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Abstract

A comprehensive methodology has been developed to assess the maximum contact stresses and
deformations in the point contact zone and the maximum tangential stresses, including their position in the
subsurface zone in depth and in the rolling direction when the microgeometry of the rest contact.

Key words: Point contact zone, fatigue life, friction bearing units (bearing assemblies), maximum contact
stresses and deformations, maximum tangential stresses, microgeometry.

Introduction

One of the most important factors limiting the durability of bearing units is fatigue damage, namely pitting,
which occurs during repeated cyclic loading. Since metal elements are damaged, fatigue is usually associated with
the problem of metal stability and microgeometry of the contact zone. While fatigue life has been significantly
increased by controlling the type and size of non-metallic inclusions, heat treatment and the introduction of
alloying additives to the base metal, little or no thorough research has been paid to the influence of microgeometry
in the contact zone, especially for bearing assemblies.

In any case, a comprehensive calculation methodology is needed that would allow to take into account the
influence of microgeometry on the fatigue life of bearing units.

The purpose of the work

To develop a comprehensive methodology for assessing the influence of microgeometry on the maximum
contact stresses and deformations in point contact, the maximum tangential stresses and their penetration position
in the subsurface zone along the depth and direction of rolling under resting friction conditions.

1. Technique for researching the properties of coatings for the influence of microgeometry.

The method of calculating the maximum stresses, deformations, position and value of the maximum
subsurface tangential stress is necessary to assess the fatigue life of friction bearing units [1].

Hydrodynamic lubrication is characterized by surfaces that fit well together, that is, surfaces that have a
high degree of geometric similarity, and the load is transferred over a relatively larger plane. In addition, the actual
plane for such surfaces remains virtually constant with increasing load.

But many bearings do not have a very good surface fit. The full load falls on a relatively small plane. As a
rule, the actual contact area increases significantly with increasing load, but still remains small compared to
surfaces that fit well together. The loads per unit area for adjacent bearings are relatively small, about 1 MPa and
rarely 7 MPa. But the load per unit area in contacts with non-adjacent surfaces, like to the contacts of ball bearings,
usually exceeds 700 MPa even with a moderate load on the bearing. Such high pressures lead to elastic deformation
of the materials, resulting in elliptical contacts that can support these loads. Therefore, appropriate simplified
calculations of stresses and deformations in the contacts of non-adjacent surfaces are required.

To model a real friction unit, it is necessary to know the field of static contact of interacting bodies.
Determination of the properties of static contact of interacting parts in non-conformal (with local contact) nodes

w Copyright © 2023 A.Milanenko. This is an open access article distributed under the Creative Commons Attribution License, which
b permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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is reduced to determining the type and type of contact field, maximum contact and tangential stresses and strains
in the field and within the contact field (Fig. 1).

Fig. 1 - Geometry with point contact friction

In general, the geometry of undeformed contacting bodies can be represented by pressing two ellipsoids.
Two bodies with different radii of curvature in the two principal planes (x and y), passing through the contact
between the bodies, touch at one point at zero load. This state is called point contact, in which the radii of curvature
are denoted by r (see Fig. 1). It is assumed that convex bodies have positive curvature and concave bodies have
negative curvature. Thus, if the center of curvature lies inside the body, the radius of curvature is positive,
otherwise it is negative.

It is important to note that if the choice of x and y coordinates satisfies the condition:

L_}.L 2L+L (1)

Tax Tbx Tay Tby’

then the x-coordinate determines the direction of the minor semi-axis and the y-coordinate determines the
major semi-axis of the contact ellipse that occurs when the load is applied. The direction of motion is always given
along the x-axis. The sum of curvatures (reduced radius of curvature), which is necessary in the analysis of contact
stresses and strains, is determined by the following formula:

11 1
E—R—x‘f'g, 2

where: R ?3)

)
Rx  Tax Thx

14t ()

Ry  Tay Tpy

The ratio of radii of curves a is determined by the following formula:
=R
a=- (5)
The shape of the plane of such contacts is called point contacts. Point contacts can be elliptical (Fig. 2, a),
when the ratio of radii of curvature o # 1, or circular (Fig. 2, b), when o = 1, since rax = ray and rpx = ry, then
according to expressions (3) and (4), it turns out that the radii of curvature Rx = Ry = r/2. If the radii of curvature
ray and ryy are infinite, the initial linear contact is transformed into a rectangular contact under load.

a — elliptical contact 6 — circular contact

Fig. 2 a, b. Shape of friction point contact at change of microgeometry, made by optical interferometry
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The ellipticity parameter k is defined as the ratio of the diameter of the elliptical contact in the y direction
(transverse direction) to the diameter in the x direction (direction of movement):

k (6)

i
AN

If condition (6) is satisfied and o > 1, then the contact ellipse will be oriented with a large diameter across
the direction of movement (see Fig. 2, a), i.e., k > 1, which is characteristic of the contact form formed in ball
bearings with an outer ring and tubular roller bearings. Circular contact (see Fig. 2, b), where a = 1, k =1, is
characteristic of ball bearings with self-aligning outer ring. In the elliptical contact, in which a < 1, k < 1, the
contact ellipse, on the contrary, will be oriented with a small diameter across the direction of movement and is
characteristic of some gears and locomotive wheel contact on the rail (this option was not considered in this work).

If two elastic bodies are brought into contact under load, a plane appears, the shape and size of which
depends on the applied load, the elastic properties of the materials and the microgeometry of the contact.

Under conditions of elastohydrodynamic (EHD) lubrication, two surfaces are separated by a lubricating
layer, the thickness of which has the shape shown in Fig. 3.

With the usual parabolic approximation for the shape of an undeformed film, the thickness of the lubricating
layer under deformation will be as follows:

x?%4y?
2R

h(x;y) =h, +

+d(x;y) —d(0;0), (7)

where X; y - Cartesian coordinates.
The total normal deformation d (x1; y1) of two surfaces is defined by the following equation:

1 p(x;y) -dx-dy
deesy) =7 f,— ®
((x=x1)+(y-y1)?)2
where the reduced modulus of elasticity E' is equal:
2

JEE AT ©)
==

Eq Ez

E'=

where E; and E; are the elastic modulus of the 1st and 2nd bodies in contact with each other; vi; v are the
Poisson's ratios of the 1st and 2nd bodies, respectively; Xi1; y1 are the nodal points along the x and y axes.

‘h

Ry
, M
i LALL L
dixy) d{oo)
h{xy) b,

J\T\'\'\"T\\‘\\\\‘.\.‘-.\.\\\\\\\\.\\\\\\\ X

Fig. 3. Microgeometry of circular friction contact taking into account elastic deformations:
ho - central thickness of the lubricating layer; d(0;0) - the value of elastic deformation in the central contact area;
h(x; y), d(x; y) - current value of thickness and deformation; hx= (x>+y?)/2R - current value of thickness at hg =
0; Rx - equivalent radius of curvature in the X plane.

For an approximate calculation of deformations and stresses in point contact, a simplified calculation of
stresses and deformations can be used according to the method [2], which allows solving the classical Hertz
problem without the use of complex mathematical calculations on a computer using simplified formulas.

The classical Hertzian solution for deformations requires the calculation of the ellipticity parameters k and
the calculation of elliptic integrals of the first y and second € kind. For point friction contact, the parameters y and
¢ as functions of a are simplified by means of approximating curves. These parameters make it possible to
determine the deformation § in the center of contact with a small loss of accuracy, but without the use of complex
mathematical calculations when using diagrams, as well as the maximum contact stress omax in the center of contact
depending on the ratio of the radii of the curves a.

The maximum contact stress in the center of the point contact omax is calculated by the following formulas:
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- for circular contact:

3F

(10)

Omax = 5722
where F is th(le applied load, N;
a= (%)5 — circumferential contact radius, m.
- for elliptical contact:
Omax = 75 oo (11)

where F is the applied load, N;
D, =2-((6-k* &-F-R)/m-E")— diameter of the major axis of the elliptical contact, m (see Fig. 2, a);
D,=2-((6-¢-F-R)/m-k-E")—diameter of the small axis of the elliptical contact, m (see Fig. 2, a).
The maximum deformation in the central contact zone 3 is calculated by the following formulas:

- for circular contact:
S ARESNE 12

5= () ()T @)

One of the causes of wear is material fatigue caused by cyclic strong and elastic deformations on the
surface. Fatigue cracks are formed at a certain depth in the plane parallel to the rolling direction. Therefore,
special attention is paid to the amplitude of the tangential stress in the part of the plane where it reaches a
maximum.

The value of the maximum tangential stress of the point contact max is determined by the formula:

- for elliptical contact:

Vv2-t—1
Tmax = Omax * m' (14)

where t =1+ 0,16 - csch (a?™/2) — a reduced auxiliary parameter.

It should be noted that max represents the maximum half-amplitude of the subsurface orthogonal
tangential stress.

Taking into account that the stresses are referred to a rectangular coordinate system with the origin at
the center of contact, the z - axis coinciding with the internal normal of the body under consideration, the x -
axis along the rolling direction and the y - axis perpendicular to it, we find the position of the maximum point
(depth) max in the xz- plane:

- for the circular contact:

— a .
|20l = (t+1)V2Zt—1’ (15)

—_t. fﬁ
Xl = tr1 Nzt—1 P (16)

- for elliptical contact:

p— Dx 0
|Zo] = 2:(t+1)v2t—-1’

t 2t+1 Dy
Xl = 55 3 (18)

Results of calculations for the influence of microgeometry

(17

Below are the input parameters of microgeometry, materials and values of elliptic integrals of the 1st and
2nd kinds for simplified calculation of stresses and strains of friction point contacts (respectively for circular and
elliptic contacts) in the range a < 100 (Table 1) for two selected bearings.
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Tablel

The input parameters of microgeometry, materials and values of elliptic integrals of the 1st and 2nd kinds

Input and initial design parameters chul:r:;)ntact, EII|pt|2aI=c60ntact,

1. The reduced radius of curvature, Ry, mm 6,35 15,24
2. Ellipticity parameter, k 1 5
3. Ellipticity parameter of the 1st kind,

T, (m 1,5708 2,5935
1/) =;+(;—1)-lna
4. Ellipticity parameter of the 2nd kind, 15708 10951
e=1+(G~-1/a) ’ ’
5. Auxiliary parameter t 1,307 1,070
6. Modulus of elasticity E;, Pa 2,07 - 101 2,07 - 1011
7. Modulus of elasticity E,, Pa 0,757 - 1011 0,757 - 10!
8. Poisson's ratio vy 0,30 0,30
9. Poisson's ratio v 0,25 0,25

The results of a simplified calculation of the maximum contact stresses, deformations, maximum tangential
subsurface stresses and its position in the xz - plane with an increase in the applied load for two bearing units with
different microgeometry of contact are presented graphically in Fig. 4 - 8.

Deformation & of with load F

—@— Circular contact

0,00 20,00 40,00

$00 Maximum contact stress o with load F

—&— Elliptical contact —&— Circular contact | —®— Elliptical contact
400
200

g s—-0—8—@

@.,,-.f:r—---»—%**'@"” =9
0
60,00 80,00 0.00 20.00 40,00 60,00 80,00

Fig. 4. Influence of microgeometry in the point contact
zone on the deformation & of contacting friction surfaces
of bearing units with increasing load F

Fig. 5. Influence of microgeometry in the point contact
zone on the change in contact stress ¢ for friction
bearing units with increasing load F

160
140
120
100
80
60
40
20
0

0,00 20,00

—@— Circular contact

Maximum tangential stress T with load F

40,00 60,00 80,00

Elliptical contact

Fig. 6. Effect of microgeometry in the point contact zone on the change in tangential stress T for friction bearing units
with increasing load F
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The position of tangential stresses The position of tangential stresses t
along the depth Z (um) with load F along the rolling direction X (um)
400 o with load F
350 —— E;Fc:.arlcont:ctt 250
300 ptical contac —@—+ Circular contact
250 200 Elliptical contact
200 150
150 100
100 50
50 ”.__._‘__.——0——0—0—’—"
0 0
0,00 20,00 40,00 60,00 80,00 0,00 20,00 40,00 60,00 80,00
Fig. 7. Influence of microgeometry on the position of Fig. 8. Influence of microgeometry on the position of

penetration of tangential stresses T in the subsurface zone of penetration of tangential stresses 7 in the subsurface zone of
point contact along the depth z - (um) for friction bearing  point contact along the rolling direction x - (um) for friction
units with increasing load F bearing units with increasing load F

Conclusions

An alternative method of calculation to the classical Hertz solution for local stresses and strains of two
elastic contacting bodies is presented, i.e., the need to solve transcendental equations to establish the influence of
microgeometry in the contact zone is eliminated.
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Minanenko O.A. BB MikporeoMeTpii B 30HI TOUKOBOTO KOHTaKTy Ha BTOMHY JIOBIOBIUHICTh B YMOBaxX
TEPTS CHOKOIO JUISl MiANIMITHUKOBHUX BY3JIiB TEPTSL.

IIpencraBineHa anbTepHaTHBHA METOJMKA PO3PaxXyHKy KIaCHYHOMY pilleHHIO ['epma Ui JIOKaJbHUX
HaNpyXXeHb 1 Jedopmalliii 1BOX NPYKHUX KOHTAKTYIOUHX TiT, TOOTO, YCYBaeThCcs HEOOXITHICTH BUPILTYBaTH
TPaHCICHACHTHI PiBHAHHS TSI BCTAHOBJICHHS BIUTUBY MIKpOTEOMETpIii B 30HI KOHTAKTY.

3a JOMOMOTOI0 CHpOIIEHHX (QOPMYNI MOXHa O€3IMOoCepeHRO PO3paxyBaTH MaKCHMAlbHI KOHTaKTHI
HarpyXeHHs1, AepopMallii, MiANOBEpXHEB] AOTHYHI HANpYXEHHS, a TAKOX IX IOJIOKEHHS IO TJIMOMHI Ta 3a
HarpssMOM KOYEHHS Ta BCTAHOBHUTH BIUIUB MiKPOT'€OMETPIi.

MaxkcumanbHi KOHTAKTHI W JOTHYHI HANIPY>KEHHS, a TAKOXK MaKCUMaITbHI JeopMallii MpOrHO30BaHO BHIIE
3a BEJIMYMHOIO /ISl YIOPHUX (OCHOBHX) KYJIBKOBHX HiJIIMIHAKAX 3 KOJIOBUM KOHTaKTOM TEPTS B MOPIBHSHHI 3
paiabHUMH MIAMINIHAKAMH, SKI MAIOTh eJNTHYHY (OPMY KOHTAKTY.

Jns pagianbHUX MiJIIUITHUAKIB KOYEHHS 3 XapaKTEPHOIO EJINTHYHOI (OPMOIO KOHTAKTy MOJIOXKEHHS
MPOHUKHEHHS JOTHYHUX HANpyXeHb MO TIHOMHI (BiCh Z) 3HAYHO INEPEBHINYE AaHE MOJOKEHHS U YIOPHHUX
(OCBOBHIX) IiIMIAMTHUKIB 3 KOJOBAM KOHTAaKTOM IIPH PiBHUX YMOBaX JOCTIKEHHS, III0 OITOCEPEIKOBAHO BKA3ye
Ha MEHIITY BTOMHY JOBTOBIYHICTH pagialIbHUX IiIIIUITHHUKIB Y 3B’ 53Ky 3 HEPIBHOMIPHUM PO3IIOAITICHHSAM THCKY B
30HI JIOKQJILHOT'O KOHTAKTY.

Karouosi ciioBa: ToukoBuit KOHTAKT TEPTS, BTOMHA JOBTOBIYHICT, MiJIINITHAKA KOYEHHS, MaKCUMAIIBHI
KOHTaKTHI HAaIIPY»KCHHS, MAaKCUMaJIbHi TOTHYHI HAPY>KEHHS, MIKPOT€OMETPisl, TEPTS CIIOKOIO.
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Abstract

Fractogram analysis shows that deep scratches, particles of titanium and chromium carbides and other
elements were found on the friction surfaces. Moreover, in the braking devices there was damage to the large size
of the brake pads of trucks. The transfer of particles of borides and carbides to the surface of the wheels can be
explained by the processes of metal flooding with their subsequent embrittlement, which inevitably leads, as a
rule, to the destruction of friction wheel pairs. It is established that such types of wear as fretting corrosion
significantly (by 1.5-2 times) reduce the fatigue limit of parts. Also significantly reduce the cyclic strength of metal
friction pairs oxide films on their surface in the absence of lubricant. The service life of friction wheel pairs has a
particularly strong impact on fatigue strength. The main reason for the decrease in endurance due to the processes
of setting on the working surfaces of friction units is a high concentration of stresses caused by deep tears, cuts,
microcracks. The process of destruction of brake pads from fatigue begins from the surface of the part. In this
regard, the quality of the surface, its structural-phase composition, physical and mechanical properties of the
surface layer in most cases are decisive for the intensity of the development of wear processes of parts from fatigue
of the tribosystem (friction wheel pairs), which are operated under cyclic loads. The peculiarity of the influence
of friction and wear processes on the fatigue strength of metal is that at the time of running-in there is a change in
surface roughness, structure and properties of surface layers. As the analysis of literature sources has shown, the
effectiveness of the influence of friction and wear processes on the characteristics of fatigue resistance in the case
of repeatedly alternating (cyclic) loads is essential, and therefore ignoring this effect during the traditional
assessment of the reliability of parts by individual criteria, for example, wear resistance, often leads to an incorrect
assessment of the operational durability of the elements of the tribological system of road or rail transport. The
long-term (cyclic) strength of brake pads was determined on a specialized unit model 1251 by Instron company
(Great Britain). The basis for spraying and surfacing of different types of coatings was normalized steel 35.
Tensile-compressive deformations at zero average stress and a cycle frequency of 20 Hz were studied on the
laboratory unit. Most of the tests were carried out in salt solutions (NaCt of industrial purity was used).The process
of destruction of brake pads from fatigue begins with the surface of the part. In this regard, the quality of the
surface, its structural-phase composition, physical and mechanical properties of the surface layer in most cases are
decisive for the intensity of the development of wear processes of parts from fatigue of the tribosystem (friction
wheel pairs), which are operated under cyclic loads. Endurance limits in the case of simultaneous exposure to
friction forces and cyclic loads will depend on the sliding speed of the tangent surfaces of the normal contact load,
which determines the friction force, and the composition of the environment.

Keywords: fractograms, friction, destruction, wear, structural-phase composition, physical and mechanical
properties, wheel pair, tribology, cyclic strength, microcracks.

Introduction

Currently, the industrial industry of Ukraine faces the problem of creating the basic foundations for the
development of transport technology, in particular, the issues of friction and wear in transport machines. The
relevance is due to the fact that the current state of development of technology is characterized by harsh operating

Copyright © 2023 V.D. Makarenko, O.l.Kliuiev, O.A.Voitovych, Yu. Ye. Mieshkov, Yu.V. Makarenko. This is an open access
w article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
© reproduction in any medium, provided the original work is properly cited.
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conditions of various transport systems, which is associated with an increase in: specific loads; increase in power;
speed; the effect of complex loads of static cyclic and dynamic nature; the influence of various corrosive
environments and temperatures. It is known from operational practice that the violation of normal functioning or
complete failure of technical systems by 70-80% is caused by the failure of elements of their tribosystems due to
surface destruction as a result of wear and other related processes - erosion, fretting, etc. Therefore, increasing the
durability of friction units has been and remains one of the most important technical problems of our time in terms
of increasing the reliability and extending the service life of transport machines. Despite the large volume of
publications on this subject, it can be noted that the diversity of a large amount of experimental material,
uncertainty and inconsistency of information about the tribological properties of the material involved in friction
and wear pairs leads to the need to find additional resources to improve the wear resistance of brake pads, in
particular transport trucks.

Therefore, we have conducted additional studies of the friction properties of brake pads in the conditions
of experimental benches that were closest to the real kinematic and dynamic conditions of operation of transport
trucks.

The purpose and objectives of the study — conducting systematic experimental studies of the frictional
properties of brake linings made of different materials.

Materials and methods of the study

In the experiments, an improved unit of the MFK-1 model was used, which is schematically shown in
Figure 1, (which does not show the information system for determining the necessary information and computer
processing). To select the material of brake linings, express dry friction tests were carried out together with the
specialists of NPO "Powder Metallurgy" and the Institute of Electric Welding named after E.O. Paton of the
National Academy of Sciences of Ukraine (a possible case of braking wheelset operation in dry friction mode was
simulated on the stand).Tests of samples of coated linings for wear resistance at dry friction were carried out for
45 minutes at a specific pressure of 0.6 MPa and a counterbody rotation speed of 80 min-1, the counterbody was
a disk made of hardened steel 40HN. The reference sample of brake linings was steel 45. The lining was made of
three types: FMK-8 - metal-ceramic friction (based on iron); “carbon - carbon” - composite materials CCCM and
powders of eutectic alloys of the TH system (for coating used powders of eutectic alloys of the 12X18H9T-TiB
system).Moreover, it should be noted that the metal matrix of the alloy corresponds to steel 12X18H9T, and the
strengthening compounds are titanium and chromium borides. Spraying was carried out by plasma method. The
fractograms of the friction surface, which were subjected to wear, were studied by X-ray spectral analysis using a
scanning electron microscope model "JSM-35CF" of the company "Geol" (Japan).

6

Fig.1. Schematic diagram of MFKU-1 unit:
1 - horizontal connecting rod, 2 - vertical connecting rod, 3 - adjustable eccentric, 4 - coupling, 5 - electric
motor, 6 - counter of the number of cycles, 7 - pressure gauge, 8 - inspection window, 9 - collet, 10 - loading
device, 11 - strain beam, 12 - seal, 13 - camera, 14 - fixed sample, 15 - moving sample.

