTPYKTYPHUX €(QEKTiB, SIKi MOXYTh 1HIYKYBaTHCS
MeXaHi3MOM PO3PHBY aATre31iMHNX 3B'I3KiB, Ta Teopii 30ypers. OTpuMaHo GopMyiTy A OIIHKH CHIA (POHOHHOTO
TEPTs 3 ypaxyBaHHIM 4acTOTH (DOHOHIB, 3BOPOTHOTO Yacy 3aTyXaHHs Ta GyHKIIT gBomMipHOTO Dyp'e-00paza cuim
B33a€MO/IiT aTOMIB CIIPSHKEHOT TIOBEPXHI TPHOOEIEMEHTA.

Po3risiHyTO BUMAAKK CTATHYHOTO Ta JMHAMIYHOTO (POHOHHOTO TEPTSL.

EnextpoHHa Ta (OHOHHa CHJIM TepTs pO3MJLNAIOThCS Ha HaHOpiBHI. JlaHo nebaeBcbke
HHU3bKOTEMIIEpaTypHe HaOJIMKEHHs i YTOUYHEHHsS BUpA3iB Ul OLIHKH €JIEKTPOHHOI Ta (POHOHHOI cHIl TepTs 3
ypaxyBaHHSM BHY MIKATOMHOT'O TIOTEHIIIAY.

Key words: ¢aykryariifHo-eneKTpoMarHiTHa B3a€MOJIisl, €IeKTPOHHE TepTs, (GOHOHHE TepTs, Teopis
30ypeHb, CHiia TepPTsl, HAHOPIBEHb, TPUOOCTIPSHKEHHS 3pa3KiB
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Abstract

In this work, a universal tribometer is proposed to study the tribological efficiency of the couplings of
samples and parts. The design of the tribometer made it possible to carry out experimental studies in a wide range
of force parameters of the load with their smooth change. A set of characteristics and parameters determined on
tribometers during the study of couplings of samples according to the "disk-finger" scheme is given: wear intensity,
coefficient of friction, temperature in the contact zone, specific work of destruction, specific energy capacity
according to the heat index, electrical criterion for evaluating the structural adaptability of tribo couplings. Modes
of friction and wear were determined by the characteristics of changes in the contact electrical resistance
parameters: run-in, normal friction and wear, volume destruction. The results of the research of tribological
efficiency according to the specified characteristics and parameters are given. For a comparative effect, the samples
were strengthened by a complex chemical-thermal method, serial technology and boronization . The results made
it possible to identify the characteristic zones of run-in regimes, normal friction and wear, and volumetric
destruction. They are confirmed by the received electron microfractographies.

Keywords: tribological efficiency, tribo-bonding of samples and parts, tribotechnical parameters, contact
electrical resistance, surface strength, operational reliability

Formulation of the problem

The flexibility and mobility of road transport at a relatively low cost of transportation contributes to the
development of industrial production, which plays a significant role in the development of the economy of Ukraine.
One of the important tasks facing the automotive industry is to improve the operational properties of vehicles by
increasing reliability, efficiency and economy. The reliability and efficiency of road transport is largely determined
by the phenomena of friction and wear that occur in the tribo couplings of parts of nodes, systems and units of
cars. When worn, the tightness of the tribocouplers of parts is broken, the accuracy of their relative placement and
relative movements is lost. The processes of jamming, impacts, and vibrations occur, which lead to the breakdown
of individual parts, components, systems, and units of cars. The friction process leads to energy losses, overheating
of mechanisms, reduced work effort, increased consumption of fuel, lubricants and other operating materials. The
positive role of friction is necessary to ensure the operation of braking mechanisms, the clutch mechanism, and
wheel movement. The phenomena of friction and wear are mutually conditioned: friction leads to wear, and wear
of the surfaces of tribo-coupling parts during operation leads to a change in friction modes. Applied tasks of
increasing wear resistance and friction management are the design and implementation in practice of new designs
of tribocoupling parts, highly efficient fuel-lubricant and structural materials, optimal measures during car
operation. The main directions of significantly increasing the operational reliability and efficiency of cars based
on the use of tribology methods are: improving the efficiency of resource-determining structures tribocoupling of
parts, reduction of material capacity; increasing the wear resistance and bearing capacity of tribocouplers of parts;
increasing the tribological efficiency of conjugations of parts of nodes, systems and aggregates; use of
environmentally friendly operating methods; use of new materials with increased anti-friction and friction

Copyright © 2024 V. Aulin, A. Gypka, O. Liashuk, P. Stukhlyak, A. Hrynkiv.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
£ the original work is properly cited.
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characteristics; improvement of seal designs that ensure low friction; ensuring tightness and excluding the ingress
of abrasive into the zone of frictional contact and others.