Long-term (cyclic) strength of brake pads was determined on a specialized model 1251 unit of the Instron
company (Great Britain). Normalized steel 35 served as the basis for filing and surfacing various types of
coatings.Tensile-compressive deformations at zero average stress and a cycle frequency of 20 Hz were studied on
a laboratory unit. Most of the tests were carried out in salt solutions (NaC{ of industrial purity (above 99%) was
used).

The results of experimental studies are shown in Figures 2-10.
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Fig.4. Microstructure'of plasma deposited TN coating (x300). Titanium boride inclusions are circled.
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Fig. 5. Fractogram of the surface with surfacing composite coating CCCM. Base - steel 45
The results of tests of brake pads for cyclic (long-term) strength are shown in Figures 6 and 7.
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Fig.6. Cyclic strength (fatigue) curves of carbon steel 35 samples.
1 - unused steel; 2 - service life is 5 years; 3 - service life is 10 years; 4 - service life is 15 years; 5 - service life is
20 years.
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Fig.7. Effect of fretting corrosion on fatigue (cyclic) strength of carbon normalized steel 35.
1 - fatigue curve without fretting corrosion (service life is 5 years); 2 - fatigue curve without fretting corrosion
(service life is 10 years); 3-5 - fatigue curves with fretting corrosion (service life is 5, 10 and 15 years, respectively).

The process of destruction of brake pads from fatigue begins with the surface of the part. In this regard: the
quality of the surface; its structural-phase composition; physical and mechanical properties of the surface layer in
most cases are decisive for the intensity of the development of wear processes of tribosystem parts (friction wheel
pairs) from fatigue, which are operated under cyclic loads. Many parts of motor vehicles operate in such conditions.
A feature of the influence of friction and wear processes on the fatigue strength of metal is that at the time of
running-in, there is a change in surface roughness, structure and properties of surface layers. As the analysis of
literary sources [18,19,20] has shown, the effectiveness of the influence of friction and wear processes on the
characteristics of fatigue resistance in the case of repeatedly variable (cyclic) loads is essential, and therefore
ignoring this effect during the traditional assessment of the reliability of parts according to certain criteria, for
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example, wear resistance, often leads to an incorrect assessment of the operational durability of elements of the
tribological system of road or rail transport.

The endurance limits in the case of simultaneous exposure to friction forces and cyclic loads will depend
on: sliding speed; contact surfaces; normal contact load, which determines the friction force; composition of the
environment.

The data of Figure 6 shows that such types of wear as fretting corrosion significantly (by 1.5-2 times) reduce
the fatigue limit of parts. Also significantly reduce the cyclic strength of metal friction pairs oxide films on the
surface of friction pairs in the absence of lubricant. Especially strong influence on fatigue strength has the service
life of friction wheel pairs (Fig.6).

The main reason for the decrease in endurance due to the processes of setting on the working surfaces of
friction units is a large concentration of stresses caused by deep tears, cuts, microcracks (Fig.2 and 5).

The decrease in fatigue strength of steel 35 is characterized by the data in Figure 7. According to the
recommendations of Prof. Kindrachuk M.V. [19], if we extrapolate the fretting fatigue curves to the abscissa axis
corresponding to the limited endurance based on N=107 cycles, and then project the intersection points onto the
fatigue curve without fretting corrosion, we obtain the value of the equivalent stress. The higher the values of these
equivalent stresses compared to the nominal stress, the more fatigue (cyclic) strength is reduced by fretting
corrosion.

So, for example, according to the curves, we have the following ceq value: 62 = 255MPa; 63 = 151MPa;
o4 - 248MPa; 65 = 245MPa (c-1 = 200MPa), that is, the excess of equivalent stresses over o-1 is in the range from
20 to 40%.

Analysis of the fractograms presented in Figures 3 and 4 shows that deep scratches, particles of titanium
and chromium carbides and other elements were found on the friction surfaces. Moreover, in the braking devices
there was damage to the large size of the brake pads of trucks. The transfer of particles of borides and carbides to
the surface of the wheels can be explained by the processes of flooding the metal with their subsequent
embrittlement, which inevitably leads, as a rule, to the destruction of friction wheel pairs.

Conclusions

1. Fractogram analysis shows that deep scratches, particles of titanium and chromium carbides and other
elements were found on the friction surfaces. Moreover, in the braking devices there was damage to the large size
of the brake pads of trucks. The transfer of particles of borides and carbides to the surface of the wheels can be
explained by the processes of flooding the metal with their subsequent embrittlement, which inevitably leads, as a
rule, to the destruction of friction wheel pairs.

2. It is established that such types of wear as fretting corrosion significantly (by 1.5-2 times) reduce the
fatigue limit of parts. Also significantly reduce the cyclic strength of metal friction pairs oxide films on their
surface in the absence of lubricant. The service life of friction wheel pairs has a particularly strong impact on
fatigue strength. The main reason for the decrease in endurance due to the processes of setting on the working
surfaces of friction units is a high concentration of stresses caused by deep tears, cuts, microcracks.

3. The process of destruction of brake pads from fatigue begins with the surface of the part. In this regard,
the quality of the surface, its structural-phase composition, physical and mechanical properties of the surface layer
in most cases are decisive for the intensity of the development of wear processes of parts from fatigue of the
tribosystem (friction wheel pairs), which are operated under cyclic loads. The peculiarity of the influence of
friction and wear processes on the fatigue strength of metal is that at the time of running-in there is a change in
surface roughness, structure and properties of surface layers. As the analysis of literature sources has shown, the
effectiveness of the influence of friction and wear processes on the characteristics of fatigue resistance in the case
of repeatedly alternating (cyclic) loads is essential, and therefore ignoring this effect during the traditional
assessment of the reliability of parts by individual criteria, for example, wear resistance, often leads to an incorrect
assessment of the operational durability of the elements of the tribological system of road or rail transport.

4. The long-term (cyclic) durability of brake pads was determined on a specialized installation model 1251
of the company "Instron™ (Great Britain). The basis for spraying and surfacing of different types of coatings was
normalized steel 35. On the laboratory unit was investigated under tensile-compressive deformation at zero
average stress and cycle frequency of 20 Hz. Most of the tests were carried out in salt solutions (NaCl of industrial
purity was used.
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Maxapenko B. /1., Kimoes O. 1., BoiitoBuu O. A., MemkoB FO. €., Makapenko FO.B. JlocmimkeHHst
(pUKIIHHUX BIACTUBOCTEH, TpUBAJIO] (IIUKIIIYHOT) MIITHOCTI MaTepiajliB TalbMOBUX KOJIOJOK aBTOTPAHCIIOPTY

AHaii3 ¢pakTorpaM IMokasye, III0 Ha IMOBEPXHAX TEPTS OyJIO0 BHABICHO TNIMOOKI MOIPATINHY, YaCTHHKH
OopiniB (kapOimiB) THTAaHY 1 XpoMy Ta IHIIHX eleMeHTiB. [lpudoMmy, y TaabMOBHX HPHUCTPOSX MalH Micie
TIOIITKOJKEHHS BEJIMKUX PO3MipiB TaJbMOBUX KOJIOJOK BaHTAKHIX aBTOMOO1iB. [lepeHeceHHs 9acTHHOK O0piIiB
Ta KapOiliB Ha NOBEPXHIO KOJIC MOXXKHa MOSCHUTH TIIPOIECaMHM HABOJIHEHHS METally 3 IOJANBIINM iX
OKPHUXYEHHSIM, III0 HEMUHYUE CIIPUYMHSIE, SIK PABIUIIO, PYHHYBaHHs KOJICHUX Map TepTs. BcTaHOBIEHO, MO Taki
BU/IM 3HOUIYBAaHHS SIK (PPETHHI-KOPO3is 3Ha4HO (B 1,5-2 pa3u) 3HWKYIOTH MEXY BTOMH JeTalieil. Takoxk 3Ha4HO
3HW)KYIOTh IIMKJIIYHY MII[HICTh METAJy Map TepTs OKCHJHI IUTIBKH Ha X NMOBEPXHi y BiZICYTHOCTI MacTHUIILHOTO
marepiany. Oco0JaMBO CHIIBHMH BIUIMB Ha BTOMHY MILHICTh Ma€ TEPMiH eKCIUTyartalii KOJICHHMX Map TepTs.
OCHOBHOIO NPHYHMHOIO 3HW)KEHHS BUTPHUBAJIOCTI BHACIIJOK MPOLECIB CXOIUIIOBAHHS Ha POOOYMX MOBEPXHAX
BY3JIB TEpTA € BelWKa KOHIEHTpAIlisl HaNpyXeHb, CIPHYMHEHA TIHOMHHUMH BUPWBAaMH, HaIpi3aMH,
MikpoTpimHamMu. [Ipomec pyiiHYBaHHS TaJlbBMOBHX KOJIOJOK BiJl BTOMH IIOYHMHAETHCS 3 TOBEPXHI Aerami. Y
3B’A3KYy 3 UM SIKICTh TIOBEPXHi, ii CTpyKTYpHO-(pa30Buil cKiIaj, (Qi3MKo-MeXaHI9HI BIACTHBOCTI MOBEPXHEBOTO
mrapy y OUTBIIOCTI BUNAIKIB € BU3HAYAIBHUAM JUIS IHTEHCUBHOCTI PO3BUTKY TPOIIECiB 3HOIIYBaHHS JeTalleil Bif
BTOMH TPHOOCHCTEMH (KOJICHHX Map TepTsA), SKi EKCIDIyaTYIOThCS B YMOBaxX IMKJIIYHAX HABAHTa)KCHB.
OcoOIMBICTh BIUIMBY IIPOIIECIiB TEPTS Ta 3HOIIYBAHHS Ha BTOMHY MIITHICTh METAITy TIOJIATA€ B TOMY, III0 B MOMEHT
NPUIPALIOBAaHHS BiI0YBa€ThCS 3MiHA IIOPCTKOCTI MMOBEPXHI, CTPYKTYPH 1 BIACTHBOCTEH NOBEPXHEBUX MIapiB. Sk
MOKa3aB aHaJli3 JIiTepaTypHUX JpKepell, eeKTHBHICT BILIMBY ITPOIIECIB TEPTS 1 3HOLTYBAHHS HA XapaKTePUCTHKU
OIIOpY BTOMH B Pa3i HOBTOPHO-3MIHHUX (LMKJIIYHUX) HABAHTaXKEHb MAIOTh ICTOTHE 3HAYEHHSI, 2 TOMY IrHOPYBaTH
UM e(heKTOM ITifl Yac TPATUI[IHOTO OI[IHIOBaHHS HAMIWHOCTI JeTalicil 3a OKPEMHUMHU KPUTEPIIMHU, HAMIPUKIIA,
3HOCOCTIMKOCTI IPUBOAUTD YaCTO 0 HEBIPHOT OLIIHKH €KCILTyaTalliiiHOT IOBFOBIYHOCTI €JIEMEHTIB TPHOOJIOTIHHOT
CHUCTEMH aBTOMOOINBFHOTO UM 3ali3HHYHOTO TpaHCIOPTY. TpuBanmy (IHMKIIYHY) MIIHICTH TaIbMOBUX KOJOJOK
BH3HAYaJIM Ha CIeliami3oBaHill ycTaHoBmi moxeni 1251 dipmu “Iactpon” (BemmkoOpurtaHis). OCHOBOIO Iy
HANWIIOBAHHS 1 HATUIABJICHHS Pi3HUX THIIB MOKPHUTTIB CIyTryBaia HopMalizoBaHa cTtanb 35. Ha maGopatopHiit
YCTaHOBII JOCTIKyBa JedopMalii po3TATyBaHHS — CTHCKaHHS IPU HYJIBOBOMY CEpPEeIHBOMY HANPYKCHHI i
gactotri 1mkiaiB 20T Bimpmricte BUmpoOyBaHe MPOBOAWIM B po3unHax coii (BukopuctoByBamm NaCl
POMHUCIIOBOT YUCTOTH). [Ipolec pyiHyBaHHs TalbMOBHX KOJIOAOK BiJl BTOMH MOYMHAETHCS 3 TIOBEPXHI AeTaii. Y
3B’5I3Ky 3 LIUM SIKICTh MOBEPXHi, ii CTPyKTYpHO-(ha30Buil ckiaj, (iznKo-MeXaHi4Hi BIACTHBOCTI TIOBEPXHEBOTO
mapy y OUIBIIOCTI BUNIAIKIB € BU3HAYAJIBHUM JIJIsl IHTEHCUBHOCTI PO3BUTKY IPOLIECIB 3HOLIYBAaHHS AeTaliell Bij
BTOMH TPUOOCHCTEMH (KOJIICHUX Iap TePTs), sIKi eKCIUIyaTYIOThCsS B yMOBaxX LUKIIYHUX HaBaHTaKeHb. Mexu
BUTPHBAJIOCTI B Pa3i OIHOYACHOTO BIUIUBY CHJI TEPTS 1 IIMKIIYHUX HABAHTAXKEHb OYyAyTh 3aJIe)KaTH BiJ] HIBUAKOCTI
KOB3aHHS JIOTUYHUX NOBEPXOHb HOPMAILHOIO KOHTAKTHOI'O HABAHTAKEHHS, SIKE BU3HAYAE CHILY TEPTH, 1 CKIIaay
HaBKOJIMIIHBOTO CEPEIOBHUINIA.

KuarouoBi ciioBa: pakrorpamu, TepTs, pyiHYBaHHs, 3HOIIYBaHHS, CTPYKTYpHO-(ha30BUil ckiaj, Gi3uko-
MeXaHIYHI BIIACTUBOCTI, KOJiCHA Tapa, TPUOOJIOTis, IUKIIIYHA MII[HICTh, MiKPOTPIIIHHH.
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Abstract

The paper examines the method of conducting tribological studies in the dry mode of friction of nitrided
and unhardened structural steels 20 and 45 in order to achieve comparable results of laboratory tests with
operational characteristics. Preliminary studies of anodized steels of the same steels indicate that under conditions
of extreme friction it is extremely difficult, and in some cases impossible, to use such values of specific pressure
on the friction surface, at which it would be realistic to compare the results obtained for different samples made of
different brands materials and processed using various technological processes. Since during the tests, constant
lubrication of the friction zone was ensured, a layer of lubricant was present on the friction surface up to a certain
pressure value, which led to extremely small indicators of linear wear. However, depending on the characteristics
of the modified surface, there was a critical value of pressure at which the layer of lubricant was squeezed out of
the friction zone, which led to instant adhesion of the surfaces. Thus, the study of wear resistance in the dry mode
of friction ensures a significantly higher productivity of experiments.

Unlike experiments with limit friction, dry friction can be used for different steels at the same pressure
value, which eliminates the problem of comparability of results and contributes to the objectivity of conclusions
regarding the effectiveness of various modification processes.

According to the results of previous experiments, such a compromise pressure value can be 16 MPa.

Another important phenomenon for the analysis of the influence of the modification results on the wear
resistance characteristics of the surface is established - the effect of relaxation processes in the near-surface layers,
which have already acquired structural transformations under the influence of pressure in the friction zone.

For all steels, there is some slowing down of the intensity of wear after a break with a gradual return to the
intensity characteristic of a certain brand of steel. The reason for such a phenomenon can only be the relaxation of
stresses and the equalization of the characteristics of the structure in the near-surface layers. At the same time, the
result is the strengthening of the surface, which explains the decrease in the intensity of the wear process. over
time, as the strengthened layer breaks down, the indicators of the surface condition become equal to those before
the break and the intensity of wear is restored.

Key words: nitriding, dry friction, limit friction, wear.
Statement of the problem and analysis of the latest research

The metal surface should be considered as a special variety of defects that destroys the periodicity of the
solid body. This thesis is confirmed by the fact of significant acceleration of chemical reactions in the presence of
solid catalysts on the surface. The boundary layer, the structure of which differs from the base of the solid body,
can interact more actively with external factors that stimulate surface modification. At the same time, it is the
presence of a real surface that is the stimulus due to which most of the physical or chemical processes of the
interaction of a solid body with the environment take place.

The near-surface layer should be considered as a three-dimensional structure, which differs from the solid
body itself, since within several atomic layers it may include atomic nodes different from the atomic nodes of the
main volume. However, one should not forget that the near-surface layer is a crystalline structure for which two-
dimensional periodicity is preserved. Thus, violation of the indicated natural periodicity of near-surface layers
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inevitably affects all characteristics of the surface as a whole, including its ability to resist wear. This circumstance
was noted to a greater or lesser extent in classic works on tribology, but there is no coverage of the research results,
on the basis of which it would be possible to form practical methods of experiments to find the tribological
characteristics of the wear resistance of metals.

It is known that during the adsorption of gases, a monomolecular adsorption layer is formed - a monolayer,
and the degree of integrity of the monolayer at low pressure values is proportional to the adsorbate pressure in the
gas medium. If gas molecules, in the presence of a strong chemical or physical bond, do not have the opportunity
to move on the surface, then we get localized adsorption with the formation of an adsorption complex.

Chemisorbed and physically sorbed gas particles on the surface differ in the type of electronic bond between
the adsorbate and the base. If the electronic state of the adsorbed molecule undergoes significant changes up to the
formation of chemical bonds with the surface, then we are talking about chemisorption. If the molecule is held on
the surface by van der Waals forces, then this type of adsorption refers to physical adsorption. The upper limit for
physical adsorption is only 0.6 eV. The chemisorption energy is usually within 1...8 eV [1]. If the energy of a
molecule of the external environment is several electron volts, then it will already be able to overcome the potential
barrier of the near-surface layer and the conditions for chemical sorption or chemical reaction appear [2]. It is
obvious that the mechanical impact on the surface changes the parameters of adsorption phenomena, which also
affects the wear processes.

From the above follows the conclusion about the importance of taking into account the parameters of the
wear process on the objectivity of the results of the conducted research. This especially applies to their analysis
and formation of practical recommendations.

The work [3] analyzed the results of research on wear resistance, which were obtained under conditions of
extreme friction. The main conclusion from the analysis was that any wear process is a combination of successive
compaction of near-surface layers and their removal. At the same time, the test parameters are of decisive
importance, which must be selected taking into account the material and the preliminary treatment of the surface.
The results of the experiments show that, under conditions of extreme friction, it is extremely difficult, and in
some cases impossible, to use such values of the specific pressure on the friction surface, at which it would be
realistic to compare the results obtained for different samples, made of different grades of materials and processed
with various technological processes. Since during the tests, constant lubrication of the friction zone was ensured,
a layer of lubricant was present on the friction surface up to a certain pressure value, which led to extremely small
indicators of linear wear. However, depending on the characteristics of the modified surface, there was a critical
value of pressure at which the layer of lubricant was squeezed out of the friction zone, which led to instant adhesion
of the surfaces. The presence of compaction and structural transformations of the surface is evidenced by the fact
that with a gradual increase in pressure, it was possible to reach relatively high values of the critical pressure. An
attempt to immediately conduct tests on new samples at a pressure close to these critical values inevitably caused
seizure of the surfaces. The reason for such a phenomenon could only be the gradual compaction of the surface
and its strengthening associated with a change in the structure of the near-surface layer. The above and the
impossibility of an objective comparison of test results obtained at different pressures explain the need to switch
to the scheme of experiments with dry friction.

The purpose of the work is to develop the methodology and criteria for the evaluation of experimental
studies of the wear resistance of samples after nitriding in the cyclically switched discharge (CSD) in order to
achieve the results of laboratory tests that correspond to the real conditions of operation of the parts.

Methods of conducting experimental research

In order to ensure the independence of the energy parameters of the regime without hydrogen nitriding in
the glow discharge (HNGD), the installation was modernized: a block of heating elements was installed in the gas
discharge chamber, and a power supply unit from an independent source and also a switching and control unit of
the cyclically switched discharge were added to the electrical circuit.

Experimental studies of samples for wear resistance were carried out on a universal machine for testing
materials for friction, model 2168YMT. The friction scheme is “disc — finger”; contact type — plane-on-plane
sliding (the end of the cylindrical sample slides on a flat metal disk; the material of the counterbody is steel 100Cr6
with a base hardness of HRC61; pressure in the contact zone p = 16 MPa; sliding speed v = 0.1 m/s [4].

To check the possibility of further comparison of wear processes, objects with significantly different surface
characteristics were selected: soft surfaces are represented by samples from steel C22 without modification,
modified - from steel C45 after nitriding in a glow discharge. The latter before nitriding had a surface hardness of
HV0.1 215, after modification HV0.1 700...730 [5].

The controlled parameter is linear wear h, which was determined as a change in the linear size of the sample,
measured normal to the friction surface, as a result of passing a section of length I.

BATR was carried out on an industrial unit of YATP, which corresponds to the diode-type model. A power
supply unit from an independent source, as well as a switching and control unit for a cyclically switched discharge,
have been added to the scheme. In addition, the installation is additionally equipped with heating elements placed
in the gas discharge chamber, which made it possible to arbitrarily change the energy parameters - the voltage U,
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and the value of the current density j (the ratio of the current to the total area of the cage and suspension) [6].

Metallographic studies of nitrided samples were performed after etching in a 3% alcoholic solution of nitric
acid. The thickness of the nitride zone was measured on an RX50M microscope. Microhardness was determined
on a DuraScan-20 microhardness tester under a load of 1.0 N, with fixation of microhardness values both on the
surface and at a distance from it of 0; 25; 50; 100; 200; 300; 500 microns.

The thickness of the nitride zone was measured using a MIM-10 microscope, which allows quantitative
analysis of the phase and structural composition of nitrided surfaces.