Among the main heavy-duty ones the tribocoupling of car parts is primarily the coupling of parts of fuel
and gas distribution equipment of internal combustion engines. The coupling of parts of the cylinder-piston and
connecting rod group, crankshaft with main and connecting rod bearings, gearboxes, reducers, belt and chain gears,
braking mechanisms and others work in difficult conditions . Technological methods are one of the effective ways
of increasing the surface strength, and therefore the wear resistance of the parts' joints. The effectiveness of the
application of one or another method depends on the design features of the tribocoupling of parts as a whole and
its individual parts and materials, lubrication conditions, power parameters of the load, the nature of the load, and
the operating modes of the car.

Analysis of recent research and publications

Solving the problem of increasing operational reliability of heavy-duty vehicles tribocoupling of car parts
requires a systematic approach to their tribological efficiency with the development of complex methods of
researching tribotechnical characteristics and parameters and kinetic criteria for evaluating processes in the
frictional contact zone. The structural-energetic approach [1] allows to systematize ways of searching for optimal
solutions in order to increase the surface strength of tribocouplers of parts of nodes, systems and units of cars [2,
3, 4]. The development of the automotive industry shows a constant increase in the specific power of engines [5,
6, 7], an increase in the thermal and mechanical load on the parts of tribo couplings . This leads to a number of
negative consequences [ 8, 9]. Effective ways of researching new methods and technologies, influencing
tribotechnical characteristics and parameters of processes in the zone of frictional contact [10, 11, 12] . Along with
design and operational tools, this will allow to create a complete set of technical solutions [13, 14], to expand the
tribotechnical data bank of nodes, systems and units of cars, to develop practical recommendations for solving
issues of applied tribotechnics [15]. This concerns the tribological efficiency of car parts couplings, its connection
with technical operation and reliability.

The purpose of the work

The purpose of this work is to develop a comprehensive methodology for researching the tribological
efficiency of the couplings of samples and parts according to kinetic criteria for evaluating changes in the main
tribotechnical characteristics and indicators: wear intensity, friction coefficient, temperature in the contact zone,
specific work of destruction. the energy capacity of the friction system according to the thermal index, the
processes of formation, transformation and destruction of dissipative secondary structures in the modes of running-
in, normal friction and wear, volumetric destruction by the nature of changes in the contact electrical resistance of
tribo-conjugation samples with various methods of strengthening technologies of their working surfaces in wide
ranges of smooth changes in the power parameters of the load.

Research results

In order to obtain objective information about the processes in the zone of frictional contact, it is necessary
to use modern tribotechnical equipment (tribometers) and a measuring complex to register the main tribotechnical
and structural-energy parameters both directly in the process of friction and wear, i.e. in a dynamic and static state
. The issue arose of developing a comprehensive methodology for researching the tribological efficiency of part
couplings and kinetic criteria for evaluating friction and wear processes in the frictional contact zone. The
disadvantages of existing tribometers include: a rather narrow range of force parameters of the load on the sample
under study with the gradual nature of their change; lack of reversible nature of movement; imperfect lubrication
system of tribocoupler samples; inconvenient shape of the working surface of the sample (friction surfaces) for
further metallographic studies; the absence of the possibility of self-installation in the sample attachment
mechanism for better practice. The vast majority of tribometers are characterized by varying degrees of accuracy,
which leads to the impossibility of comparing the obtained results, creating a single bank of tribotechnical data on
the wear resistance of parts, assemblies, systems and units of cars.

In the laboratory of tribological research of the automobile department of the Ternopil National Technical
University named after Ivan Pulyuy created a complex of laboratory equipment - a tribometer, which includes: an
automatic system for supplying lubricant to the friction zone, a measuring complex for recording the main
tribotechnical indicators. Fig. 1 shows the design of the friction assembly and loading mechanism, and Fig. 2
shows the general view of the proposed tribometer.