X-ray phase analysis of nitrided samples was performed on a JIPOH-3 diffractometer in filtered radiation
of an iron anode in the range of q angles from 20° to 100° with a scan step of 0.1° and an exposure time of 10 s.
X-ray imaging was carried out from the surface to the depth of the nitrided layer.

Presentation of the main material and received scientific research

The results of preliminary tests are shown in Figure 1. It follows from Figure 1 that in the dry friction mode,
the intensity of the wear process increases significantly, which means a significant increase in the productivity of
experimental studies. Thus, one experiment in the mode of extreme friction lasted for weeks, and in the dry mode
it was possible to perform it in several shifts. In addition, the thesis regarding the decisive influence of pressure
on the intensity of wear on the friction surface was confirmed: the same indicators of linear wear d were achieved
with an increase in pressure with a significantly smaller friction path L. The brand of the material and the initial
values of its physical and mechanical indicators in combination with the available modification surfaces also
significantly influenced the intensity of wear. Thus, for steel 41CrAIMo7 nitrided in the glow discharge, the
intensity of wear is almost an order of magnitude lower compared to steel C22. Similar data were obtained in [7].
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Fig. 1. Dependence of linear wear on the path of friction and pressure: 1 — steel C22, p=16 MPa; 2 — steel C45, p=16
MPa; 3 - steel C22, p=10 MPa; 4 — steel 41Cr4, p= 16 MPa; 5 — steel C45, p= 10 MPa; 6 — steel 41CrAIMo7, p= 16
MPa

In contrast to the methodology of experimental research with extreme friction, in the dry friction mode,
results can be achieved at the same pressure values for almost all steels, which excludes the issue of comparability
when analyzing the results of research. The importance of this provision is evidenced by the comparison of wear
curves for the same steels at different pressure values (Figure 1). Since the same value of linear wear for the same
material, but at different pressures, is achieved with significantly different values of the friction path, establishing
the relationship between the listed factors would pose a certain problem.

Curves in fig. 1 also confirm the effect on the wear intensity of the physical and mechanical parameters of
the surface and its modification. Thus, steels with higher physico-chemical characteristics (41Cr4 and
41CrAIMo7), as well as steels that have undergone a certain modification treatment, wear out under the same
conditions (pressure and speed of relative movement) with a lower intensity of wear, which in the graphs
corresponds to the angle of their inclination.

The effect of structural transformations of the surface is confirmed by Figure 2, which shows the results of
fixation of linear wear with a small interval of the friction path. The wear schedule in this case is a stepped curve
of periods of formation of strengthened structures on the surface, when wear is practically absent, and periods of
destruction of these surface structures.
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Fig. 2. Character of surface wear in the initial period: 1 - steel C22, 2 - steel 41Cr4, 3 - steel 41CrAIMo7

For modified surfaces, this phenomenon is especially characteristic in the initial period, when the nitride
and internal nitriding zone wears out.

Another important phenomenon for the analysis of the influence of the modification results on the wear
resistance characteristics of the surface is established - the effect of relaxation processes in the near-surface layers,
which have already acquired structural transformations under the influence of pressure in the friction zone.

Black dots on curves 2, 4, 6 show the points when wear resistance tests were suspended and resumed the
next day (Figure 3). For all steels, a certain slowdown in wear intensity is noted after a break with a gradual return
to the intensity characteristic of a certain brand of steel (Figure 3). The reason for such a phenomenon can only be
the relaxation of stresses and the equalization of the characteristics of the structure in the near-surface layers. At
the same time, the result is the strengthening of the surface, which explains the decrease in the intensity of the
wear process. over time, as the strengthened layer breaks down, the indicators of the surface condition become
equal to those before the break and the intensity of wear is restored.

dyum | 1

(]

' ' ' r—
500 1000 1500 L,m

Fig. 3. Effect of relaxation structural transformations of the surface: 1, 2 — steel C22; 3, 4 — steel 41Cr4; 5, 6 —
steel 41CrAlIMo7 (points for stopping the tests are marked with dots)

Conclusions

Thus, the study of wear resistance in the dry mode of friction ensures a significantly higher productivity
of experiments. Unlike experiments with limit friction, dry friction can be used for different steels at the same
pressure value, which eliminates the problem of comparability of results and contributes to the objectivity of
conclusions regarding the effectiveness of various modification processes. According to the results of previous
experiments, such a compromise pressure value can be 16 MPa. The effect of relaxation transformations of surface
structures has been established, on the basis of which it is recommended to carry out research on wear resistance
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during one continuous session.
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Creunmma M.C., Cku6a M.€., Mapruniok A.B., 3nopenko /I.B. 3HOCOCTIHKICTh KOHCTPYKLIHHMX
cTajeil, a30TOBaHKUX B LIUKJIIYHO-KOMYTOBaHOMY PO3PsiAi IPU CyXOMY TEpTi.

Y poboTi po3risiHyTa METOIWKA MPOBEICHHS TPHUOOIOTIYHUX MOCIHIIKEHb MPH CYXOMY PEXKUMI TepTs
A30TOBaHMX 1 HE3MIITHEHUX KOHCTPYKIIHHUX cTanei 20 i 45 3 MeTOr JOCSATHEHHS MMOPIBHIOBAHUX PE3yIbTATIB
71a00paTOpHUX BHIIPOOYBAaHb 3 €KCIUTyaTalliHHUMH XapaKTepHUCTHKaMH. [lomepeaHbo MpoBeneHi JOCIiHKEHHS
A0TOBAHMX IMX XK€ CTaJIeH CBi4aTh Mpo Te, IO B YMOBAX TPAHHMYHOTO TEPTS HAA3BHUYAWHO BAaXKKO, a B AESKUX
BUIAJKaX HEMOXJMBO BHKOPHCTOBYBAaTH TaKi 3HAUYEHHS MHUTOMOTO THCKY HA IIOBEPXHIO TEpTs, NMpPH SKUX
peamsHEM Oyi0 O CIiBCTaBJICHHS Pe3yNbTATiB, OACp KaHUX IS Pi3HUX 3pa3KiB, BUTOTOBIICHUX 3 PI3HUX MapoK
MmarepianiB Ta 0OpoOJIEeHHX 3a JOMOMOTOK PI3HUX TEXHOJOTIYHMX TpoueciB. OCKUIBKKA B XOZi BUIPOOYBaHb
3a0e3nevyBajoch MOCTiiiHe 3MalllyBaHHsI 30HU TEPTs, TO JIO MEBHOTO 3HAYEHHS THCKY Ha IOBEpXHI TepTs OyB
NPUCYTHIHN 1Iap MacTuia, o IPU3BOAMIO JI0 HA/[3BUYAITHO MaJnX MOKa3HUKIB JIHIKHOTO 3HOIIYBaHHs. [IpoTe B
3aJIXKHOCTI Bijl XapaKTEepPUCTUK MOI1(iIKOBaHOT MOBEPXHI ICHYBAJIO KPUTUYHE 3HAYCHHS THCKY, NP SIKOMY LIap
MacTHjia BUTUCKYBABCS 13 30HHM TEPT#, 110 IPUBOAMIO IO MUTTEBOTO CXOIUTIOBAHHS MOBEPXOHb. TakuM YMHOM,
JOCTIKCHHST 3HOCOCTIHKOCTI TIPH CYXOMY pPEXKHMI TepTs 3a0e3ledye CyTTEBO OLIbITy MPOAYKTHBHICTH
eKcriepuMeHTiB. Ha BiMiHY BiJf eKCIIEpUMEHTIB PH TPAaHUYHOMY TEPTi CyXe TepTsI MOXKE 3aCTOCOBYBATHCH LIS
Pi3HMX CcTaseii Ipy 0JHAKOBOMY 3Ha4E€HHI THCKY, III0 BUKJIIOYA€E IPOOIeMy MOPIBHSIHHOCTI PE3yIbTATIB Ta CIIPUSIE
00’€KTHBHOCTI BUCHOBKIB CTOCOBHO €(DEKTHBHOCTI Pi3HHX IpoIleciB Moaudikarii. 3a pe3yapbTaTaMu MOTepeIHiX
€KCIIEPUMEHTIB TAKMM KOMIIPOMICHUM 3HAu€HHSAM THCKY Moske Oytu 16 MIla. BcraHoBieHe 1€ oiHE BaX<JIBE
SBUIIE JJIs aHaJi3y BIUIMBY PE3YNbTaTiB MoAwdikaimii Ha XapaKTepPUCTHKH 3HOCOCTIHKOCTI IMOBEPXHI - €PEeKT
penakcamiifHuX MPOIIEeCiB B IPUIIOBEPXHEBHX IIapax, sKi BKe HAOYIH CTPYKTYPHUX MEPETBOPEHB Mij AI€I0 THCKY
B 30Hi TepTs. Jlns BCiX cTaneit BiAMida€eThCs Jesike CTIOBUTbHEHHS IHTEHCHUBHOCTI 3HOITYBAHHS IICIISI IEPEPBU 3
MOCTYIIOBHM ITOBEPHEHHSIM JI0 IHTEHCHBHOCTI, XapaKTepHOT JJIs IeBHOI Mapku ctaii. [I[puunHOI0 TaKoro siBHIIA
MoOJke OyTH JIMIIIE peaKcallis Halpy>KeHb i BUPIBHIOBAaHHS XapaKTEPHUCTHK CTPYKTYPH B IPUIIOBEPXHEBHX IIapax.
IIpu npOMY HACTIIKOM € 3MIIHEHHS IOBEPXHi, IO 1 MOSCHIOE 3HIKEHHS IHTCHCHBHOCTI IPOIIECY 3HONTYBAaHHS. 3
gacom, [1o mipi pyiHYBaHHS 3MIITHEHOTO IMPOIIAPKY, MOKa3HUKH CTaHy IMOBEPXHI CTAIOTh PIBHUMH 3 TUMH, IO
OyJu 10 TIepepBH 1 IHTEHCUBHICTD 3HOLTYBAaHHS BiTHOBIIIOETHCSI.

KoaiouoBi ciioBa: a3oTyBaHHs, cyxe TepTs, TpaHUYHE TEPTs, 3HOC.
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Abstract

The paper further developed the methodological approach in obtaining mathematical models that describe
the running-in of tribosystems under boundary lubrication conditions.

The structural and parametric identification of the tribosystem as an object of simulation of running-in
under conditions of extreme lubrication was carried out. It has been established that the processes of running-in of
tribosystems are described by a second-order differential equation and, unlike the known ones, take into account
the limit of loss of stability (robustness reserve) of tribosystems. It is shown that the nature of tribosystems running-
in conditions of extreme lubrication depends on the gain coefficients and time constants, which are included in the
right-hand side of the differential equation.

It is shown that the processes of running-in of tribosystems depend on the type of the magnitude of the
input influence on the tribosystem, the first and second derivatives. The input influence is represented as a product
of coefficients and a time constant Ky-K>-T5. This allows us to state that the processes of the tribosystem running-
in will effectively take place when the input action (load and sliding speed), will change in time and have
fluctuations with positive and negative acceleration of these values from the set (program) value. This requirement
corresponds to the running-in program "at the border of seizing".

The left part of the equation is the response of the tribosystem to the input signal. Tribosystem time
constants 7> and 75 have the dimension of time and characterize the inertia of the processes occurring in the
tribosystem during running-in. Increasing the time constants makes the process less sensitive to changes in the
input signal, the warm-up process increases in time, and the tribosystem becomes insensitive to small changes in
load and sliding speed. Conversely, the reduction of time constants makes the tribosystem sensitive to any external
changes.

Keywords: tribosystem; running-in; mathematical model of running-in; differential equation; gain; time
constant; boundary lubrication; quality factor of the tribosystem; robustness of the tribosystem; volumetric wear
rate; coefficient of friction

Introduction

The running-in of tribosystems is the final technological stage in the production process of machines and
the initial stage of operation of these machines. In the process of running-in, the tribosystems that make up the
machine or unit form bearing surface layers, providing further maximum resource and minimum friction losses.
An analysis of the publications of many researchers who are devoted to running in or running-in allows us to state
that the completion of the running-in process is reduced not only to the formation of the optimal roughness of the
mating friction surfaces. The running-in process includes physical and chemical phenomena, such as thermal,
diffusion, deformation, which take place on actual contact spots in the presence of lubricating media and the
environment. Therefore, reducing the running-in process, with a simultaneous decrease in wear for running-in and
friction losses, will significantly increase the resource of machines and mechanisms, which will provide an
economic effect during operation.

An analysis of models of stationary processes and running-in processes in tribosystems shows that there
is a large error in modeling the wear rate, up to 18,8%, and the friction coefficient, up to 16,0%. Such a scatter of
data in measurements can be explained by the presence of an oscillatory process of wear rate and friction

w Copyright © 2023 A.V. Voitov. This is an open access article distributed under the Creative Commons Attribution License, which
k permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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coefficient during the running-in of the tribosystem, as well as by the ambiguity of the choice of input parameters
for modeling. Difficulties that arise in the development of such models are associated with the choice of parameters
that affect the process under study. For example, the design of the tribosystem, the lubricating medium, the
materials from which the triboelements are made, the roughness of the friction surfaces, the load-speed range of
operation, etc. The listed parameters are random functions, which makes it difficult to build mathematical models.

Literature review

An overview work, which is devoted to the processes of running-in, can be considered the work [1]. In
this paper, a system analysis and comprehensive studies of the running-in processes are carried out, on the basis
of which the definition of the running-in process is formulated. According to the authors, this is a transient process,
including a complex interaction between friction surfaces, lubrication, roughness, plastic deformation and wear.
The running-in process involves changing key tribological parameters such as surface roughness, surface
topography, coefficient of friction and wear rate until a steady state prevails. The paper provides a review of the
literature on the running-in processes.

The authors of the works [2-4] analysis of various types of running-in was carried out, where the change
in the roughness of the friction surface during running-in is studied. For example, at work [2] developed a model
for changing the roughness of friction surfaces as a function of time. The proposed model is non-linear, the optimal
values of the model parameters were estimated using the Gauss-Newton algorithm. Experimental results taken
from the literature for steel and alloy samples Cu-Zn were used to test the model and confirmed its information
content. In works [3, 4], to reduce the running-in time, the initial roughness of the friction surface has been
optimized. The authors established a correlation between the initial roughness and deformation processes of
surface layers, showed ways to optimize the running-in of tribosystems.

In works [5, 6] the processes of mechanical treatment of friction surfaces with the formation of optimal
roughness and its influence on the mechanisms of plastic deformation of surface layers during running-in were
studied. On the basis of experimental data, a model of wear during running-in has been developed and the fact of
grain refinement of materials of surface layers has been established.

The study of friction surfaces and the formation of films on them during the running-in process was
carried out by the authors of the works [7-9]. The authors conclude that the change in friction and wear parameters
that occur during running-in are not only the result of changes in surface roughness, but also the microstructure of
the surface layers and the formation of a third body. The running-in process is described by piecewise models,
which allow modeling not only roughness, but also the formation of a third body as a function of time. Authors of
the work [8] claim that the running-in process can be controlled by changing the initial roughness and lubricating
medium. For example, at work [9] the evolution of tribofilms on the friction surface during running-in is shown.

Works [10, 11] devoted to the development of models for the running-in of tribosystems. For example, at
work [10] the tribosystem is presented as a running-in attractor, which is a stable and time-ordered structure that
is formed in the running-in process. The authors carried out a dispersion analysis of the characteristic parameters
of the running-in attractors to identify primary and secondary factors that affect the running-in process. According
to the authors, the developed models make it possible to predict the running-in process of tribosystems. In work
[11] a two-scale model of the formation of the topography of the friction surface during running-in is presented.
This model makes it possible to determine the stresses on the actual contact spots and optimize the running-in
processes.

The authors of the work [12] the analysis of the influence of the spectral load during the running-in of
tribosystems was carried out. The results of experimental studies are discussed and a conclusion is made about the
prospects of changing the load, along a given spectrum, during running-in. This approach improves the efficiency
of running-in processes.

A similar approach is presented in the work [13]. The authors developed and substantiated the structure
of the tribosystems running-in program, which consists of two modes. In the first mode, the maximum load is set,
below the “sticking” load at the minimum sliding speed. This mode allows, due to the intense deformation of
microprotrusions, to form an equilibrium roughness of friction surfaces and change the structure of thin surface
layers. The first mode is called the adaptation of the tribosystem to external conditions. The second mode sets the
minimum load and maximum sliding speed. This mode allows to reduce the time of restructuring of the material
structure of the surface layers and to complete the formation of secondary structures and oxide films. The second
mode is called the trainability and trainability of the tribosystem. The paper presents the transient characteristics
of the running-in of tribosystems, which make it possible to establish the relationship between the design of the
tribosystem, rational loading modes, running-in time and wear for running-in. The practical significance of the
work is to minimize the run-in time and wear during the run-in period.

Summing up the analysis of works devoted to the running-in processes, we can conclude that the novelty
of this study is the development of a mathematical model of the running-in process of tribosystems, which will
allow modeling the change in wear rate and friction coefficient over time. The study of such processes will make
it possible to substantiate the running-in regimes and reduce running-in wear and running-in time, as well as
develop a program for effective running-in of various designs of tribosystems. Such models should determine the
boundary of the stable operation of the tribosystem, i.e. the boundary of the tribosystem exit to the scoring or the
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boundary, when the accelerated wear of the materials of the triboelements begins [14]. Accounting for such
regimes will improve the efficiency of modeling the running-in processes of tribosystems.

Purpose

The purpose of this study is to develop a mathematical model of running-in processes in tribosystems in
the form of a differential equation and its solutions, which will allow modeling the wear rate and friction coefficient
over time, taking into account the robustness range.

Methods

The structural identification of the mathematical model of tribosystems running in conditions of extreme
lubrication will be performed according to the following structural and dynamic scheme, which is shown in

fig. 1.
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Fig. 1. Structural and dynamic scheme of simulation of tribosystems running-in processes

The structural dynamic scheme is built on the principle of two blocks connected in series.

The first block simulates the change of the following values:

- input impact on the tribosystem Wi, (the power supplied to the tribosystem) is determined by the
formula given in the work [15];

- the maximum value of the input impact, when there is accelerated wear of tribosystem materials, or
burr of friction surfaces, Wh, is determined by the formula given in the work [14];

- speed of dissipation in the tribosystem Wrg, is determined by the formula given in the work [15];

- the maximum value of the quality factor (Q-factor) of the tribosystem Qmax during the running-in time,
is determined by the formula given in the work [16];

- the design parameters of the tribosystem are taken into account by the form factor Kj, is determined
by the formula given in the work [16];

- given value of the coefficient of thermal conductivity of triboelement materials areq, is determined by
the formula given in the work [16];

- rheological properties of the structure of composite materials in the tribosystem RSz, is determined by
the formula given in the work [16].

The second block of the structural-dynamic scheme, fig. 1, simulates the reaction of the tribosystem to a
change in the input external influence, with a subsequent change and stabilization of the volumetric wear rate I(t)
and coefficient of friction f(t) after completion of the running-in. Such processes are accompanied by a change in
the roughness and structure of the surface layers of triboelement materials.

The transfer functions of the second modeling block, fig. 1, are similar to the transfer functions of the
second block of the structural-dynamic scheme, which is presented in the work [15]. Transfer functions are inertial
links and characterize the sensitivity of the tribosystem to input external influences and the ability of the
tribosystem to rearrange the surface layers of the materials from which the triboelements are made during running-
in. Such a reconstruction is associated with a change in the load, sliding speed, and Q-factor of the tribosystem
[16]. Such processes are a function of time.

Applying the methods of the theory of identification of dynamic objects, it is possible, for the structural-
dynamic scheme in fig. 1, to obtain an equivalent transfer function for simulating the running-in of the tribosystem:

Kop-K,(T;p+1)

G, = 2 . (1)
(T, T5)p" +(T, +T,) p+ K, K5 +1

We will write the corresponding equation of the tribosystem running-in dynamics in the following form:
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(T2T3)p2 +(T,+T)p+ K,K; +1= (KoKsz)pZ + KK, p 2

The differential equation of the second order is written in operator form, where the symbol p, is the
differentiation operator, d/dt.

The right-hand side of the differential equation (2), which characterizes the input effect on the tribosystem,
contains the first and second derivatives. The input influence is represented as a product of coefficients and a time
constant Ko-K>-T5. This allows us to state that the running-in processes of the tribosystem will effectively take
place when the input action (load and sliding speed) will change in time and have fluctuations with positive and
negative acceleration of these values from the set (program) value. This requirement corresponds to the running-
in program "at the border of seizing".

The left part of the equation is the response of the tribosystem to the input signal. Tribosystem time
constants 7, and 73 have the dimension of time and characterize the inertia of the processes occurring in the
tribosystem during running-in.

Increasing time constants 7>, and T3, makes the process less susceptible to changes in the input influence,
the running-in process increases in time, and the tribosystem becomes insensitive to minor changes in load and
sliding speed. Conversely, the reduction of time constants makes the tribosystem sensitive to any external changes.

The procedure of parametric identification or finding expressions for calculating gain coefficients and time
constants that characterize the dynamics of the tribosystem run-in process is an experimental material that allows
you to select the most significant factors that affect the running-in process.

Gain factor Ko, which is included in the first block of the structural-dynamic diagram, fig. 1 and in the
differential equation, formula (2) takes into account the degree of influence of the input signal (load, sliding speed,
tribological characteristics of the lubricating medium) on the value of the output signal (Q-factor of the
tribosystem). Based on this physical concept and using the dimensional methods of similarity theory and modeling,
we will get an expression:

K,=—. ®)

where Wi; - the input effect, or the power supplied to the tribosystem, is calculated as the product of the load
and the sliding speed, the formula for the calculation is given in works [14, 15];

W, - input impact, or power, when loss of stability, burr or accelerated wear occurs, the formula for
calculation is given in the work [14].

As follows from the expression (3) of the ratio of the active input influence W;, selected for the tribosystem
running-in mode, to the maximum value Wy, when there is a loss of stability, burr or accelerated wear, characterizes
the maximum value Wi, which can be used when running in tribosystems. Relation Wi/W, should not exceed units.
Size Wy is determined by modeling according to the method given in the work [14].

The physical meaning of the coefficient K> — it is the sensitivity of the tribosystem to changes in external
influences (load, sliding speed, Q-factor of the tribosystem). The value of the coefficient Kz is calculated according
to the formula given in the work [14] and has a similar physical meaning.

Coefficient K3 — characterizes the ability of the tribosystem to self-organize when the values of the input
parameters (load, sliding speed, Q-factor of the tribosystem) change. The value of the coefficient K3 is calculated
according to the formula given in the work [14] and has a similar physical meaning.

Time constant 7», which is included in the left part of the differential equation (2), characterizes the time
during which the temperature gradient stabilizes by the volumes of the triboelements, taking into account the
thermal conductivity of materials when the external conditions change, the dimension is a second. Value T is
calculated according to the formula given in the work [14] and has a similar physical meaning.

Time constant 73, which is included in both the right and left parts of the differential equation (2),
characterizes the time during which the tribosystem returns to a stable mode of operation after the cessation of the
action of the disturbing force, or the time until the parameters stabilize in the new mode of operation. Value T3 is
calculated according to the formulas given in the work [14] and have a similar physical meaning.

Results

The solution to the above differential equation (2) when simulating the volume rate of wear is the following
expression:
4

() =1 |1+ (K,-K,)"(t) -e[ft"”' ‘t] -(cosv t+Assinpt) | 4)

where Is— the value of the wear rate of the tribosystem after running-in (stationary mode) is determined by
the expression given in the work [18];

/A — exponent, which takes into account the change in the constant 73, as a function of running-in time, a
dimensionless quantity;
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t — running-in time, which varies from zero to completion of the running-in process, dimension second.
The decrement of damping of oscillations during running-in is represented by the following formula:

_ (T, +Ty))

5
2.7, ©

d,

The time constant of the tribosystem for simulating the volumetric rate of wear during running-in is

represented by the following formula:
Ty =T, Ty, - (6)

The frequency of wear rate fluctuations v, during running-in:

,h—df

1
The amount of deviation of the volume rate of wear from the current value during the oscillating process:

d,

A =—l 8
| N ( )

The solution to the above differential equation (2) when modeling the friction coefficient is the following
expression:

dy
— -t
0,3T;

f(t)=f, l—(KO-Kz)l(t)-e[ J-(cosz)ft+Af sino,t) |, 9)

where fs — the value of the friction coefficient of the tribosystem after running-in (stationary mode) is
determined by the expression given in the work [18].
The decrement of damping of oscillations during running-in is represented by the following formula:

_ (Tz +T3(f))
2-T,
The time constant of the tribosystem for simulating the friction coefficient during running-in is represented

by the following formula:
Tf=1/T2-T3(f). (11)

Frequency of friction coefficient fluctuations o during running-in:

dy

- N

(12)

A= (13)

When modeling the running-in processes of tribosystems, especially according to the program "at the
boundary of seizing", it is necessary to take into account the limiting values of the load and sliding speed when
accelerated wear or scuffing occurs. Such parameters are not constant for tribosystems, but depend on the design
(shape factor), rheological properties of triboelement materials and their thermal diffusivity, roughness of friction
surfaces and sliding speed. A change in the sliding speed leads to a change in the strain rate on the actual contact
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patches, which affects the quality factor of the tribosystem and its change during running-in, which is presented in
the work [16].

On fig. 2 shows the dependences of the change in the magnitude of the input impact on the tribosystem
when scoring or accelerated wear occurs — Wy, when changing the sliding speed and tribological properties of the
lubricating medium. The dependencies are built according to the method for assessing the robustness of
tribosystems, presented in the works [14, 19] and verified experimentally with an assessment of the reproducibility
of the results and the adequacy of the simulation results to the experimental data.

The dependencies are built for the tribosystem «steel 40H + Br.AZh.9-4», Ky = 12,5 m, Ra = 0,2 micron,
Sm =0,4 mm.

2
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Fig. 2. Dependencies of the value of the input impact, when the loss of stability occurs (accelerated wear or burr), for
different values of the sliding speed and tribological properties of the lubricating medium: 1 - MG-15B hydraulic oil; 2 - engine oil
M-10Gyk; 3 - transmission oil TSp-15K; 4 — the resulting curve for points that have the same loss of stability value

Analysis of the presented dependencies allows us to draw the following conclusions. The figure field can
be divided by curve 4 into two parts. To the left of curve 4 - the loss of stability of tribosystems occurs due to the
occurrence of accelerated wear. To the right of curve 4 - due to tearing of friction surfaces. Points on curves 1, 2,
3, marked with "stars" have the physical meaning of the points of transition of buckling from accelerated wear of
friction surfaces to scuffing of surfaces.

As follows from the dependencies, curves 1, 2, 3 have a minimum, where the occurrence of accelerated
wear occurs at the minimum values of the input action, which is supplied to the tribosystem. This minimum can
be explained by the absence of protective structures on the friction surfaces, since activation energy is not enough
for their formation. There is an adsorbed viscous lubricating film on the friction surface. With an increase in the
power supplied to the tribosystem, the activation energy becomes sufficient to form, first, viscoelastic structures,
and then, solid elastic structures (right side of line 4).

These dependencies formed the basis for obtaining the exponent A, which is presented in formulas (4) and
(9) and which can be expressed by the following relationship:

2,2 T3(V:Vred) )
T, (W, =min)

where T3(V=Vreq) — the value of the time constant at the sliding speed, which corresponds to the tribosystem
running-in mode, dimension s;

T3(Wp=min) — the value of the time constant at the sliding speed, which corresponds to the minimum
value of the input influence, when the tribosystem loses stability, dimensionality s. This is the minimum on the
curves, fig. 2.

When modeling the change in the volumetric wear rate during running-in, it is necessary to substitute the
value in formula (14) Tz, the formula for calculation is presented in the work [14]. When modeling the friction
coefficient, in formula (14) it is necessary to substitute the value T3, the formula for calculation is presented in
the work [14].

Exponent 4 with the coefficients Ky.K> in the solutions of differential equations (4) and (9), takes into
account the margin for stable operation of the tribosystem during running-in. Or, according to work [14] —
tribosystem robustness margin. The method for determining the robustness of a tribosystem is described in the
work [14].

Applying formulas (4) — (14), it is possible to simulate the processes of running-in of tribosystems over
time when the following input factors are changed:

- load, N;

(14)
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- sliding speed, m/s;

- geometric dimensions of the tribosystem, which are taken into account by the form factor K, 1/m;
- coefficients of thermal conductivity of materials of moving and fixed triboelements areq, Mm?/s;

- rheological properties of the structure of combined materials in the tribosystem RSzs, 1/m;

- tribological properties of the lubricating medium £y, J/md;

- roughness of friction surfaces Ra and Sm, m.

Conclusions

The structural and parametric identification of the tribosystem as an object of simulation of running-in
under conditions of extreme lubrication was carried out. It has been established that the processes of running-in of
tribosystems are described by a second-order differential equation and, unlike the known ones, take into account
the limit of loss of stability (robustness reserve) of tribosystems. It is shown that the nature of tribosystems running-
in conditions of extreme lubrication depends on the gain coefficients and time constants, which are included in the
right-hand side of the differential equation.

It is shown that the processes of running-in of tribosystems depend on the type of the magnitude of the
input influence on the tribosystem, the first and second derivatives. The input influence is represented as a product
of coefficients and a time constant Ko-K>-T3. This allows us to state that the running-in processes of the tribosystem
will effectively take place when the input action (load and sliding speed) will change in time and have fluctuations
with positive and negative acceleration of these values from the set (program) value. This requirement corresponds
to the running-in program "at the border of seizing".

The left part of the equation is the response of the tribosystem to the input signal. Tribosystem time
constants 7> and 73 have the dimension of time and characterize the inertia of the processes occurring in the
tribosystem during running-in. Increasing the time constants makes the process less sensitive to changes in the
input signal, the warm-up process increases in time, and the tribosystem becomes insensitive to small changes in
load and sliding speed. Conversely, the reduction of time constants makes the tribosystem sensitive to any external
changes.
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BoiiToB A.B. MaremMaTtnyHa MOJeIb MPHUIPAIIOBAHHS TPUOOCHUCTEM B YMOBaxX IPaHMYHOTO MAaIICHHSI.
Yactuna 1. Po3pobka MmaTemMaTHaHOi MOAEIi

VY po6oTi oTprMaB pO3BUTOK METOMMYHUH MiIXiX B OTPUMAaHHI MaTeMaTHYHUX MOJEJEH, SIKi OMHCYIOTh
NPHIIPALIOBaHHS TPUOOCHCTEM B YMOBAaX I'PaHHYHOI'O MAILCHHS.

BukoHaHO CTPYKTYpHY Ta MapaMeTpHYHy iJeHTHQIKAII0 TPUOOCHUCTEMH, SK 00'€KTa MOICTIOBAHHS
NPUIPALIOBAaHHS B YMOBaX I'PaHHYHOTO MallleHHA. BCTaHOBIEHO, 10 NMPOIECH MPHIPALIOBaHHS TPpHOOCHUCTEM
onucyeTsest AUPEPeHIIHHUM PIBHSAHHAM APYTOro MOPSAKY Ta Ha BIAMIHY BiJ BiJOMHX BPaxOBYE MEXY BTpaTH
cTilikocTi (3amac podacTHocTi) TprOocucTeM. [lokazaHo, O XapakTep NPHUIPALIOBAaHHS TPHOOCUCTEM B YMOBaxX
TPAaHUYHOTO MAILCHHS 3aJIeKUTh BiJl KOe(IIIEHTIB MMiJCHICHHS 1 IIOCTIHHMX Yacy, SKi BXOAATh B PaBy YaCTHHY
JudepeHiiHOro PiBHAHHS.

[TokazaHo, 110 MpoLECH NPHUIPALIOBAHHS TPUOOCHCTEM 3alie’KaTh BHJ BEJIMYMHM BXIJHOTO BIUIMBY Ha
TpuOOCHCTEMY, TIepIia Ta Apyra MOXinHi. BXimHWi BINIMB mpencTaBiieHO y BUTIIAAL TOOYTKY KoeQillieHTiB Ta
noctiitHoi wacy Ko'K>'T3. Lle mo3BoJIsie CTBEpIKYBATH, IO IPOLIECH TIPHUIIPAIIOBAHHS TPHOOCHCTEMH €(PEKTHBHO
MIPOXOIUTHMYTh, KOJH BXiHWH BIUIMB (HaBaHTa)KEHHS 1 IIBUAKICTh KOB3aHHS), SMIHIOBATUMYTHCS B Yaci i MaTH
KOJIMBaHHS 3 TO3MTHBHMM 1 HETaTHBHHM IPUCKOPEHHSIM LUX BEJIUYHH BiJl BCTAHOBJICHOTO (IIPOTPaMHOIO)
3Ha4YeHHs. Takiil BUMOT1 BiIIOBia€ MporpaMa MpUIIPaIOBaHHs «Ha MEXi 3aiqaHHD».

JliBa yacTHHA PIBHAHHSA - [Ie peakiis TprdocucTeMn Ha BXinHUH curHan. IlocTiitHi wacy Tpubocucremu 7>
Ta 73 MaroTh PO3MIpHICTh Yacy 1 XapaKTepH3yIOTh IHEPIIHHICTh MPOLECIB, 10 NPOTIKAIOTh B TPUOOCUCTEMI, Tif
Yac MpUIpAIOBaHHs. 30UIbIICHHS MOCTIMHUX Yacy pOOHUTH MPOLEC MEHII CHPUHHATIUBUM JI0 3MIHHM BXiIHOTO
CUTHAJTy, TPOIIEC TPUIIPAIFOBAHHS 301IbIIYETHCS B Yaci, a TPUOOCHCTEMA CTA€ HEUYTIMBOIO IO HE3HAYHUX 3MIiH
HABAHTAXXCHHS Ta IIBUIKOCTI KOB3aHHA. | HaBMakW, 3MEHIICHHS MOCTIHHMX dYacy, pPOOUTh TpUOOCHUCTEMY
YYTJIMBOIO /10 OY/b SKMX 30BHIIIHIX 3MiH.

KarouoBi caoBa: TtpubocucTeMa; NpHIPALIOBAHHS;, MaTeMaTHdHa MOJEIb IPHIPALIOBAHHS;
mudepeHmiifiHe piBHAHHA; KOeQIIieHT WiACHICHHS; IIOCTiHHA 4Yacy; TpaHWYHE MaIleHHs; JOOpPOTHICTH
TpuOOCHUCTEMH; pOOACTHICTh TPUOOCHCTEMH; IBUAKICTh 00'€MHOTO 3HONTYBAaHH; KOS(IIIEHT TepTs
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Abstract

The study proposes a diagnostic control method for assessing the quality of commercial batches of
hydraulic oils based on the kinetics of changes in the thickness of lubricating layers, shear stresses of the lubricating
material, and effective viscosity in tribotechnical contact. Timely and high-quality tribomonitoring of lubricants
provides a perspective on their rational use and reduced wear of equipment parts. The developed methodology
simulates the operation of gears in rolling conditions with a slip of 30% using a roller analogy. Samples of AMG-
10 oil from two manufacturers were analyzed. For "Bora B" AMG-10 oil (sample 1) with gradients of the sliding
speed of the lubricating layer in contact from 5.63-10%to 5.73-10° ¢, the effective viscosity is set at the level of
4249 and 5039 Pa-s at a bulk oil temperature of 20 and 100 °C, respectively, which indicates the resistance of oil
components to destruction under conditions of increasing shear rate gradient. For AMG-10 oil (sample 2), the
effective contact viscosity decreases by 1.53 times both at an oil temperature of 20 °C and at 100 °C and is 2764
Pa-s (at 20 °C) and 3309 Pa-s (at 100 °C), which indicates the destruction of the components of the lubricant. For
"Bora B" AMG-10 oil, effective lubricating properties have been established both during the start-up period and
at maximum revolutions in conditions of rolling with slipping. It was shown that at start-up, regardless of the
temperature of the lubricant, the mixed lubrication mode dominates. At the maximum revolutions of the tested
samples, the hydrodynamic lubrication mode dominates, which indicates the effective lubricating properties of the
Bora B AMG-10 oil. According to the kinetics of changes in the rheological parameters of oils, it was established
that the resistance of the lubricant's components to mechano-thermal destruction under non-stationary lubrication
conditions contributes to the effective formation of a lubricating layer in contact with a high bearing capacity.

Key words: aviation oils, rheological properties, lubrication mode, effective viscosity, shear rate gradient.
Introduction

The reliability of tribotechnical systems is established at the design stage, ensured during production, and
confirmed during the operation of machines and mechanisms. Lubricating material significantly affects reliability
indicators. Modern requirements for the reliability of tribomechanical systems are related to the qualitative
improvement of lubricating materials and their components. In general, they are due to an in-depth analysis of the
lubricating medium's state and the metal's contact surface in the friction process. The production technology of
lubricating materials and their components is intensively developing and improving. New lubricating materials on
mineral and synthetic bases are being created. Serious developments are underway to optimize the component
composition of oils and lubricants, improving their physical, chemical, and operational properties.

The correct selection of lubricants and triboelement materials often determines the reliability of machines
and mechanisms with highly loaded friction units. Therefore, studying patterns that determine the interaction of
friction surfaces and lubricants requires comprehensive laboratory research. The analysis of expert practice allows
for revealing the connection between the properties (physical, chemical, consumer) and the intended purpose of
specific categories of lubricants. Currently, there are two approaches to the analysis of lubricants: the analysis of
lubricants during production (incoming control of basic components, additives, and commercial batches of finished
products) and the analysis of operational oil (diagnostic control).

Copyright © 2023 O.A. llina, O.0. Mikosianchyk, O. P. Yashchuk, R.H. Mnatsakanov, N.M. Berezivskyi. This is an open access
w article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
© reproduction in any medium, provided the original work is properly cited.
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These two directions are different from each other. Thus, during production and incoming control, the
quality indicators must fall within the specified, previously known limits determined by standards and technical
conditions. During diagnostic control, monitoring not so much the absolute values of specific quality indicators as
the change of these values over time is necessary. For each indicated area of quality control of commercial or
operational lubricants, it is essential to correctly choose the most convenient methods of analyzing the indicators
of interest. These indicators include viscosity, flash point, additive content, total acid/alkaline number, water
content, soot, total content of ferromagnetic and other wear particles, nitration, sulfonation, and many other
indicators. The correct choice of lubricants and their timely and high-quality diagnostics are among the main
conditions that increase durability and efficiency and preserve the technical accuracy of machines and mechanisms
for an extended period. In addition, timely and high-quality tribomonitoring of lubricants provides a perspective
on their rational use, reducing the wear of equipment parts. These measures aim to reduce the cost of repairing
machines and mechanisms, reduce their downtime, and reduce the cost of manufactured products.

Literature review

Due to the complexity of physicochemical processes in the zone of frictional contact, the properties of
contact surfaces and lubricating material during friction are challenging to describe from the point of view of
classical mechanics. Therefore, to establish regularities of tribological and rheological indicators of friction
systems in the limit mode of lubrication: studies of the mechano-thermal stability of the limit film [1], the influence
of the shear rate gradient on the change in the effective viscosity and shear stresses in the lubricant [2] are actively
being conducted to predict the effectiveness of the formation of the thickness of the lubricating film in contact.

The resistance of the lubricating film to mechanical destruction due to an increase in the shear rate gradient
is a determining factor that ensures the normal performance of friction pairs in critical conditions. The destruction
of the lubricating film during friction is one of the leading factors determining the intensification of energy
processes occurring in the contact zone. It manifests in violating the structural suitability of the contact surfaces
and lubricant under critical friction conditions, destroying previously formed metastable structures. [3].

In structural adaptation, lubricating boundary layers of varied nature are formed on activated metal surfaces
during friction. The initially created lubricating layer has a solid structure, is characterized by non-Newtonian
properties, and binds to both surfaces. When stress is applied, the layer will deform in shear until the applied shear
stress is large enough to overcome adhesion to the surface. According to [4], outside of this condition, the sliding
lubricant layer can behave according to two schemes. According to the first scheme, the lubricant in contact
behaves as a liquid or remains attached to both surfaces but "melts" in the center. According to the second scheme,
the lubricating layer retains its solid structure, and interlayer sliding occurs between areas of the lubricating
material. When the action of the external shear force stops, the lubricant reorganizes its structure to its original
state but with a constant shift between its two surfaces (Fig. 1).
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Fig. 1. The influence of shear stress on the lubricating film's deformation and its structure’s reorganization [4].

According to [5], the lubricant is characterized by heterogeneity of rheological properties along the
thickness of the film in frictional contact: a surface boundary layer with rheological properties different from the
properties of the main part of the material in the center is formed near the wall. The lubricant flows right next to
the wall as pressure is created during the system's operation. At the same time, the flow rate is zero, and the
lubricant's viscosity is maximum [6]. Therefore, the material of the contact surfaces can significantly influence the
rheological properties of the lubricant. The research paper [7] presents the results of studies on the formation of
boundary layers in industrial lithium (LT4-C3) and calcium (STP) lubricants near the walls of six different
materials: two elastomeric materials (nitrile-butadiene rubber (NBR), silicone rubber (MVQ/ VMQ)), two
thermoplastic materials (polyoxymethylene (POM), polyethylene (PE)) and two metal alloys (copper C11000 and
steel 304). Tests have shown that metal alloys have the most significant ability to adsorb lubricant particles on
their surface. Elastomeric materials have a minor influence on the change in structural viscosity near the wall,
which indicates their low capacity to form a surface layer in the tested commercial lubricants.
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An experimental method for determining the interfacial shear strength based on the measured friction force
and contact area during linear contact loading on coated metals has been developed [8]. It was found that the shear
strength at the interface affects the overall sliding friction force under the test conditions.

In [9], the mechanism of adhesion of the boundary layer of lubricant to the surfaces forming a
hydrodynamic wedge is considered. If molecules of the lubricant are in close proximity to a solid body, then their
behavior is primarily determined by the influence of forces from this body. A particular rheology intermediate
between the rheology of solids and liquids is characteristic of an oil film in such "boundary" conditions. With
distance from the surface of the solid body, the influence of the force field created by it weakens, and its volumetric
properties return to the lubricant. At the same time, boundary films have a thickness of 0.01+-0.05 um and less.

In the mathematical modeling of the behavior of Newtonian/non-Newtonian fluids, rheological models of
pseudoplastic and viscoplastic fluids and their parameters are used. For example, when building models of non-
Newtonian fluids, the principle of mechanical modeling proposed by Rayner [10] is used. According to this
principle, the behavior of various substances is defined as a parallel or sequential combination of elements with
viscous, elastic, or plastic deformation. In [11], a general thermodynamic model of the melting of an ultrathin film
of lubricant was proposed, and the value of the critical shear rate at which the lubricant melts by the shear melting
mechanism was determined. It was established that the action of shear stresses leads to an increase in the volume
of the lubricant, and, as a result, to an increase in the thickness of the lubricating layer in contact. The mathematical
relationship between the volume and the thickness of the lubricating layer can be represented as:

8V _ ASh _ S8h
%o

where §V — volume change, V;, — initial volume, h - oil layer volume, A — contact area.