The study was carried out according to the scheme "end surface of the disc ( counterbody ) - end surface of
the cylinder (sample)". The shape of the contact surface is a plane. The contact scheme of the tribocouples of the
samples was chosen to realize the limit mode of lubrication and the impossibility of its exit to the hydrodynamic
mode. The flat working surface of the sample is convenient for the process of working in the contacting samples,
as well as for their further metallographic studies.
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Fig. 1. Schematic representation of the structure of the friction assembly and the tribometer loading
mechanism

Fig. 2. General appearance of the tribometer

The hydraulic drive of the tribometer, the design of the friction unit and the loading mechanism allow you
to smoothly change the power parameters of the load in wide ranges: sliding speed 0.1...12 m/s; specific load on
the tested sample 0.2...40 MPa . In addition, the hydraulic drive of the tribometer also ensures the reversible nature
of the rotation of the counterbody .

The main units of the tribometer are: a welded frame of increased rigidity, a hydraulic drive, a
hydrokinematic scheme shown in Fig. 3, a friction unit and a loading mechanism, a lubricant supply system to the
frictional contact zone of tribo-coupling samples.

The designs of the friction unit and the load mechanism are designed to increase the efficiency and
reliability of the obtained results by reducing the dynamic loads on the test sample during transient processes and
modes of friction and wear, expanding the range of force parameters of the load, the possibility of using the entire
working surface of the counterbody . The characteristic features of the tribometer are: simplicity of design,
versatility of the drive mechanism, small dimensions, increased rigidity of the friction unit and the load mechanism,
openness of the friction unit for visual inspection.

Structurally, the tribometer consists of a welded body (frame), counterbody 1, which, together with its
fastening mechanism, is installed on the shaft of the hydraulic motor 2, with the possibility of rotational movement
around its own axis. The friction node is equipped with a tension beam 3 to register the moment of friction of the
test sample 4, which is placed in the sample receiver 5, with the possibility of its radial movement along the surface
of the counterbody. The sample holder is placed in the guide 6, which is hinged at one end to the rotation shaft 7
, and the other end is in contact with the load lever 8 through the bearing. The working position of the sample is
relative to the guide, and therefore to the friction surface of the counterbody fixed with the help of screw 9. The
longitudinal axis of the guide and the axis of the examined sample are placed in the same plane, which is
perpendicular to the working surface of the disc and protects the sample from possible distortions. A significant
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increase in the value of the specific load on the test sample is achieved due to shoulders , both on the load lever
and on the guide.

|

"

1 - reservoir; 2 — pump BG12-23; 3 — electric motor; 4 - check valve G51-23; 5 — FMS filter; 6 - pressure valve BPG
52-24; 7 - manometer spool ZM2.2- C320; 8 — manometer MT-160; 9 - hydraulic distributor 64P173-12; 10 - hydraulic motor
G15-22; 11 - flow regulator PG55-22; 12 - support valve PG54-24; 13 - oil cooler ; 14 - non-return valve G 51-23; 15 - hydraulic
distributor 54BPG73-11; 16 - suction valve; 17 - lubrication station with hydraulic drive 9C12001; 18 - discharge valve; 19 -
filter FLG 18-100; 20 - feeder MI-5 (5E); 200 21 - microswitch MP 2302; 22 - PVE-21-3 control device; 23 — disc; 24 - sample;
25 - lever; 26 - shaft; 27 - rack; 28 — a set of sinkers

Fig. 3. Hydrokinematic diagram of the tribometer

The tribometer is characterized by a simple design, small dimensions, and the convenience of conducting
tribological studies. Together with the metallographic analysis of the structural state of tribo-conjugation samples,
the tribometer is a complex that possesses a certain degree of perfection. The technical capabilities and reliability
of the tribometer are confirmed by the experience of its operation, especially when the tribological efficiency of
the couplings of samples and parts is determined. The design of the friction unit and the loading mechanism were
designed to increase the efficiency and reliability of the results of tribotechnical studies of the characteristics and
parameters of tribo-coupling samples by reducing the dynamic loads on the sample during transient friction and
wear processes, as well as to expand the range of force parameters of the load. According to the developed
comprehensive methodology for researching the tribological efficiency of heavily loaded couplings of car parts,
the following parameters were measured: intensity of mass wear I (weight method), coefficient of friction p
(tensometry), temperature in the contact zone T (thermocouples), the value of contact electrical resistance of the
tribocoupling KEO (R), according to electrical measurement circuit (Fig. 4).
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Power unit
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Fig. 4. Electrical circuit for measuring KEO (R) parameters of tribocoupling parts
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In addition, the following parameters were calculated: the specific work of destruction of secondary
dissipative structures - A, and the energy intensity of triboconjugation according to the thermal index - ECT q.