In this way, the importance of the established patterns of change of rheological indications in oily material
in tribotechnical contact gives feasibility to predict the effectiveness of the formation of a boundary layer on active
contact surfaces. It is especially essential in the case of boundary conditions, as the resistance of boundary melting
to mechanical destruction ensures the movement of antifriction and anti-wear indicators in contact. Therefore, the
actual direct assessment of the viscosity of the oily material is the analysis of its rheological characteristics under
the dominance of different operating modes.

)

Purpose

To analyze the influence of the gradient of the shear rate, the shear stresses of the lubricating layer, and the
effective viscosity in contact on the lubrication mode of commercial batches of aviation hydraulic oils.

Objects of research and experimental conditions

Oils to be studied:

- Sample 1 is oil "Bora B" AMG-10 according to TU U 19.2-38474081-010: 2016 with change 1 (produced
by the LLC “Bora B”, Ukraine);

- Sample 2 is oil AMG-10 according to GOST 6794-75 with changes 1 - 5 (produced by the LLC “NPP
Kvalitet”).

Sample 1 was developed to organize work on avoiding oil import and overcome the critical dependence of
the defense industry of Ukraine on import supplies of AMG-10 oil.

The study of the samples was carried out on a software-hardware complex to evaluate the tribological
characteristics of triboelements, for which a special software had been developed for stepper motor control and
online visual evaluation of the kinetics of changes in the main tribological parameters of tribocontact [12]. Work
of gears in the conditions of rolling with sliding was modeled using the software-hardware complex by means of
aroller analogy (fig. 1).

[ e =

Fig. 2. The diagram of the loading node of the test samples with rotation at speeds V1 and V2 and the appearance
of the friction tracks of the 30ChGSA steel sample; 1 — section of the contact surface of the sample.
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Lubrication properties (hydrodynamic and non-hydrodynamic components of the lubricating film
thickness) were determined by the method of voltage drop in the mode of normal glow discharge. Rheological
characteristics of the lubricant (shear rate gradient, shear stress of lubricating layers, effective viscosity in contact)
were evaluated by the kinetics of changes in the lubricating layer thickness, rotation speed of the leading and
lagging surfaces and temperature of the lubricating layer.

Rollers (steel 30ChGSA, HRC 48...52, Ra 0.34 pm) were used as the material of contact surfaces.
Lubrication of the contact surfaces was performed through immersing the lower roller in a bath of oil.

Testing was conducted in nonstationary conditions, which provide for the cyclicity of repetition in the start-
up — stationary operation — braking — stop mode. The total duration of the cycle was 80 s.

Maximum rotation speed: 700 rpm for the leading surface and 500 rpm for the lagging surface. Sliding:
30%. Maximum contact load by Hertz: 200 MPa. Total number of cycles: 100. Temperature of oil: 20 °C (cycles
1-45), rise to 100 °C (cycles 46-50), 100 °C (cycles 51-100).

Analysis of the main results

Table 1 presents the averaged results of experimental studies of the rheological and lubricating properties
of the investigated aviation hydraulic oils.

Rheological and lubricating characteristics of aviation hydraulic oils Teplet
Parameter Lubricant
Sample 1 Sample 2
Temperature of lubricant, °C
20 100 20 100
Oil layer shear stress,MIla 7,68 —16,53 5,585 - 14,7 7,913 -15,36 7,145 — 14,98
Effective contact viscosity, Pa-c 1836 — 8065 104,9 - 9182 1130 - 6789 78,67 - 7544
Thickness of boundary adsorption 034-1985 | 0,118-1,992 | 0,118-1,38 | 0,104—157
layers, um
Lubrication mode at startup 071 -413 0,25-4,14 0,25 2,87 0,22-327
Thickness of the lubricating layer in 3,958,768 4,65 - 9,698 3,055-7,8 3,454 — 7,93
contact, um
Lubrication mode at maximum 8,22 18,24 9,67-20,1 6,35-1622 | 7,18—16,49
revolutions

Characteristics of sample 1. "Bora B" AMG-10 oil is characterized by effective rheological properties.
Ensuring the hydrodynamic lubrication regime at the maximum revolutions of the cycle duration, in rolling
conditions with 30% slip occurs due to the high bearing capacity of the lubricant, the formation in contact of hydro-
and non-hydrodynamic components of the thickness of the lubricating layer, which are characterized by low shear
stresses, on average, 9.4 MPa regardless of oil temperature (Fig. 3).
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Fig. 3. Kinetics of changes in shear stress of the lubricating layer in contact (t).
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Despite the high gradients of the sliding speed of the lubricating layer in contact, from 5.63-10° to 5.73-10°
¢, which occur at the maximum sliding speed of 0.71 m/s in conditions of rolling from sliding, the lubricant is
characterized by effective with a viscosity at the level, on average, of 4249 and 5039 Pa-s at the volume
temperature of the oil of 20 and 100 °C, respectively (Fig. 4). This testifies to the resistance of oil components to
destruction under conditions of increasing shear rate gradient. The most significant decrease in the effective
viscosity in contact with 105 - 250 Pa-s occurs in the conditions of the initial increase in oil temperature (45 - 49
test cycles). This is due to a change in the nature of the boundary adsorption layers, which are characterized by
effective adaptation in a wide range of temperatures.

Characteristics of sample 2 AMG-10 oil, similar to sample 1, are characterized by effective rheological
properties. The shear stress of the lubricating layers is set at the level, on average, of 9.4 MPa at an oil temperature
of 20 °C, which is similar to the indicator for sample No. 1. When the oil temperature rises to 100 0C, this parameter
increases to 10.82 MPa, which is slight, 1.15 times more, compared to sample 1 (Fig. 3).

Compared to sample 1, the effective contact viscosity decreases, on average, by 1.53 times at an oil
temperature of 20 °C and 100 °C and is 2764 Pa-s (at 20 °C) and 3309 Pa-s (at 100 °C). However, with an increase
in temperature during 45-50 cycles, a sharp decrease of this parameter was established to 78-240 Pa-s, which is
due to the adaptation of the boundary layers of the lubricant to the change in the temperature regime in the frictional
contact. The range of change in the gradient of the sliding speed of the lubricating layer (y) in contact at the
maximum sliding speed of 0.71 m/s in the conditions of rolling from sliding for samples 1 and 2 is from 4.51-10%
to 5.73-105 ¢
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Fig. 4. Kinetics of changes in the effective oil viscosity () in contact.

Depending on the thickness of the lubricating layer, the lubrication mode in the frictional contact is

determined according to the A criterion:
[ n
A= RG1+RG, &)

where h is the thickness of the lubricating layer; Ra is the average arithmetic deviation of the profile of the
contacting surfaces.

An informative indicator of the transition conditions from dry to hydrodynamic lubrication is the Hertz-
Striebeck diagram. Fig.5 and Table 1 present the calculated values of the lubrication mode for the studied
lubricants.

e
e

Fig. 5. Friction coefficient (f) and lubrication mode (1) according to the Hersey-Striebeck diagram:
1-dry, 2 - marginal, 3 - mixed; 4 — elastohydrodynamic; 5 - hydrodynamic lubrication modes.
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The studied oil "Bora B" AMG-10 is characterized by effective lubricating properties during the start-up
period and at the maximum studied revolutions. Breakdown of the lubricating layer at start-up and direct metal
contact of the friction surfaces was not established. A semi-dry lubrication mode was set only for a short time
during running-in and initial temperature rise. At start-up, regardless of the temperature of the lubricant, the mixed
mode of lubrication dominates. At the maximum revolutions of the tested samples, the lubrication hydrodynamic
mode dominates, indicating the effective lubricating properties of the oil "Bora B" AMG-10. For the tested AMG-
10 oil at a bulk oil temperature of 20 and 100 °C, the thickness of the marginal adsorption layers is 1.44 times
smaller, which leads to a deterioration of the lubrication regime in contact at start-up and the dominance of the
marginal lubrication regime in 25% of the working cycles. As the temperature of the lubricant increases, long-
term restoration of the protective boundary films of the oil takes place, and the period of their formation increases
by 2.5 times, causing the implementation of a semi-dry lubrication mode at start-up. The total thickness of the
lubricating layer is 1.27 times smaller compared to "Bora B" AMG-10 oil, regardless of the temperature of the
lubricant. Thus, the resistance of the components of the studied sample 1 to mechano-thermal destruction under
non-stationary lubrication conditions contributes to the effective formation of a lubricating layer in contact with a
high bearing capacity, which ensures the dominance of the mixed or hydrodynamic mode of lubrication.
Consequently, during the operation of the tribosystem in such conditions, optimal antifriction and antiwear
characteristics of lubricants will be manifested, which is the basis for developing recommendations for the
selection of commercial batches of oils for operation in conditions of rolling with slipping based on the proposed
methodology for evaluating the rheological and lubricating properties of lubricants.

Conclusions

1. The conducted research on the software-hardware complex simulated gears' operation in rolling
conditions with sliding using a roller analogy. Commercial AMG-10 oils from different manufacturers were
studied. The errors of the obtained experimental values of the studied parameters are within 7-10%.

2."Bora B" AMG-10 oil (sample 1) is characterized by low shear stresses, on average, 9.4 MPa, regardless
of the oil temperature. For AMG-10 oil (sample 2), the shear stress of the lubricating layers is set at 9.4 MPa at an
oil temperature of 20 °C, similar to the indicator for "Bora B" AMG-10 oil. When the oil temperature rises to
100 °C, this parameter increases by 1.15 times.

3. For "Bora B" AMG-10 oil (sample 1), the effective formation of the thickness of the lubricating layer in
contact, resistance to the gradient of the shear rate, and effective viscosity is 4249 and 5039 Pa-s at the bulk oil
temperature of 20 and 100 °C respectively. For AMG-10 oil (sample 2), the effective contact viscosity decreases
by 1.53 times both at an oil temperature of 20 °C and at 100 °C and is 2764 Pa-s (at 20 °C) and 3309 Pa-s ( at 100
°C), which indicates the destruction of the components of the lubricant.
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Lasina O. A., Mikocsnuuk O. O., fAmyk O. I1., Muanakanos P.I'., Bepesiseskniit H.M. TpuGomoHiTOpHHT
SKOCTI aBiallifHUX TiAPaBIiYHAX OJNMB 32 3MAIYBAILHIMH Ta PEOJOTIYHIMH TOKA3HUKAMHU

3anponoHoBaHA METOAMKA NIaTHOCTUYHOTO KOHTPOITIO OI[IHKH SKOCTi TOBAPHHUX HMAPTIH TiApaBIiyHIX OJUB
3a KiHeTHKOIO 3MiHH TOBIIMHM MACTIJIFHHUX IIapiB, HAPY>KEHb 3CYBY MACTHILHOTO MaTepiay Ta eeKTHBHOIO
B’SI3KICTIO B TPUOOTEXHIYHOMY KOHTaKTi. CBO€JaCHWH Ta SKICHHMHA TPHOOMOHITOPHWHT MACTHJIFHUX MaTepiaiB
HaJa€ IMEPCIEKTUBY MIOAO iX palliOHAJbHOTO BHKOPHCTAaHHS Ta 3MEHIIEHHA 3HOCY AeTaneil obnmagHaHHS. B
PO3po0IIeHiit METOAMII 3a JOIOMOI'OI0 POJIMKOBOI aHAJIOTii MOJIENIIOETHCS poOoTa 3y0UacTux mnepeiady B yMoBax
KoueHHs 3 pokoB3yBaHHIM 30%. [IpoananizoBano 3pa3ku onmusu AMI'-10 nBox BupoOHuKiB. /s onuu «bopa
Bb» AMI-10 (3pasok Nel) mpu rpafieHTax IIBHAKOCTi 3CyBY MacTHJIBHOTO IIapy B KOHTakTi Big 5,63-10° mo
5,73-10° ¢! BcTaHORBIIEHA eeKTHBHA B'A3KICTh Ha piBHi 4249 Ta 5039 ITa-c npu 06'emHiii Temneparypi onusu 20
ta 100 °C BiINOBIAHO, IO CBIAYMTH MPO CTIHKICTH KOMIIOHEHTIB OJIMBU JIO JECTPYKLII B YMOBax 3pOCTaHHS
rpamieHTy mBHAKOCTI 3¢yBY. st omusu AMI-10 (3pa3ok 2) edekTrBHA B'SI3KICTh B KOHTAKTi 3HIKYEThCA B 1,53
pa3 sk npu Temmepatypi omusu 20 °C, tak i mpu 100 °C Ta ctanoButs 2764 Ila-c (mpu 20 °C) ta 3309 Ila-c (npu
100 °C), w0 cBiguuTh Npo AECTPYKIiI0 KOMIIOHEHTIB MacTIWILHOTO Matepiany. Jis onusu «Bopa B» AMI-10
BCTaHOBJICHI €(DEKTHBHI 3MaIlyBallbHi BIACTUBOCTI SK B IIE€Piof ITyCKy, TaK i MPH MaKCHMalbHUX 00epTax B
YMOBaxX KOYEHHS 3 MPOKOB3YBaHHSAM. BCTaHOBIIEHO, IO TPH IyCKy, HE3AIEXKHO BiJl TEMIIEpaTypH MacTHIHHOTO
MaTepiany, JOMiHye 3MIIaHU pekUM MAaIleHHs, IPH MaKCUMaJIFHUX 00epTax JOCIHIIKyBaHAX 3pa3KiB TOMiHY€E
TiIPOAMHAMIYHUI PEKUM MAICHHS, 10 CBIAYUTH MPO e(EKTHBHI 3MallyBalbHI BIacTUBOCTI oyiuBu «bopa by
AMTI'-10. 3a KIHETHKOI 3MIHM PEOJOTIYHUX IMOKA3HUKIB OJHMB BCTAHOBJICHO, IO CTIHKiCTh KOMIIOHCHTIB
MacTHJILHOTO Matepiany OO MEXaHO-TepPMIYHOI JecTpyKUii NpU HECTAl[lOHAPHHX YMOBAaX MAILEHHS CIIPUSE
e(heKTHBHOMY (hOPMYBaHHIO MACTHIILHOTO IIAPY B KOHTAKTI 3 BUCOKOK HECYYOIO 3JJaTHICTIO.

Kawuosi cioBa: apiamiiiHi OJMBH, PEOJOTiIYHI BIACTHBOCTI, PEKUM MAICHHS, ¢(EKTHBHA B'S3KICTh,
TPaJi€HT IBUIKOCTI 3CYBY.
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Abstract

The work is dedicated to the thermal behavior and stress-strain state of ventilated disc brakes installed in
the lightweight vehicles (scooters, electric bikes, ATVs, etc.) using ANSYS environment in various experiment
modes. Modeling of the temperature distribution in the rotor (disc) and the corresponding brake pads is determined
taking into account a number of factors and input parameters during the braking operation: the amount of rotation
speed, the gap between the pads and the disc, the speed of load application, thermal expansion, etc. Numerical
modeling of the transient thermal and the stress fields in the area of contact between the pads and the rotor is
carried out by the method of sequential thermostructural connection of the intermediate calculation states of the
brake model in the ANSYS Coupled Field Transient environment. For a comprehensive assessment of brake
behavior, our research considers two load approaches: constant long-term (20 s) with an influence factor in the
form of thermal expansion as a result of contact pair friction; linear load from the pads on the disc with a
corresponding increase in pressure up to the moment when the rotation of the system is blocked. Our research
presents an assessment of the rotor ventilation channels influence on the nature of the contact spot with the brake
pads (open far-field contact, sliding contact, sticking contact, etc.). In addition, it is demonstrated that despite the
linear increase in pads pressure on the rotor, the graphs of temperatures, volume (thermal expansion) and stresses
are of parabolic character with a disproportionate increase in indicators. Such a result forces us to come to the
conclusion that it is not possible to predict the behavior of the brakes based on the analysis during a short period
of time of the experiment - conducting long-term analytical studies is extremely important in the case of brakes.

Key words: friction, brake disc, brake pads, thermal load, stress-strain state, heat flow, von Mises stress,
contact pressure, thermal expansion

Introduction

Scientific and technological progress has provided the industry with significant theoretical developments
in the field of heat and mass transfer, for example, in spheres such as tribology or thermodynamics, which have
developed over several decades with progress in many sectors: nuclear energy, aerospace and aviation, automotive,
etc. Modeling of problems related to the phenomenon of heat or mechanical energy transfer in general and through
friction pair contacts in particular, is of primary importance in the design of relevant units, for example, disc brakes
of vehicles. Many authors raised such topics in their publications as: design and thermal analysis of disc brake for
minimizing temperature [1]; effect of cross-drilled hole shape on crack of disc brake rotor [2]; thermal analysis of
disc brakes using FEA [3-4]. In fact, it is not only about the development of new models of brakes, but also about
the selection of optimal options for systems for existing vehicles, taking into account their class, type and operating
conditions. As you know, brakes are a device that creates frictional resistance to move a system element (rotor) to
stop further movement, so we can get acquainted with the modeling and analysis of FSAE car disc brake using
FEM in [5] and discover the enhancement in design and thermal analysis of disc brake rotor in [6]. Brakes are a
mechanism used to reduce the speed or stop the cycle of movement of a vehicle. Long-term use of the brake in a
lightweight vehicle (bicycle and motorcycle) causes heating during the braking process [7-9], so that the rotor is
deformed (jammed between the pads or breaks) due to high temperature and thermal expansion. Actually, the
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thermal analysis of disc brake is the topic of publication [7], which could be effectively supplemented by the study
on crack initiation at small holes of one-piece brake discs in [9]. In the research [10] authors present the velocity
and relative contact size effect on the thermal constriction resistance in sliding solids. The influence of the braking
time on the soundness of ventilated disc brake systems is reflected in [11-12]. Topic of investigation of temperature
and thermal stress in ventilated disc brake based on 3D thermomechanical coupling model raised in [13] is similar
to our work and makes sense to be researched. Our goal is to proceed the analysis of the behavior of the system
under conditions of long-term friction at constant pressure with a corresponding increase in temperature and
volume of the model, as well as with a variable load in the system (from the hydraulic cylinder), which leads to
blocking of the brakes with plastic disc deformations (determination of stresses according to Mises).

The purpose of the work

Formation of a methodology for analytical studies of thermal modes of the lightweight vehicles disc brakes
operation as a result of friction pairs contact with variable and constant pressure in the ANSYS Coupled Field
Transient software environment. Analysis of the influence on heat dissipation and stress distribution of such factors
as: duration of braking, convection in the environment, geometry of the brake disc and pads, system actuation
time.

Results of studies under constant load

A disc brake is a system consisting of a brake disc (rotor), brake pads and calipers actuated by a hydraulic
cylinder. The brake disc rotates with the wheel and the pads mounted on the brake calipers clamp it to stop or slow
the wheel (Fig. 1). Brake pads generate heat through friction, converting kinetic energy into heat to reduce the
total kinetic energy of the vehicle. Thus, due to the thermal energy generated during the braking process, the
temperature of the disc on the contact part increases and generates fatigue stresses accumulation, causing cracks
or plastic deformations that reduce the service life of the disc. Usually, ventilated discs are used to improve the
efficiency of heat dissipation, because they have channels for air circulation: the higher the rotational speed of the
disc, the higher the centrifugal force, which contributes to the dissipation of heat.

(@) (b)

Fig. 1. Solid disc brakes model: a) isometry; b) the gap between the disc and the pads in the initial state (1.5 mm);
¢) FE grid of the model

To select the optimal brake system according to the target vehicle, it is advisable to determine the required
pressure [10-12] from the brake pads:

P = Fd/S#! (1)

where: P - pressure between the disc and the pad; F, - force acting on the disc; S - surface of the pad in contact
with the disc; u - coefficient of friction.
The actual value of the pressing force F,; can be found as follows:

., =k-(Mv7)/ @
2p e =3 ()

t
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where: k — load factor — 0.3 (corresponding to 30%); M — mass of the vehicle; r — brake disc radius; R — wheel
radius; v — vehicle speed.

We apply the following values to the boundary conditions of the calculation: time of the experiment t =
20 s; coefficient of friction = 0.2 ¢; angular velocity w = 3.5 rad/s, which corresponds to a wheel speed of 200/s.
Wheel is rotated due to the hub with the 4 holes for mounting bolts (Fig. 1a), where are observed the highest
meanings of stress (Fig. 2b); the movement of pad A is symmetrical and presented in steps (Table 1). The initial
gap between pads and disc is 1.5 mm. Starting from 0.3 s and until the end of the experiment A=1.501 mm — thus,
the full contact between friction pairs is simulated.

Table 1
Brake pads travel during the experiment (20 s)
Time moment 0s 0.1s 0.2s 0.3s 20s
A 0mm 0.75 mm 1.5mm 1.501 mm 1.501 mm

The FEM maodel consists of 101529 elements; applied material is Structural Steel (typical characteristics
are embedded in Ansys); the number of time steps is 200 (duration of a step is 0.1 s); the total calculation time on
the equipment (2 Intel Xeon processors 24 cores, RAM 48 Gb, NVIDIA GeForce 4Gb video) was 10 hours 42
min.

Let's analyze the stress maps of the brake pads and the ventilated disc (Fig. 2) - as we can see, there is a
stress increase tendency while the experiment continues:

- the pad is pressed to the disc in 0.2 s and its stress increases from 8.3 MPa (caused by reactions from the
rotational movement in the holes for mounting bolts attaching the disc to the hub) to 223 MPa (when A reaches
1.501 mm). Further, as the experiment progresses, the stress increases to a maximum of 647 MPa at a time of 18.2
s. The intermediate state of stress at the moment of time 17.4 s is presented in Fig. 2b (the curve is “max, MPa”).
The curves "min, MPa" and "average, MPa" correspond to the minimally loaded locations of the body and the
average value of loads for all its locations, respectively.

- the pad stress increases to 22 MPa in the first 0.2 s (the period of pressing against the disc) and then
reaches up to 138 MPa at the time of 19.5 s (Fig. 2a).
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Fig.2. Stress in the braking system at a constant load: a) brake pad and stress graph over time; b) ventilated disc
and stress graph over time

What should be paid attention to: despite the constant value of the displacement of the pads (it is stable
and equal 1.501 mm during the entire experiment lasting 20 s), the stress values fluctuate and increase. Why do
we observe such processes? Let's consider the answers to both questions sequentially.
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1) Stress fluctuations are explained by the uneven structure of the disc itself (holes in the structure for
ventilation): as it rotates, the area of contact with the pad is constantly changing, and thus the pressure and stress
change as well. Let's visually check the nature of the pad contact with the disc at different moments of time (Fig.
3) - the unevenness of the distribution is dictated by the channels in the disc that affect the contact spot: the position
and movement of the contact element determines its condition relative to the target surface associated with it.

1s 10s 20s
Fig.3. Analysis of brake pad contact area at different moments of time

ANSY'S monitors each contact element and assigns a status:

- STAT = 0 Open far-field contact (open remote contact) — blue color;

- STAT =1 Open near-field contact (open near field contact) — yellow color;

- STAT = 2 Sliding contact (sliding contact) — orange color;

- STAT = 3 Sticking contact (sticking contact) — red color.

An element is considered to be in close contact if its integration points (Gauss points or nodal points) are
within the code-calculated (or user-defined) distance to the corresponding target surface. This distance is called
the pinball area. A pinball domain is a circle (in 2-D) or a sphere (in 3-D) centered around a Gauss point.

The friction coefficient may depend on the relative speed of the contacting surfaces. As a rule, the static
coefficient of friction is higher than the dynamic one. ANSY'S provides the following exponential friction damping
model:

i =MU-(1+ (FACT — 1) exp(=DC - v,4))), ©)

where: u — friction coefficient; MU - dynamic coefficient of friction (using the MP command in Ansys); FACT -
the ratio of static to dynamic friction coefficients (the minimum value is set by default 1.0); DC - damping
coefficient (by default it is equal to 0 and has the unit of dimension time/length), so time has a certain value in
static analysis); v, - slip velocity calculated by ANSYS. "Friction Decay" shows an exponential decay curve
(Fig. 4a), where the static coefficient of friction is defined as:

ls = MU - FACT ()

Vre! S
@) (b)
Fig.4. Research of friction: a) exponential curve of friction damping; b) pressure map on the pad surface at the
timeof 20 s

The damping coefficient can be determined if the static and dynamic coefficients of friction and at least
one data point are known (u;; v,;1)- The equation to describe friction damping can be written as follows:

DC=—-—1.In (LML) (5)

Vrel1 MU(FACT-1)

If no damping factor is specified in the simulation process, and FACT is greater than 1.0, then the friction
coefficient will suddenly change from static to dynamic value as soon as the contact reaches the sliding state. It
should be noted that such behavior is strongly not recommended, since the gap can lead to convergence difficulties
when solving the problem [7-8].
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2) Why does the value of stresses in the disc and brake pads increase, if they remain stationary and do not
increase the external load from the hydraulic cylinder? By the way, what is the maximum pressure value recorded
during the experiment (Fig. 5)?

(@) (b)
Fig. 5. Determination of pressure in the disc brake system: a) FEM model with load vector; b) determination of the
brake pad area (SolidWorks environment)

We have measured the maximum value of the load (Fig. 5a) during the experiment in the Ansys
environment: 7968.5 N at the time of 18.2 s. The pad area is 1030.78 mm? (Fig. 5b), which corresponds to a
pressure of 7.73 MPa. It’s possible to observe a similar value on the graph (Fig. 6d - orange color), which shows
the average pressure value over the pad area. However, taking into account that the contact area varies, as shown
in Fig. 3, and can occupy up to 35-40% of the pad area due to the ventilation holes at certain moments of time, the
pressure value increases up to 20 MPa. This is a typical value for disc brakes in automotive and two-wheeled
vehicles. Therefore, our experiments with the applied boundary conditions are approaching to the natural tests.

The reason of the stress increase is the thermal expansion of the disc and pads (increase in volume) as a
result of heating (Fig. 6a, b) and internal energy growth (Fig. 6¢), which leads to a decrease in the gaps between
disc and pads with the appropriate pressure rise (Fig. 6d). It should be noted that the increase in the volume of the
pad is relatively linear over time, but the disc expands according to a geometric progression - in fact, this already
prompts the idea of the feasibility of scientific research on ventilation holes in the structure of the disc, the selection
of their optimal configuration, etc.
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Fig.6. Thermal state analysis of disc brakes: a) volume of the disc; b) volume of pads; c) growth of
energy over the friction; d) pressure on the pad surface (average in area and maximum in locations)

Fig. 7 shows temperature maps of the disc at certain moments of time. Thus, the value of the disc
temperature during the experiment lasting 20 seconds reached 34.87°C. It should be understood that the following
boundary conditions were applied as a part of our research: temperature T(x,y,z) = 22°C at time t = 0 s and zero
value of convection (please note that the simulation of moving air masses assumes 5 W/m?C in a static position
and around 25 W/m?C - in dynamics) to obtain clean results of body heating and heat flux (fig. 8a,c). The value of
the pad’s temperature reached - 35.04°C, which is shown on the graph of both elements heating (disc and pads) -
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Fig. 8b. It’s quite exciting to observe how close are both graphs (Fig.8b) — heat transfer from pads to rotors could
be visually observed by the temperature equalizing between both units at any time moment.

Fig. 7. Temperature maps of the brake disc at different times of the experiment

Let's turn to the theory of the thermal state description of the body - the first law of thermodynamics,
which shows on the thermal energy saving [13]:

Cy (5 + I (LIT) + (LY (Q} = p (6)

In our calculated case, there is no internal pressure source (p = 0), and therefore equation (6) will be written as
follows:

pCy (E+ )T LIT) + (1Y7(Q} = 0, @
where:

o
Ly =47+ {v}=!vy}, ®)
2 Vz

0z

where: {L} — vector operator, {v} — vector speed of the vehicle.
Let's write Fourier's law (7) in matrix form:
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{Q} = —[KNL3T, ©)

where: [K] — matrix with the corresponding coefficients K., K,,,, K,, by axles X, Y, Z, which are equal in all
directions for isotropic materials: K., = K, = K, [13]:

K, 0 0
[Kl=|0 Ky, 0 (10)
0 0 K,

When combining equations (7) and (9), we get the following expression:

pCy (55 + (0} {LIT) + {137 (KI{LIT) (11)

Let's rewrite (11) in the following form:

aT aT aT aT a aT a oT a aT
- z Z Y=k, S+ (k=) + = (k, = 12
pCy (at + Ux at t oy at t v at) dx (kx ax) + dy (ky 6y) + dz (kz 62) (12)
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Fig. 8. Heat load of brakes: a) heat flow of the disc; b) temperature of the disc and pad; c) heat flow of the disc at 20 s; d)

temperature of the pad at 20 s

In general, the typical boundary conditions of thermal calculation can be attributed to [13]:

- surface temperature: SURF: T =T*;

- thermal dissipation on the surface: SURF,: {Q}"{n} = —Q*;

- convection on the surface: SURF.: {Q}"{n} = h(T, — Ty),
where: SURFr, SURF,, SURF, — surface temperature, flow and convection; T~ - the temperature given at the
surface; Q" - the heat flux given at the surface; T, — surface body temperature; T, - environment temperature; h -
coefficient of convective heat transfer.

In turn, the thermal expansion presented in the graph (Fig. 6a) can be described by the following
conditions, which are relevant for the behavior of solid bodies:

- thermal coefficient of volumetric expansion (measured in inverse degrees Kelvin, K1):

1oV

a=1(%) (13)
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If the volume expansion coefficient changes significantly with temperature, then the equations must be
integrated:

v fT?*S" a(T)dT (14)

|4
- thermal expansion of the area of a solid body:
AS = 2asS,At, (15)

where: T, - initial temperature; AS — area change (for example, brake pads or disc); S; — starting area; At —
temperature change.

Results of studies under variable load

We have previously considered the behavior of the brake system consisting of a disc and pads under a
constant external load (pressure) from hydraulic cylinder on them: the static position of the pads during the entire
experiment lasting 20 s and constant travel (A=1.501 mm). How will the system show itself if we increase the
pressure in the hydraulic cylinder and set the pads movement according to the linear law (Table 2)?

Table 2
Dynamics of brake pads movement during the experiment (20 s)
Moment of time 0s 0.1s 0.2s 0.3s 1s 5s 10s
A 0mm 0.75 mm 1.5mm 1501 mm | 1.508 mm | 1.548 mm | 1.598 mm

Fig. 9. Stress-deformable state of the brake rotor

This setting of boundary conditions leads to jamming of the brakes, because two factors come into play:
the increase in pressure from the side of the pads; the thermal expansion of pads together with the disc. The stress
map at the critical moment is presented in Fig. 9 - the plastic deformation of the disc is visually observed as a
result of an attempt at inertial scrolling. As you can see, the experiment stopped at the 8th second - the further
process is a static state of the system and does not require an assessment of its behavior (the disc cools down to
the initial 22°C). Rotor and pad stress trends are demonstrated on Fig.10 — fluctuations on the graph mean the
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ventilation channels influence on the stress meaning. Additional plasticity of the material during the long-term
friction is provided by an increase in temperature as a result of pressure growth - the disc model received 32-37%
higher temperature values compared to the previous experiment (unchanged travel of pads A=1.501 mm). Such
results lead to the opinion of the necessity to arrange not only the structural optimization of the disc (ventilation
channels), but also force to think about the relevance of using heat-resistant materials for the production of brakes:
ceramics, which is a standard point in the premium segment of cars, sports cars, etc.
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Fig. 10. Brake stress under the variable load: a) disc stress graph; b) pads stress graph

Conclusions

1. The results of thermal behavior and stress-strain state of ventilated disc brakes presented in the work
using the ANSY'S Coupled Field Transient calculation environment are of a practical nature not only from the
point of view of designing new vehicles with the appropriate selection of the optimal brake configuration for them,
but also the optimization of existing structures. The research provides such valuable data as: temperature
distribution along the rotor and pads during the friction process; heat dissipation, cooling and ventilation activities;
selection of suitable materials for the production of friction pairs; creating an optimal configuration of the disc
ventilation holes; determination of the required pressure in the hydraulic cylinders, taking into account the mass
of the vehicle and the conditions of its operation (speed, convection of the medium, etc.).

2. The results obtained in the conditions of a pads static position during the entire experiment lasting 20 s
with their constant travel (A=1.501 mm) allow us to quantitatively assess the influence of thermal expansion on
the key performance indicators of the brakes as a result of friction (heating from 22°C to 35.04°C). This approach
provides an understanding of the necessity to remove heat and ventilate the brakes, because the trends presented
in the graphs indicate an exponential rather than a non-linear increase of the disc volume during heating, and
suggest the inevitability of jamming / burning of the brakes (depending on the degree of vehicle movement inertia)
with prolonged contact of friction pairs.

3. The use of the ANSYS Coupled Field environment in conjunction with the boundary conditions proposed
in the work allows you to form your own effective brake modeling methods, which is especially useful in the
conditions of small design studios and workshops, which, in fact, are often involved in the production and design
of lightweight vehicles: motorcycles, e-bikes, ATVs, scooters, buggies, etc.
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TIonenko K.E., Inxa O.B., Haarypckac 0., Ba6ak O.I1. Tepmiunuii Ta HanpyxeHo-Ae(hOPMOBAHUIA
CTaH Map TepTd BEHTUJIIbOBAHUX AUCKOBHUX I'aJibM JIETKUX TPAHCIIOPTHUX SaCO6iB

PoGora npencraBisie co0O0 AOCIIKEHHS TEIUIOBOI MOBEJIHKH Ta HaNpyKeHO-IepOpMOBaHOTO CTaHY
BEHTHJILOBAHUX TUCKOBHX T'aJIbM JISTKHX TPAHCIIOPTHUX 3aC00iB (CKyTEpiB, eIeKTPOOaKiB, KBaIPOIMKIIIB, TOIIO)
3a JIOTIOMOTOI0 po3paxyHKoBoro cepemoBuima ANSYS B pi3HHX peknMaxX BHIIPOOyBaHb. MoJIENIOBaHHS
PO3IOALTY TeMITepaTypH B POTOpPi (OUCKY) i BiANOBITHUX TaTbMIBHUX KOJIOJKAX BH3HAYAETHCS 3 YPaxXyBaHHIM
psny GakTopiB i BXiTHAX MapaMeTpiB MiJ gac oreparii ralbMyBaHHS: BEIHYNHH IIBUAKOCTI OOCPTaHHSA, 3a30PY
MDK KOJIOAKAaMH 1 JUCKOM, IIBUIKOCTI MPHKJIAJCHHS HaBaHTaXXEHHs, TEIUIOBOTO PO3LIMPEHHS Ta iH. UncenbHe
MOJICTIOBAHHs MEPEXiJIHOT0 TEIUIOBOTO IO Ta TOJI HANPYXEHb B 00JacTi KOHTAKTy KOJIOJOK Ta JUCKY
3IIMCHIOETHCS METOZOM IIOCIIIIOBHOTO TEPMOCTPYKTYPHOTO 3B’ 3Ky IPOMIDKHUX PO3PaXxyHKOBHX CTaHIB MOJEI
ranpM y cepenoBuili ANSYS Coupled Field Transient. [[jiss KOMIICKCHOT OIiHKY TIOBEIIHKH T'ajbM B IMyOJTiKarii
PO3IIISIIAIOTECS [BAa MIAXOJM HaBaHTaxeHb: crane (TpuBamicTio 20 ¢) 3 (akropoM BIUIMBY y BHIIISAIL
TEMIIEPaTYPHOTO PO3IIUPEHHS B PE3YJIbTaTi TEPTS KOHTAKTHHUX Map; JiHIiiHE HABaHTaXXEHHS 3 OOKY KOJIOJIOK Ha
JIUCK 3 BIATIOBITHUM 3pOCTaHHSIM THCKY @K O MOMEHTY OJIOKYBaHHS OO€pTaHHS CUCTEMH. TaKOXK JOCIHIKEHHS
BKITIOYA€ B ceOe OIiHKY BIUIMBY BEHTIIAIIMHUX KaHANIB POTOpa Ha XapakTep IUISIMA KOHTAKTY 3 TaJIbMiBHUMU
KOJIOZKaMH (BIIKPUTHH AaNbHIM KOHTAKT, KOHTAKT KOB3aHHS, 3ajMIaHHsA Tomo). Kpim Toro, mokasaHo, o
He3BaKAalOYM Ha JIiHIIfHE 3pOCTaHHA THCKY KOJIOZOK Ha pOTOp, rpadiku Temreparyp, 00’eMy (TEIIoBOTrO
PO3LIMPEHHS) 1 HANPY>KEHb MalOTh NMapadoIiYHIH XapaKTep 13 HeMPONOPLUiIHHUM 3pOCTaHHIM MOKa3HUKIB. Takuit
pe3yJIbTaT 3MYILIyE NMPUHATH 10 BUCHOBKY, II0 HEMOJIMBO INEpea0avnTH MOBEIIHKY rajbM Ha OCHOBI aHaJI3y
KOPOTKOTO TIPOMDKKY 4Yacy eKCIIEPUMEHTY - IIPOBEJCHHS JOBIOCTPOKOBHX aHATITUYHHUX JOCHIIKEHb €
HaJ[3BUYAIHO Ba)XKJIMBUM Y BUIIAJIKY TaJIbM.

KuarouoBi cjioBa: TepTs, TaqbMiBHUN JWCK, TAIBMIBHI KOJIOJKH, TETUIOBE HABAHTAXKEHHS, HANPY>KEHO-
neOpMOBaHHNA CTaH, TEIUIOBHUI MOTIK, HaNpy>keHH (oH Mi3zeca, KOHTAaKTHUI THCK, TEIUIOBE POIINPEHHS.
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Abstract

In this work, a multicriteria optimization of the technology for applying discrete coatings by electrospark
alloying in the restoration of bronze parts is carried out. As criteria for optimizing the process of electrospark
alloying, tribotechnical characteristics were chosen — the wear intensity and friction coefficient of the coating. As
adjustable parameters, those design, technological and operational factors that have the greatest influence on the
value of optimization criteria are used: coating material; lubricant; operating current; amplitude of electrode
oscillations; sliding speed; specific load. As a result of experimental studies, experimental dependences of wear
intensity and friction coefficient for various coating materials, sliding speeds and lubrication conditions were
obtained. The use of multicriteria optimization of the electrospark alloying technology made it possible to obtain
various alternative coating options and technological parameters of their application for various operating
conditions. Of the studied coatings, the most effective is a two-layer coating with the first layer SP-2 and an outer
layer of the base material bronze BrAZhMts 10-3-1.5, which is explained by the formation of wear-resistant areas
based on Mn and Ni. Multiparametric optimization of the electrospark alloying technology made it possible to
reveal a combination of structural and technological factors that ensure the formation of discrete coatings with
high operational properties in the restoration of bronze parts.

Key words: electrospark alloying, discrete coatings, bronze parts, multicriteria optimization, tribotechnical
characteristics, design and technological factors.

Introduction

Parts made of bronze are one of the most common elements of plain bearings, which limit the resource of
the entire unit. Taking into account the high cost of such material, its scarcity, rapid wear, as well as the fact that
such parts are usually replaced with new ones during repairs, makes the problem of restoring bronze parts relevant
[1-3].

The data of bronze parts fault detection results during the modern aircraft overhaul indicate that about 82%
of the parts are rejected due to increased wear [4]. This is due to high specific loads at low sliding speeds,
contamination of the contacting friction surfaces with abrasive, dust, condensate, as well as the non-additivity of
the lubricant. Such units, in addition to plain bearings, include swivel-bolt joints, hinges with ball supports, etc.

The search for progressive coating application technologies for the restoration of worn parts operating under
extreme friction and wear conditions showed that the coating application methods that are traditionally used in the
aircraft repair industry do not allow effective restoration of triboconjugations parts "steel — bronze".

It was shown in [5-7] that one of the most effective and economical ways to eliminate wear of parts,
including bronze ones, is the method of electrospark alloying (ESA).

Literature review

A number of works [8, 9, etc.] are devoted to the study of bronze parts restoration technology.
The work [8] presents a classification of existing methods applicable to the restoration of bronze plain
bearings. According to this classification, all methods can be divided into two main groups:

Copyright © 2023 E.K. Solovykh, 1.V. Shepelenko, M.I. Chernovol, S.O. Mahopets, A.E. Solovuch, S.E. Katerynych. This is an
w open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
© reproduction in any medium, provided the original work is properly cited.
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- restoration of parts by applying coatings on worn surfaces;

- restoration of parts dimensions by plastic deformation.

At the same time, the author [8] concluded that the presented recovery methods require the final machining
operation (boring, grinding, etc.) in order to obtain dimensional accuracy and surface roughness. Therefore, to
restore the internal surfaces of bronze bushings, it is advisable to use combined processing methods.

In works [5, 6], the effectiveness of bronze parts restoration by ESA was declared. The predominant area
of ESA application is the restoration and hardening of worn parts. This method is based on the use of a concentrated
energy flow — a spark discharge. ESA differs from a number of other methods of applying wear-resistant coatings
by the low energy intensity of the process, environmental friendliness, and simplicity of the technological
operation. The use of ESA technology does not require highly qualified service personnel, as well as the previous
preparation of the hardened surface. ESA is characterized by small equipment dimensions, the possibility of local
coating application on any conductive materials, and is implemented both in a mechanized version (with process
automation) and in a manual vibrator version [10]. A comparison of the ESA method with gas-thermal spraying
and laser processing shows the advantages of ESA in power consumption, equipment dimensions, material
utilization rate, equipment cost and the need for surface preparation. In contrast to such mass technologies as gas-
thermal spraying and PVD, much less research has been devoted to the ESA method. This refers the ESA
technology to developing and promising technologies.

The ESA method is increasingly used in industry to improve the wear resistance and hardness of machine
parts surface, including those operating at elevated temperatures and aggressive environments, to increase heat
and corrosion resistance, as well as to restore worn surfaces of machine parts during repairs. Despite the fact that
ESA has a positive effect on the wear resistance of the surface layer, its disadvantages often limit the
implementation of this method for a wide range of machine parts. Such disadvantages include a change in surface
roughness after ESA, uneven surface hardening, a negative effect of an electric discharge on the fatigue properties
of products, and the appearance in some cases of a sublayer with reduced hardness in hardened products [5].

The undoubted advantage of the ESA method is the possibility of applying coatings of a discrete structure,
which were studied by the scientific school of Professor B.A. Lyashenko. They found that a feature of most worn
parts is the local nature and uneven wear. Taking into account this feature, the authors [5-7] developed a technology
for restoring parts by applying discrete coatings of variable thickness in accordance with the diagram of uneven
wear.

The efficiency of applying discrete coatings is confirmed by a number of studies [6, 7, etc.]. In particular,
it was shown in work [10] that the minimum wear of the coating is observed at continuity w = 55...65% (Fig. 1).
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When applying discrete coatings, the ESA method has a number of advantages:

- a single electric discharge makes it possible to ensure the stability of the dimensions and properties of a
separate discrete section of the coating;

- by changing the electrical parameters of each individual discharge, it is possible to apply discrete sections
of various sizes and, above all, of various thicknesses;

- by changing the pulse frequency or the speed of the electrode and the part relative movement, it is possible
to control the number of discrete sections on the working surface of the part, as well as the continuity of the coating;

- there is no need for additional heat treatment, since the discrete section is in a hardened state when the
discharge heat is removed to the mass of the part;

- the ability to restore large parts.