The value of the specific work of destruction A , characterizes the level of structural adaptability and is
determined by the cost of friction work A i to remove a unit volume of material A V from the friction surface:

Arp Ik
Ap = A—;,m (1)

The parameter A pcharacterizes the processes that take place in the zone of frictional contact of tribocouples
and is general for evaluating the processes of surface destruction. The value of this parameter depends on the wear
mechanism and can take different values for the same tribocoupler.

The specific energy capacity of the friction system according to the thermal index characterizes the friction
work costs for a temperature increase in the contact zone by 1 K. It is an energy criterion for evaluating the range
of structural adaptability of tribo-conjugate materials:
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The criteria Apand ECTgare significant in solving applied problems of tribology: the selection of structural
and lubricating materials, determination of optimal force load parameters that ensure structural adaptability, its
level and limits.

The control values of the listed parameters were taken as their stable values after each stage of force load
(change in sliding speed, normal load. Research was carried out in wide ranges of changes in load parameters with
their smooth change, different lubricating media, using different test samples (different processing methods). This
made it possible to comprehensively investigate the processes of running-in, normal friction and wear, transitional
processes, to fix the critical values of load parameters during the transition to volumetric destruction, and to draw
a conclusion about the effectiveness of tribo couplings of samples and parts. The most important for the theory
and practice of friction and wear is the range of normal mechano-chemical wear, which is characterized by the
dynamic balance of the processes of formation, transformation and destruction of dissipative secondary structures
- the range of structural adaptability. Identification by tribotechnical parameters (I, p, T), KEO (R) and structural
parameters (type of dissipative secondary structures) was carried out within the range of structural adaptability.
The structure of friction surfaces was studied using a scanning electron microscope of the Cam system Scan 4DV
with Link 860 energy dispersive X-ray analysis system.

The proposed electrical criteria for assessing the structural adaptability of tribocoupler materials (KEO (R),
AT, AR, AR/ R out, R aut, R st) made it possible to significantly shorten the research cycle, objectively identify the
main tribotechnical parameters with the corresponding structural state of the friction surfaces, and also, to clearly
fix the critical points of transition of processes: running-in - normal friction and wear - damage (volumetric
destruction). These criteria can be determined with the required accuracy by observing the standardized research
conditions: ensuring the conditions of limit friction, equilibrium of the processes of heat generation and heat
removal, equilibrium of the processes of formation and destruction of dissipative secondary structures with a wide
range of changes in the power parameters of the load with their smooth nature of change, reproduction on an
appropriate scale (real operating conditions of the tested tribocouplers of the samples). The specified circumstances
led to the development of a fundamentally new tribometer design.

The influence of load modes (p, v) of tribocouplers of samples and parts on the nature of the change in KEO
parameters (R) over time is shown in Fig. 5.

p — specific load; v — sliding speed; Rini is the initial (preliminary) value of the KEO (R) tribocoupling ; R
st— stable (optimal) value of KEO (R) given p, v data; 3R is the magnitude of the drop in R values (strength
margin of dissipative secondary structures); AR =R - R ins - When transitioning to the mode of normal friction

and wear; A t is the time for the tribocoupler to reach a stable KEO value (R); & - KEO scattering ranges
(R).
R R pVv R
~AR Rst | Rst p.v
p.v Rini Rini r
Ti R0
a b c

Fig. 5. Schematic representation of the nature of the change in the KEO parameters (R) at the moment of time
t from the power load parameters p, v of the tribocoupler of the samples: a - run-in modes (transient processes); b —
modes of normal friction and wear; ¢ - volumetric destruction.
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The choice of materials for tribo-coupling parts , methods of their strengthening, lubricating medium,
magnitudes and nature of changes in the power parameters of the load was carried out in accordance with the
research goal and the possibility of their practical use.