In order to develop a technology for the restoration of bronze parts by ESA, it is very important to establish
a connection between the tribotechnical characteristics of the studied surface and with design, technological, and
operational factors. This will allow choosing coating options and technological parameters of their application for
various conditions, providing the formation of coatings with high operational properties.
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Purpose

The aim of the work is to find optimal solutions and establish connections between tribotechnical
characteristics — wear rate and friction coefficient with design, technological and operational factors when applying
discrete coatings by the ESA method.

Research Methodology
Bronze BrAZhMts 10-3-1.5, which works in triboconjugations of aviation equipment in contact with steel

30HGSN2A, was chosen as the base material for coating application. The chemical composition of the studied
materials is presented in Tables 1-2.

Table 1
Chemical composition of bronze BrAZhMts 10-3-1.5, % [11
Fe Si Mn P Al Cu Pb Zn Sn Impurities
2-4 >01 1-2 >0.01 9-11 | 823-88 | >0.03 > 05 > 0.1 0.7
Table 2
Chemical composition of steel 30HGSN2A, % [11]

C Si Mn Ni S P Cr Cu Fe

0.27-0.34 09-12 10-13 14-18 >0.025 >0.025 | 09-12 >0.3 ~94

To apply coatings by the ESA method, a serial installation "Elitron-22" was used. The electrode materials
were SP-1 and SP-2 alloys, the compositions of which are given in Table 3.

Table 3
Chemical composition of electrodes, % [6]
Name of electrode Composition of elements, %
material Al Si Mn Fe Ni Cu
SP-1 3-5 1 38-40 1-2 34 -35 16 - 17
SP-2 - 8-9 36 -37 1-2 33-34 1

When choosing an antifriction wear-resistant material for ESA electrodes, Mn and Ni were taken as the
basis. Manganese increases strength, plasticity and corrosion resistance. Nickel improves mechanical properties,
increases heat resistance and corrosion resistance. A further increase in the tribotechnical characteristics of the
electrode material was carried out by introducing alloying additives Al, Si, Fe and Cu [6].

Studies on friction and wear of experimental coatings were carried out on a universal friction machine
SMT-1 according to the “disk — block” scheme. In this case, the lubrication conditions were provided by a special
hermetic chamber. CIATIM-201, AMG-10, and Svintsol-01 were used as a lubricating environment [6].

For a rational choice of the discrete coating structure parameters, preliminary experiments were carried out
to establish the dependence of wear resistance on the continuity characteristic w. The coefficient  is determined
by the ratio of discrete coatings area to the total area.

The size of the coating area was determined based on the results of metallographic analysis of the surface
using digital image processing methods on a PC (Fig. 2). For this purpose, a program was written in C++ using
the Qt framework and OpenCV image processing libraries [12].

Fig. 2. The interface of the program for determining the coating area: 1 — a selected area without an applied coating; 2 — not
selected area with an applied coating; 3, 4 — controls that allow you to adapt the selection algorithm to the capabilities of the
chamber; 5 — the ratio of not selected area to the total area of the photograph [12]

Since the minimum wear of the coating is observed at continuity w = 55...65% (Fig. 1), in all further studies,
continuity w = 0.6 was used.
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Three types of coatings were tested:

1) coating by electrode SP-1;

2) coating by electrode SP-2;

3) two-layer coating SP-2 + AP with the first layer SP-2 and the outer layer of the base material — bronze
BrAZhMts 10-3-1.5.

The composition of the coating SP-2 + AP is justified by the fact that for high anti-scratch resistance it is
advisable to apply a thin layer of a softer material on a hard surface, which plays the role of a solid lubricant. In
this case, defects in the form of scratches will not appear on the surface, which, in practice, always puts out of
action the triboconjugation. The SPD method was used as the finishing treatment of the coatings. Hardening of the
coating surface layers by the SPD method ensures the achievement of the required surface roughness and
dimensions of parts without machining, as well as an increasing its hardness and wear resistance [13]. As criteria
for optimizing the ESA process, the main tribotechnical characteristics are chosen — the wear rate and the friction
coefficient of the coating.

Results

The use of expert evaluation methods and a series of screening experiments [14] made it possible to obtain
an average a priori ranking of the input factors influencing the ESA process (Fig. 3).
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Fig. 3. Ranked number of factors: 1 — coating material; 2 — operating current of the ESA; 3 — amplitude of the ESA electrode
oscillations; 4 — sliding speed; 5 — specific load; 6 — lubricant; 7 — coating thickness; 8 — electrode diameter; 9 — discreteness
parameter y; 10 — application time

Modeling the coating application process based on the analysis of the conducted ranking made it possible
to determine the group of parameters that have the greatest influence on the value of the optimization criteria, and
therefore, the following factors were included in the planning matrix as adjustable factors: coating material;
lubricant; operating current of the ESA; amplitude of electrode oscillations; sliding speed; specific load. Controlled
factors and levels of their variation are presented in Table 4.

Table 4
Controlled factors and levels of their variation
Factors Levels of variation
Coating material SP-1 SP-2 SP-2 + AP
Lubricant AMG-10 Svintsol-01 CIATIM-201
Operating current, A 1-4
Electrode oscillation amplitude, mm 0,2-0,5
Sliding speed, m/s 0,1-05
Specific load, MPa 0-20

Taking into account the data (Table 4), an experiment plan was generated. As a result of experimental
studies, the tribotechnical characteristics of the studied coatings of a discrete structure were obtained when
changing structural, technological and operational factors according to the plan of the experiment. Based on the
results obtained, the dependences of the wear intensity and friction coefficient were constructed in accordance
with the working matrix of experiment planning. Dependences of wear intensity and friction coefficient for various
coating materials, sliding speeds and lubrication conditions are shown in Fig. 4-6.
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Fig. 4. Tribotechnical characteristics (I and p) for SP-1 coating under lubrication conditions:
a— AMG-10 lubricant; b — CIATIM-201 lubricant; ¢ — Svintsol-01 lubricant
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Fig. 5. Tribotechnical characteristics (I and p) for SP-2 coating under lubrication conditions:
a— AMG-10 lubricant; b — CIATIM-201 lubricant; ¢ — Svintsol-01 lubricant
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Fig. 6. Tribotechnical characteristics (I and p) for SP-2 + AP coating under lubrication conditions:
a— AMG-10 lubricant; b — CIATIM-201 lubricant; ¢ — Svintsol-01 lubricant

According to X-ray structural analysis, the surface structure during friction represents a stable secondary
structure, the quantitative characteristics of which sharply change at P.r > 3.5 MPa. The results of the conducted
experiment made it possible to reveal the tribotechnical characteristics of the coatings under the conditions of
using various lubricants, at various sliding speeds and specific loads.

Of the studied coatings, the best results were shown by the SP-2 + AP coating. There are no scratches,
cracks, or wear marks on the friction surface of this coating, which, in our opinion, is the result of wear-resistant
areas formation based on Mn and Ni and is confirmed by micro-X-ray structural analysis data (Fig. 7).

a) b) c)
Fig. 7. Depth of penetration and distribution of alloying elements from the SP-2 coating into the base: a — aluminum
distribution; b — manganese distribution; ¢ — nickel distribution
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The influence of the lubricant type on the friction surface is shown in Fig. 8.

Fig. 8. Microstructure of the friction surface of electrospark coatings in a lubricating environment: a — AMG-10; b —
CIATIM-201; ¢ — Svintsol-01

It should be noted that the CIATIM-201 anti-friction consistent lubricant is currently used to reduce friction
and wear in the control units of aircraft and their engines, landing gear attachment points and mechanisms for
closing it, wheel bearings and various electrical units, weapons mechanisms, special equipment and devices. When
operating aviation equipment for hydraulic systems, in which sealing parts and hoses are made of oil-resistant
rubber, AMG-10 oil is currently used as a working fluid. Svintsol-01 lubricant is characterized by a high antiwear
effect and is a product of the combination of CIATIM-201 consistent lubricant and 10% lead powder, and is used
in the operation of aviation equipment in units where the high specific pressure takes place, as it has a high stability
of the boundary lubricating skin due to the presence of lead powder, which plays the role of a solid lubricant and
protects the contact surfaces from scratching [15].

A more complete and accurate assessment of the connection between tribotechnical characteristics and
design, technological and operational factors is provided by regression analysis of experimental results.

A graphical study of response surfaces shows a significant influence of factors on dependent variables (Fig.

a) b)
Fig. 9. Wear intensity response function | from:
a—operating current I, and amplitude of the electrode A oscillations; b — sliding speed V and specific load R,

The thickness of the coating plays a significant role in optimizing the ESA technology. Therefore, a separate
experiment was carried out to establish the dependence of the wear intensity | on the coating thickness h; while
fixing the remaining ranked factors. The results are shown in Fig. 10.
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Fig. 10. Dependence of wear intensity | on coating thickness h,
(V =0.2 m/s, Ry, = 15 MPa, under conditions of Svintsol-01 lubrication)

For normal operation of coatings SP-1 and SP-2, their thickness should not exceed 0.6 mm. Coating SP-2
+ AP has a high anti-scratch resistance due to the plastic outer layer. This makes it possible to apply SP-2 + AP

coating up to 0.8 mm thick without decreasing of operational characteristics.
Thus, with the help of mathematical models, through multicriteria optimization, it is possible to obtain
several alternative coating options and technological parameters of their application for various operating

conditions.
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Conclusions

Multicriteria optimization of applying discrete coatings technology in the restoration of bronze parts by
electrospark alloying led to the following conclusions:

1. Alternative variants of coatings and technological parameters of their application for various operating
conditions have been obtained.

2. Of the studied coatings, the most effective is the two-layer coating SP-2 + AP with the first layer SP-2
and the outer layer of the base material bronze BrAZhMts 10-3-1.5. This is explained by the formation of wear-
resistant sections based on Mn and Ni.

3. Multiparametric optimization of the ESA technology made it possible to reveal a combination of
structural and technological factors that ensure the formation of coatings with high operational properties.
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Cogoeux E.K., lllenenenxo I.B., Yepnoroa M.I., Maroneus C.O., Conoux A.E., Karepunuu C.E.
OnTumizaiis TEXHOJOTil HAHECeHHA JTUCKPETHHX TOKPHUTTIB TPW BiJHOBJICHHI OpPOH30BHX JeTajeH
€JIEKTPOICKPOBUM JICTYBAHHSIM

B poboti BuKoHaHO OaraToKpuTepiallbHAa ONTHMI3allisl TEXHOJIOTii HAHECEHHS IUCKPETHHX MOKPHUTTIB
€JIEKTPOICKPOBUM JIETYBaHHSM IIPH BiIHOBIICHHI OPOH30BHUX IeTaineil. B sxocTi kpuTepiiB onTuMizarii mporecy
00paHO TpUOOTEXHIUHI XapaKTEpPUCTUKHU. IHTEHCHBHICTh 3HOIIYBAaHHS Ta KOE(DILIEHT TepTs MOKPUTTA. Sk
peryibpoBaHi IapaMeTpy BUKOPUCTAHO caMe Ti KOHCTPYKILIiHHI, TEXHOJIOTIUHI Ta eKCIUTyaTaliiHi dakTopu, sKi
HaWOUIbIIOI MIpOI0 BIUIMBAIOTh Ha BHUXIJHY BEIWYMHY: Marepiall MOKPHUTTS; MacTWIIO; POOOUYMi CTpyM;
aMILTITyJja KOJIMBAaHb €JEKTPOAY; IIBUAKICTh KOB3aHHS; IIMTOME HaBaHTaXXEHHs. B pe3ynbrari mpoBeaeHHS
EKCIIEPUMEHTAIBHUX JOCII/PKEHb OTPUMAaHO EKCIIEPUMEHTAJbHI 3aJIe)KHOCTI IHTEHCHBHOCTI 3HOILIYBaHHS Ta
Koe(illieHTa TepTd BiJ MUTOMOTO HaBaHTAXXEHHS JUIsl PI3HUX MaTepiajiB MOKPHUTTIB, MIBUKOCTEH KOB3aHHS Ta
YMOB 3MaleHHA. 3acTOCYBaHHS OaraTOKpHTEpiabHOI ONTHMI3allii TEXHOJIOTIi eIeKTPOICKPOBOTO JIETYBaHHS
HAJIaJ0 3MOTY OTPHUMATH Pi3Hi aJbTePHATHUBHI BapiaHTH MOKPHUTTIB Ta TEXHOJOTIYHUX ITapaMeTpiB iX HAHECEHHS
U Pi3HUX YMOB eKCIuTyartarii. I3 JocmimkeHHX MOKPHUTTIB HAWOUIbII eQeKTHBHE — IBOMIAPOBE MOKPHUTTS 3
nepmM mapom CII-2 ta 30BHIIIHIM mIapoM i3 Matepiairy ocHOBH — Opor3u bpAXKMi 10-3-1,5, mo noscHioeTbes
YTBOPEHHSM 3HOCOCTIMKMX MAiITHOK Ha ocHOBI Mn Ta Ni. BaratomapamerpmyHa omTHMI3allisi TEXHOJOTI]
€JIEKTPOICKPOBOTO JIETYBaHHS J03BOJIMIIA BUSBUTH NOEAHAHHS KOHCTPYKIIIMHAX Ta TEXHOJIOTIYHUX (PaKTOpiB, SKi
3a0e3neuyroTh (OpPMyBaHHS AUCKPETHUX IOKPUTTIB 3 BHCOKMMH EKCIUTyaTalliiHUMH BJIACTHBOCTSIMH IIPH
BIZIHOBJICHHI OPOH30BHX JieTaJCH.

Koro4oBi ciioBa: enekTpoicKpoBe JIeryBaHHs, TUCKPETHI HOKPUTTS, OPOH30BI JeTali, DaraTokpurepianbHa
onTUMi3anis, TPUOOTEXHIYHI XapaKTEpPUCTUKH, KOHCTPYKLIIHI Ta TEXHOJIOTTUHI (akTopu
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Abstract

The article is dedicated to the establishment of peculiarities of tire wear of garbage trucks during the
transportation of solid waste. Using the planning of the first-order experiment with the first-order interaction
effects using the Box-Wilson method, adequate dependencies of wear of garbage truck tires on the front and rear
axles due to the transported mass of municipal solid waste and the mileage of the garbage truck were determined.
It was established that, according to the Student’s criterion, among the investigated factors of influence, the wear
of garbage truck tires on both the front and rear axles is most affected by the transported mass of municipal solid
waste, and the least — by the mileage of the garbage truck. The response surfaces of the objective functions — tire
wear of the garbage truck on the front and rear axles and their two-dimensional sections in the planes of the impact
parameters are shown, which allow to visually illustrate the indicated dependences of the objective function data
on individual impact parameters. The dependencies of the number of routes of the garbage truck to the maximum
allowable tire wear on the front and rear axles were obtained. The response surfaces of the target functions — the
number of routes of the garbage truck to the maximum permissible wear of the tires on the front and rear axles and
its two-dimensional sections in the planes of the influence parameters, which allow to visually illustrate the
specified dependencies, are obtained. The expediency of conducting further research on the influence of speed,
unevenness of the road surface, weather conditions and other factors on the wear of garbage truck tires has been
revealed.

Key words: wear, tire, garbage truck, municipal solid waste, dependence, experiment planning.
Introduction

The increase of the wear resistance, reliability and durability of machine parts occupies a prominent place
among the important tasks of utility engineering [1, 2]. The collection and transportation of municipal solid waste
(MSW) to landfills, processing and disposal sites in Ukraine is mainly carried out by body garbage trucks in the
amount of more than 3,800 units, which are able to compact solid waste, reducing transportation costs and the
required area of landfills. At the same time, during the technological operation of solid waste transportation by
garbage trucks, their tires are subjected to intensive wear. This is due to the significant carrying capacity and length
of garbage trucks’ routes, since the placement of solid waste landfills takes place outside the sanitary zone, which
in Ukraine is 30 km from populated areas. The wear and tear of the fleet of garbage trucks of municipal enterprises
of Khmelnytskyi region during 2015-2020, despite the measures taken, almost did not change: it decreased only
from 63% to 59% [3, 4]. According to the text of Resolution of the Cabinet of Ministers of Ukraine No. 265 [5],
it is particularly important to ensure the use of modern highly efficient garbage trucks in the country’s communal
economy, as the main link in the structure of machines for collection, transportation and primary processing of
solid waste. This allows not only to solve a number of environmental problems, but also to increase the reliability
of the work of utility companies as a whole. The planning of renewal, maintenance and repair of garbage trucks is
facilitated by the determination of the regression dependencies of wear of garbage truck tires on the front and rear
axles from the transported mass of municipal solid waste and the mileage of the garbage truck.

Copyright © 2023 O.V. Berezyuk, V.I. Savulyak, V.O. Kharzhevskyi. This is an open access article distributed under the Creative
w Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
£ original work is properly cited.
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Analysis of recent research and publications

In the materials of the work [6], an improved mathematical model of the operation of the solid waste dehydration
drive in the garbage truck was proposed, which takes into account the wear of the auger, made it possible to numerically
study the dynamics of this drive during start-up and determine that with an increase in the wear of the auger, the pressure
of the working fluid at the inlet of the hydraulic motor of the drive increases, and the angular the speed and frequency
of rotation of the auger are significantly reduced with a constant supply of working fluid.

The power-law regularities of changes in the nominal values of the pressures at the hydraulic motor inlet,
angular velocity and rotation frequency of the auger depending on the amount of its wear were determined, the
last of which describes the deviation from the optimal rotation frequency of the auger during its wear and was used
to determine the energy intensity of solid waste dehydration taking into account the wear of the auger. It was found
that the wear of the auger by 1000 um leads to an increase in the energy intensity of solid waste dehydration by
11.6%, and, therefore, to an increase in the cost of their dehydration in the garbage truck and acceleration of the
wear process.

In the article [7] it was established that the resource of large-sized tires depends on many factors of the
operating conditions, which lead to their premature scrap due to an excess of the thermal state and, as a result,
peeling of the tread. Management of the thermal state of the large-sized tire, taking into account the rational loading
of the dump truck during operation, allows you to achieve its maximum productivity. To determine the productivity
in various conditions of operation of quarry dump trucks, the computer program "Optimal degree of loading" has
been developed.

The paper [8] provides an analysis and assessment of factors affecting the wear of large-size tires of quarry
dump trucks, and recommendations for increasing their service life.

In the materials of the article [9], the problem of increasing the accuracy of determining the resource of
pneumatic tires of trucks is considered. Tire resource calculations were carried out using 5 methods, the results of
which were compared with the results of an experimental study, which showed the need to refine the calculation
methods to solve the specified problem. It is noted that the more accurately the tire resource is determined, the
more qualitative the management of the technological processes of tire maintenance, their replacement, and
scrapping will be, which will significantly affect traffic safety and the economic indicators of the operation of the
motor vehicle enterprise.

In work [10], a mathematical model of wear of a highly elastic wheel during its rolling on a rigid base was
developed. In the proposed model, it is assumed that wear occurs in the sliding region, and the intensity of wear is
a power-law function of pressure. A distinctive feature of the model is accounting for changes in contact pressures
on the contact area, the size of the contact area, and the extent of the sliding sub-region during wear. An analytical
dependence was obtained for calculating the length of the slip zone. The kinetics of the change in the radius of a
highly elastic wheel during wear was studied. A theoretical-experimental method of calculating the wear life of a
massive highly elastic wheel when rolling on a rigid base is proposed. An analysis of the influence of the relative
slip on the durability of a massive highly elastic tire was carried out. The nature of the influence of the parameters
of the wear law on the evolution of contact characteristics and the service life of the wheel was studied.

Inthe article [11], on the basis of measurements of the height of the tire tread pattern in operating conditions,
one-factor linear and quadratic models of the dependence of car tire wear on mileage were determined. Factors
affecting critical wear of tires were analyzed: accumulation of fatigue stresses and destruction in the tread rubber
array; increasing unevenness of wear along the length of the treadmill, which results in variability of the rolling
radius; increasing the stiffness of the tire in the tangential and normal directions; reducing the diameter of the tire.
Recommendations for reducing the wear of truck tires for the enterprise in real conditions have been developed.
Recommendations for improving control over the technical condition of the company’s vehicle fleet based on
information on the nature and intensity of tire wear are proposed.

The authors of the paper [12] describe the specifics of the work of vehicles for collecting and transporting
municipal solid waste to the places of their further handling, show the method of measuring the height of the tire
tread pattern, and also give the average arithmetic values of the wear of garbage truck tires installed on the front and rear
axles depending on from the transported mass of solid household waste and the mileage of the garbage truck.

In the article [13], a regression analysis was used to determine a regularity that describes the dynamics of
wear and tear of garbage trucks in general in the Khmelnytskyi region and allows it to be predicted and planned for
the infrastructure of municipal enterprises (warehouse and renewal of garbage trucks, production base for
maintenance and repair), which is necessary for solving problems of municipal solid waste management.

However, as a result of the analysis of known publications, the authors did not find specific mathematical
dependences describing the tire wear of the garbage truck on the front and rear axles on the transported mass of
solid household waste and the mileage of the garbage truck.

Aims of the article
The aims is to study the influence of the transported mass of municipal solid waste and mileage on the wear
of garbage truck tires.

Methods
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The determination of the dependencies of garbage truck tire wear on the front and rear axles from the
transported mass of municipal solid waste and garbage truck mileage was carried out by planning a first-order
experiment with first-order interaction effects using the Box-Wilson method [14]. The coefficients of the
regression equations were determined using the developed computer program "PlanExp", which is protected by a
certificate of copyright registration and is described in the work [15].