The material of the counterbody - steel SHX15 (HPc=60...63, Ra=0.32um) was chosen from the point of
view of its high wear resistance in comparison with the studied materials of the samples. The material of the studied
sample is steel 40X (HPc=48...52, Ra=0.32um). The working surface of the sample, in order to increase its wear
resistance, was subjected to special processing methods. The research was carried out at a constant sliding speed
(v=1.2 m/s) with a smooth change in the value of the specific load R.

An inactive , non-polar, low-viscosity petroleum jelly lubricant was chosen as a lubricating medium with
the need to exclude the influence of hydrodynamic and adsorption effects, since technical lubricants have a
complex carbon and fractional composition, contain in special additives of active substances, resin-forming
products and mechanical impurities.

As an example of studies of the tribological efficiency of sample couplings, Fig. 6.7 shows the results of
the main tribotechnical characteristics and parameters for various strengthening technologies: A — complex
chemical and thermal treatment, o — serial technology, o — boronizing .
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A — complex chemical and thermal treatment, o — serial technology, o — boron treatment .
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Fig. 6. Graphical dependence of the intensity of wear J, the coefficient of friction p, the temperature T in the
contact zone on the value of the specific load P.
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A — complex chemical and thermal treatment, o — serial technology, o — boron treatment

Fig. 7. Graphical dependence of the change in the specific work of destruction Ap , the temperature energy
capacity of the friction system on the thermal index ECT ¢ and the contact electrical resistance of the KEO
tribocoupler (R)

The exit of the tribocoupling to the mode of normal friction and wear after each stage of loading (optimal
values of the parameters I, pu, T in the range of structural adaptability), directly during the research process, can be
judged by the stabilization of the KEO parameter (R). In addition, according to the kinetics of the change of KEO
(R), the processes of completion of tribo conjugation run-in, the ranges of normal friction and wear, the moment
of transition to the process of volumetric destruction are recorded
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As can be seen from the given graphs, the nature of the change in wear intensity, friction coefficient, and
temperature for the studied methods of chemical-thermal strengthening is in accordance with the general pattern
of friction and wear. Three characteristic zones are distinguished: 1 — run-in mode (unstable values of these
parameters), 2 — range of normal friction and wear (minimum and stable values of these parameters), 3 — transition
of tribocoupling to damage mode (volumetric destruction).

The results of studies of the structure of the friction surfaces of the studied samples made of 40X steel

strengthened by serial technology are presented in Fig. 8, complex chemical and thermal treatment in Fig. 9 and
boronization in Fig. 10.

Fig. 8. Electronic microfractograms surface friction sample from steel 40 X strengthened on serial
technologies : and - the normal mode friction and wear , b — mode of damage

Fig. 9. Electron microfractograms of the friction surface of a sample made of 40 X steel strengthened by
complex chemical and thermal treatment: and - the normal mode friction and wear , b — mode of damage

Fig. 10. Electronic microfractograms surface friction sample from steel 40 X strengthened boring :
and - the normal mode friction and wear , b — mode of damage

These assumptions are confirmed by electronic microfractograms of the friction surfaces of the studied
samples. In the mode of structural adaptability (normal friction and wear), the working surfaces of the samples are
covered with appropriate dissipative secondary structures (Fig.s 8a, 9a, 10a); when transitioning to the damage
mode, the dynamic balance of the processes of formation and destruction of dissipative secondary structures is
disturbed (Fig.s 8b, 9b, 10b) , which leads to volumetric destruction of friction surfaces.
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Conclusions

1. A comprehensive methodology for researching the tribological efficiency of the couplings of samples
and parts on the proposed design of the tribometer has been developed. The tribometer allows you to study samples
according to the "disk - finger" scheme. The flat contact scheme makes it possible to realize different modes of
friction, to smoothly change the force parameters of the load in a wide range, and in combination with
tribotechnical characteristics and metallographic analysis to more comprehensively characterize the tribological
efficiency of tribocouplers of samples and parts.

2. The application of the developed research methodology and kinetic criteria for evaluating operational
wear resistance allows identifying the main factors that determine the development of the leading types of wear,
studying the mechanisms of their development, and reasonably choosing constructive, technological and
operational means of managing the surface strength of tribo-coupling parts , including heavily loaded ones car
tribocoupling . In combination with the metallographic study of the structural state of friction surfaces (types of
internal combustion engines), the possibility of a comprehensive study of processes in the frictional contact zone
with the expansion of the existing bank of tribotechnical data in order to increase the tribological efficiency of
couplings of parts of machines for controlling friction and wear processes appeared.

3. A correlational dependence was revealed between the characteristics of changes in tribotechnical
parameters: wear intensity, friction coefficient, temperature in the contact zone, structural-energy parameters:
specific energy of destruction of dissipative secondary structures according to the thermal index, contact electrical
resistance and type of dissipative secondary structures in the range of normal friction and wear. This correlation
dependence is universal in nature, as it was discovered during the study of other materials of experimental samples,
methods of strengthening friction surfaces, various lubricants and additives, both when the specific load and the
sliding speed change.
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Aynain B.B., T'ynka A.B., JIsmyk O.JI., Cryxaak II.J., I'punabkie A.B. KoMmmiekcHa meroauka
JIOCIIIPKEHHS TPUOOJIOTTUHOT epEeKTUBHOCTI CIIPSKEHbB JIeTalel By3IIiB, CHCTEM Ta arperariB aBTOMOOLIIB

B naniii poboti s AOCHiKEHHS TpHOONOriYHOI e(EeKTHBHOCTI CIpsDKEHb 3pa3KiB 1 jeTanei
3alpoIOHOBAHO  yHiBepcanbHHUN  TpuObomerp.  KoHCTpykiiss  TpumOomerpa  MO3BOIMIA  IPOBOIHUTH
eKCIIepUMEHTANIBHI JOCTIHKeHHS B MIUPOKOMY Miara3oHi CHJIOBUX MapaMeTpiB HABAaHTAXKCHHA IIPH iX IUTaBHIM
3MiHi. HaBeeHO KOMITIEKC XapaKTePHCTHK 1 TapaMeTpiB, SIKi BU3HAYAIOTHCS HA TPHOOMETPIB MPH AOCIIKEHHI
CHPSDKCHD 3pa3KiB 32 CXEMOIO «IHCK-TIAJICIb): iHTEHCHUBHICTH 3HOCY, KOe(ili€HT TepTs, TeMIeparypa B 30HI
KOHTaKTy, NMUTOMa po0OTa pyHHYBaHHS, IINTOMA CHEPrOEMHICTH IO TEIUIOBOMY IIOKAa3HUKY, €ICKTPHIHUH
KpHUTEpi OLIHKKA CTPYKTYpPHOI IPHCTOCOBYBAHOCTI TPHOOCHpsDKEHb. 3a XapakTepaMH 3MIiHH IIapaMeTpiB
KOHTaKTHOTO €JIEKTPOOIIOPY BH3HAYAIM PEXUMH TEPTS 1 3HOIIYBAaHHS: NPUIPALIOBAHHS, HOPMaJbHE TEpPTS i
3HOLIYBaHHS, 00’€MHa JecTpykuis. HaBeneni pe3ynbTatu AOCTIUKEHHS TPUOOJIOTIUHOI e(peKTHBHOCTI 3a
3a3HAYEHUMH XapaKTepUCTHKaMU Ta mnapamerpamu. Jlus TOpIBHAUIBHOTO e(ekTy 3paskd  3MIlHIOBaIH
KOMIUIEKCHMM XIMIKO-TEpMIYHUM CIIOCOOOM, CepiiHOI0 TexHoJyiorielo Ta OopyBaHHSM. Pesymprat nanu
MOXJIMBICTh BUJAUINTH XapaKTepHI 30HU DPEXHUMIB NPUIPAIIOBaHHS, HOPMAIBHOTO TEpPTS Ta 3HOIIYBaHHS,
00’emHOT necTpykuii. BoHM minTBepIkKeHI OTPUMaHUMH EIEKTPOHHUMH MiKpogpakTorpadismu.

Kirouosi cioBa: Tpubonoriyaa e(peKTHBHICTh, TPUOOCTIPSDKEHHS 3pasKiB 1 IeTanei, TpuOOTeXHIUHI
mapaMeTpH, KOHTaKTHUH eJIeKTPOOIIip, TOBEpXHEBA MIIHICTh, KCIUTyaTalliiiHa HadiHHICTh