Results

Preliminary processing of the results of experimental studies [12] showed that the wear of garbage truck
tires on different axles is a function of the following 2 main parameters:

Ugn, Ugy = T(m, L), 1)

where Ura, Ura —tire wear of the garbage truck on the front and rear axles, respectively, um; m — transported
mass of solid household waste, tons; L — mileage of the garbage truck, km.

The study of the influence of the above factors on the wear of garbage truck tires when processing the
results of one-factor experiments by the method of regression analysis is associated with significant difficulties.
Therefore, in our opinion, it is advisable to conduct a multivariate experiment to obtain a regression equation for
the response functions — wear of garbage truck tires on different axles using the planning of a multivariate
experiment using the Box-Wilson method [14].

The average arithmetic values of wear of garbage truck tires installed on one axle depending on the
transported mass of solid household waste and the mileage of the garbage truck are given in the table 1 [12].

Table 1
Average arithmetic values of wear of garbage truck tires installed on one axle [12]
. Wear, um
Transported mass Mileage L, km
Ne m, tons
' Front axle Rear axle

1 41,16 1304,63 98,715 136,8
2 46,9 1021,63 114,55 157,5
3 76,72 1597,33 191,5 245,8

Based on the data in table 1, using the planning of the first-order experiment with first-order interaction
effects, applying the developed software, which is protected by a certificate, after rejecting insignificant factors
and interaction effects according to the Student’s criterion, the dependencies of wear of garbage truck tires on
different axes depending on the transported mass of solid household waste and garbage truck mileage:

Up, = 2,507m—0,006786L +8,186-10°mL ; @
Un, = 3,539m +0,003974L — 2,615-10*mL. @3)

In the fig. 1 are shown the response surfaces of the target functions — tire wear of the garbage truck on the
front ura and rear uga axles and their two-dimensional cross-sections in the planes of the influence parameters,
constructed with the help of dependencies (2, 3), which allow you to visually illustrate the specified dependencies.

It was established that according to Fisher’s test, the hypothesis about the adequacy of regression models
(2, 3) can be considered correct with 95% reliability. The coefficient of multiple correlation was R = 0.99999,
which indicates the high accuracy of the obtained results.

Upgy um Ugg,um

i, tons 1, tons

a) b)
Fig. 1. Response surfaces of the target functions - the wear of the tires of the garbage truck on the front
Ura and rear ura axes and its two-dimensional sections in the planes of influence parameters: (a) — ura = f(m, L), (6) —
ura = f(m, L)
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According to the Student’s criterion, it was established that among the investigated factors of influence, the
weight of municipal solid waste transported has the greatest influence on the wear of garbage truck tires on both

the front and rear axles, and the least — the mileage of the garbage truck.

To determine the number of routes of the garbage truck before the maximum allowable tire wear, we will

use the following formulas:

m=mn,
L=Ln;
u=h-nh__,

(4)
(5)
(6)

where m; — the carrying capacity of the garbage truck, tons; L1 — length of route of the garbage truck, km;
n —the number of garbage truck routes; h — tread depth of a new tire, um; hmin —minimum allowable tire tread depth,

um (for trucks hmin = 1 mm).

After substituting formulas (4-5) into dependencies (2, 3), we will obtain dependencies of the number of
routes of the garbage truck to the maximum allowable tire wear on the front and rear axles:

~/(2,507m, -0,006786L, )’ +3,274-10*m,L, (h—h,,,)

—~2,507m, +0,006786L,

n., = 7
FA 1,637-10*m,L, ()

o \/‘(3,539m1 +0,003974L,)° ~1,046-10°m,L, (h—h,,, )| +3,539m, +0,003974L, -
AT 5,23-10“m,L, '

In the fig. 2 are shown the response surfaces of the objective functions — the number of routes of the garbage
truck to the maximum allowable wear of tires on the front nga and rear ngra axles and its two-dimensional sections
in the planes of the influence parameters, which are constructed with the help of dependencies (7, 8) and allow to

visually illustrate the specified dependencies.

Mgy, FOUTES
g, TOULES

1y, tons

M3y, FOULES

1000

h,mm

my, tons 1y, tons

d) e)

Hirg, FOUTES - z00

c)

Hps s rOULES 200

L, km

Fig. 2. The response surfaces of the objective functions — the number of trips of the garbage truck to the maximum
allowable wear of the tires on the front nra and rear nrraxes and their two-dimensional sections in the planes of the
impact parameters: (a) — nra = f(my, L1), (b) — nFa = f(my, h), (c) — nra = (L1, h), (d) — Nra = (M1, L1), (€) — Nra = f(M1,

h), (f) — nra= f(L4, h)
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The determination the impact of speed, road surface irregularities, weather conditions and other factors on
garbage truck tire wear requires further research.

Conclusions

According to Fisher’s criterion the adequate dependencies of tire wear of the garbage truck on the front and
rear axles due to the transported mass of municipal solid waste and mileage of the garbage truck were determined.
It was established that, according to the Student’s criterion, among the investigated factors of influence, the wear
of garbage truck tires on both the front and rear axles is most affected by the transported mass of municipal solid
waste, and the least — by the mileage of the garbage truck. The response surfaces of the objective functions — tire
wear of the garbage truck on the front and rear axles and their two-dimensional sections in the planes of the impact
parameters are shown, which allow you to visually illustrate the indicated dependences of the objective function
data on individual impact parameters. The dependencies of the number of routes of the garbage truck to the
maximum allowable tire wear on the front and rear axles were obtained. The response surfaces of the target
functions — the number of routes of the garbage truck to the maximum permissible wear of the tires on the front
and rear axles and its two-dimensional sections in the planes of the influence parameters, which allow to visually
illustrate the specified dependencies, are constructed. The determination of the impact of speed, road surface
irregularities, weather conditions and other factors on garbage truck tire wear requires further research.
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Bepesok O.B., CaByask B.I., XapxeBcbkuii B.O. BcraHoBieHHS 3aKOHOMIpHOCTEH 3HOCY IIHH
CMITT€BO3IB ITiJl YaC TPAHCTIOPTYBAHHS TBEPIUX MOOYTOBUX BiIXO/iB

CraTTs npucBsYeHa BCTAHOBJICHHIO 3aKOHOMIPHOCTEH 3HOCY IIMH CMITTEBO3IB MiJ 9ac TPAHCIIOPTYBAaHHS
TBEPAMX MOOYTOBHUX BIIXOMIB. 3a JIONMOMOIOI0 BUKOPUCTAHHS IUIAHYBaHHS €KCIEPHUMEHTY IEPIIOTo MOPSAKY 3
eeKTaMH B3a€EMOJIIT MEPIIOro MopsaKy MeronoM bokca-YicoHa BU3HAYEHO a/ieKBaTHI 3aKOHOMIPHOCTI 3HOCY
IIMH CMITTEBO3a Ha MEPEMHIN Ta 3aHiIi OCSIX BiJ] MEPEBE3CHOT MacH TBEPAMX IMOOYTOBUX BiIXOJIB Ta MPOOIry
cMiTTeBO3a. BeraHoBieHo, mo 3a kpurepiem CThIOAEHTA cepell TOCHiPKeHUX (aKTOpiB BIUIMBY HalOiiblIe Ha
3HOC IIMH CMITTEBO3a SIK Ha MEpPeAHIM, Tak 1 Ha 3aJHIi OCAX BIUIMBAE IEpeBE3eHa Maca TBEPAMX MOOYTOBHX
BIZXOMIB, a HaliMeHIIe — NpoOir cMiTreBo3a. [lokazaHO MOBEpXHI BIATYKIB LINBOBUX (YHKIIH — 3HOCY IIUH
CMITTEBO3a Ha TepeiHil Ta 3agHIM OcAX Ta IXHI JBOMIpHI Hepepi3w B IDIOMIMHAX ITapaMeTpiB BIUIUBY, SKi
JIO3BOJISIFOTH HATJISAHO TPOUTIOCTPYBATH BKa3aHi 3aJIS)KHOCTI JAHUX IMUTHOBUX (YHKIIT BiJf OKpEMHX MapaMeTpiB
BIUMBY. OTpHMaHO 3aKOHOMIPHOCTI KINBKOCTI peHCiB CMITTEBO3a O TPaHUYHOJOIYCTUMOTO 3HOCY IIHH Ha
nepeaHii Ta 3aaHil ocax. [loOymoBaHO MOBEpXHI BiATYKIB HITHOBUX (PYHKIIIH — KITBKOCTI peiiciB cMITTEBO3a 10
TPaHUYHOIOITYCTUMOTO 3HOCY IIMH HA TIepeIHiH Ta 3aaHii ocsAx Ta ii JBOMIpHI mepepi3u B IUIOIINHAX MTapaMeTpiB
BIUIMBY, AKi TO3BOJISIOTH HATJIAHO IPOUTIOCTPYBATH BKa3aHI 3aJeKHOCTI. BUABICHO MOIINBHICTD MPOBEACHHS
MOAAJBUIMX JIOCHI/PKEHb BIUIMBY MIBUAKOCTI PyXy, HEpPIBHOCTEH IOPOKHBOTO MOKPUTTS, MOTOJHHX YMOB Ta
iHIIMX (pakTOpiB HA 3HOC IIMH CMITTEBO3A.

KoarouoBi cioBa: 3HOC, mIMHA, CMITTEBO3, TBEpAi MOOYTOBI BiJXOIH, 3aKOHOMIPHICTb, IJIaHYBaHHS
EKCIIEpUMEHTY.
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Abstract

The work scientifically substantiates the application of effective technology for the restoration of worn car
parts by applying new electrospark coatings based on electroerosion nanomaterials. The developed technology is
characterized by technological flexibility, cheapness, simplicity, does not require the use of expensive and scarce
materials and equipment, and also meets the requirements of environmental safety. The proposed technology can
be used to restore a wide range of parts for cars, tractors and other machines. Experimentally established
dependences of the effect of the properties of electroerosive materials on the properties of electrospark coatings of
restored car parts. It is shown that the content of nano-sized particles in the electrode material contributes to the
improvement of the physical and mechanical properties of electrospark coatings. The dependences of the influence
of the properties of electrospark coatings on the resource of restored car parts were experimentally established. It
is shown that the resource of the shafts of turbocompressors restored according to the recommended technology is
higher than the resource of new shafts by an average of 1.5 times. Experimentally established rational modes of
applying wear-resistant coatings to worn shafts of turbocompressors, which provide the necessary complex of
physical and mechanical properties of the coating and the given resource of the shafts as a whole (rotation
frequency of the part, min - 1 - 50; electrode feed, mm/min - 0.4 ... 0.5). The characteristics of wear resistance of
electrospark coatings of turbocompressor shafts, obtained using electroerosion nanomaterials, were studied. It is
shown that the average value of the coefficient of friction of the electrospark coating was 0.146 instead of 0.486
without coating, which is 3.3 times lower. According to the results of production tests, it was found that the
duration of operation of the turbocharger, with the restored method of electrospark treatment with a hanostructured
electrode shaft, increased by 2.1 times compared to a new industrially manufactured shaft. Thus, when abrasive
material containing a fraction of 0.1...0.4 mm was introduced, the operating time of the turbocompressor with a
restored shaft was 12.8 hours, and the operating time of the turbocompressor with a new shaft without wear of the
nominal size was 8.1 hours.

Key words: wear resistance, electrospark coatings, restoration, car parts, nanomaterials
Introduction

Restoration of worn parts of cars ensures saving of metal, fuel, energy and labor resources, as well as
rational use of natural resources and protection of the environment. To restore the functionality of worn car parts,
5...8 times less technological operations are required compared to the manufacture of new parts.

Ensuring the necessary nomenclature of spare parts in the warehouses of motor transport enterprises
requires large-scale development of the car repair infrastructure and scientifically based methods of organizing
and managing the processes of restoring worn car parts. Solving this important scientific and national economic
task leads to the objective need to have scientific principles for the organization of effective car repair production,
which determined the choice of topic, the relevance of scientific research taking into account its theoretical and
practical significance, the formulation of the goal, scientific novelty and tasks of the thesis.

A car is a complex technical system, the elements of which have different characteristics of resistance to
loss of operational condition. They are influenced by both internal structural factors, which depend on the purpose
and properties of the element, and a set of external factors defined as the operating conditions of the car.

Copyright © 2023 .D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
w Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
© properly cited.
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A modern car consists of 15...20 thousand parts, of which 7...9 thousand lose their original properties during
operation, and about 3...4 thousand parts have a service life shorter than that of the car as a whole. All this causes
the greatest idle time of cars, resource costs of operation [1].

Literature review

A literature review showed that more than 70% of worn parts of automotive equipment could rationally be
reused after restoration. This significantly reduces the resource costs of motor vehicle enterprises, and in addition,
it is economically justified for repair production. The cost of restoring parts in most cases does not exceed 25-
30% of their cost, and with the qualified appointment of the restoration technology, 100% resource is achieved.
The different service life of car parts is due to various reasons. The main ones are: performed functional purposes,
a diverse range of loads, different types of friction in connected parts and different materials from which they are
made, precision and quality of processing in connected parts.

Automotive parts of the "shaft" type make up a large part of the nomenclature of parts that can be restored.
In most cases, it is these details that limit the life of machine components and assemblies. The coefficient of their
recovery during the overhaul of machines is 0.25 ... 0.95. The length of the restored shafts is 100...4000 mm, but
more than 90% of these parts have a length of slightly more than 1000 mm. The diameters of the shafts are equal
to 12...210 mm, but the diameter of 98% of the shafts does not exceed 60 mm. The average weight is about 3 kg.

In parts of the "shaft" type, defects most often appear on the landing surfaces under the bearings and
threaded surfaces. Surfaces under bearings are restored when worn more than 0.017...0.060 mm; surfaces of fixed
joints (places for hubs with key grooves, etc.) due to additional parts - if worn more than 0.04...0.13 mm; surfaces
of movable joints - when worn more than 0.4...1.3 mm; for sealing - more than 0.15 ... 0.20 mm. Key grooves are
restored when worn with a width of more than 0.065...0.095 mm; slotted surfaces - when worn more than 0.2...0.5
mm [2].

With the entire set of renewable shaft surfaces 46% wear to 0.3 mm; 27% — from 0.3 to 0.6 mm; 19% -
from 0.6 to 1.2 mm and 8% - more than 1.2 mm (Fig. 1).

8%

mto 0.3 mm
1 from 0.3 to 0.6 mm
from 0.6 to 1.2 mm

more than 1.2 mm

2%

Fig. 1. Analysis of defects of parts of the "'shaft" type according to the degree of wear

The main requirement that must be fulfilled during the restoration of shafts is to ensure the size and
roughness of the restored surfaces, their hardness, the integrity of the coating, the strength of the adhesion of the
applied layers to the base metal, as well as the symmetry, alignment, radial and end runout of the treated surfaces,
parallelism of the lateral surfaces of the spline teeth and keyway grooves of the shaft axis.

Shafts of automobile machinery are made mainly of medium-carbon and low-alloy steels. They are
subjected to surface hardening with high frequency currents, cementation followed by hardening, normalization.

After analyzing literary sources [1-4], it is customary to divide the defects of "shaft" type car parts into
three groups: mechanical damage, chemical-thermal damage, and wear of "shaft" type car parts.

Mechanical damage to parts of the "shaft" type occurs as a result of damage to its surface with cracks, risks
and burrs, as well as possible bending of the shaft, its breakage or twisting.

Ina number of cases, risks and indentations are formed on the surfaces of parts of the "shaft" type, especially
often this happens in shaft - sliding bearing combinations, as a result of contamination of the lubricant or the
abrasive effect of particles of foreign origin.

Micron-sized cracks may form on the surface of shaft-type parts due to the influence of excessive local
loads, impacts from the ignition of the working mixture or other types, as well as overloading of the shaft. The
appearance of this defect occurs in the most loaded places of "shaft" type parts - at the border of the bearing
surface. This defect is especially common in crankshafts and camshafts of the internal combustion engine of cars.
Shafts made of cast iron are most prone to cracks. In addition to cracks arising as a result of impact forces, fatigue
cracks appear in the most stressed places of shaft-type parts as a result of long-term exposure to alternating loads.
In some cases, cracks may appear as a result of thermal action. Also, mostly for shafts of small diameter (up to 1
mm), bending and deformation of parts as a result of shock loads is characteristic. Such a defect appears, for
example, in the turbocharger rotor shaft. As a result of fatigue of the metal, its breakdowns and breakdowns are
observed during strong impacts of collapses, which often occur on cast parts. In a number of cases, due to the
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influence of a large torque associated with overcoming temporary significant resistances during operation, "shaft"
type parts are prone to twisting [5].

Purpose

The purpose of the article is to improve, on the basis of scientific research, the technology of restoration
and surface strengthening of worn car parts through the use of electrospark coatings based on electroerosion
nanomaterials that provide a given resource.

Research methodology

The electroerosion dispersion (EED) method was chosen to obtain electrode material for electrospark

alloying (ESA). An installation for obtaining nanodispersed powders from conductive materials was used as
equipment, which includes a voltage regulator, a pulse generator, and a reactor (Fig. 2) [8].

e | -
\ Voltage (_r) Pulse

220V 0..250V 0..300
| regulator generator
Gy el <

Fig. 2. Structural diagram of the EED installation

The voltage regulator regulates and sets the desired variable voltage in front of the pulse generator. In this
installation, a single-phase voltage regulator PHO-260-10 TU 16.-817.298-70 is used, which allows you to adjust
the output voltage of 0...260 V, and the current up to 45 A and the maximum power of 12 kW.

A pulse generator (PG) is a device that converts industrial frequency alternating current and generates
pulses of a given amplitude, duration and follow-up frequency. GI requirements: high efficiency, maintain the
established dispersion mode in the EED process, i.e. stability in work [4-6].

The reactor is a container filled with distilled water as a working fluid and dispersing material loaded into
it - scrap high-speed steel of the P6M5 brand. A desiccator 2-240 GOST 25336-82 was used as a reactor vessel.
From the pulse generator, electrodes of the same brand as the dispersing object are immersed in the container.
Installation parameters: voltage, pulse frequency and capacity of discharge capacitors are selected experimentally
based on the dispersion material.

The powder obtained from high-speed steel of the P6M5 grade by the EED method was studied on the
equipment discussed below.

To determine the coefficient of friction and the intensity of wear of the surface of the sample with an
electrospark coating applied to it and the counterbody, the automated friction machine "Tribometer" of the
company "CSM Instruments" (made in Switzerland) was chosen. The used device (Fig. 3) is connected to the
computer for control.

Fig. 3. Automated friction machine ""Tribometer"

The tests are carried out according to the standard "ball-disc" scheme, which allows the use of the Hertz
Model, and comply with the international standards ASTM G99-959 DIN50324, that is, they can serve to evaluate
the wear resistance of the sample and the counterbody.

The surface roughness of the samples was examined using the "SURTRONIC 25" profilometer (Fig. 4). It
has a multifunction RS-232 port, with which data can be transferred to a computer for further analysis using the
optional advanced data processing software with the advanced analysis program "Talyprofile” or to a printer for
printing.
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Fig. 4. Profilometer "SURTRONIC 25"

The program allows you to calculate parameters, set calculation modes in full accordance with international
standards. Special functions allow you to obtain a vertical/horizontal display of the profile, artificially cut the
profile, thereby simulating wear of the surface, enlarge individual sections for a more detailed examination, obtain
an inverted profile, exclude from the calculation "unwanted" sections of the profile, remove the shape, and also
calculate separately waviness and roughness.

The electroerosion dispersion method is based on the melting of metal particles from the surface by a pulse
of electric discharge. If a voltage (distance) is applied between the electrodes immersed in a liquid dielectric, when
they approach (increase in voltage), the dielectric breaks down - an electric discharge occurs, and a plasma with a
high temperature is formed.

Since the time used in this method of processing electric pulses does not exceed 0.01 s, the released heat
does not have time to spread deep into the material (metal waste), and even a small amount of energy is enough
to heat, melt and vaporize a small amount of metal. In addition, the pressure developed by the plasma particles
when they hit the electrode contributes to the emission (erosion) of not only molten, but also simply heated matter.
Since electrical breakdown, as a rule, occurs along the shortest path, the most closely spaced parts of the electrodes
are destroyed first. When approaching one electrode of a given shape (tool) to another (workpiece), the surface of
the latter will take the shape of the surface of the first. The productivity of the process and the quality of the
resulting surface are mostly determined by the parameters of the electric pulses (their duration, tracking frequency,
pulse energy) [7].

Research results
In order to identify the distribution of elements on the surface of the electroerosion powder, X-ray spectral

microanalysis was performed with the help of the scanning electron microscope "QUANTA 600 FEG" and the X-
ray radiation analyzer of the company "EDAX" integrated into it and the following results were obtained (Fig. 5).

Fig. 5. Points of X-ray spectral microanalysis of powder

In the Table 1 shows the results of X-ray spectral microanalysis of powders.

Table 1
Results of X-ray spectral microanalysis of P6M5 high-speed steel powder
Element C 0] Al Mo \Y% Cr Fe w
Weight, % 7,145 9,5 0,15 1,95 0,64 1,9 73,37 5,17

Thus, X-ray spectral microanalysis made it possible to determine the elemental composition of micro-
objects of powder particles obtained by electroerosion dispersion of high-speed steel waste based on the
characteristic X-ray radiation excited in them.
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Fig. 6. X-ray spectral microanalysis of P6M5 powder at point 1

According to the results of the presented generalized data, it was established that the main elements in the
powder obtained by the method of electroerosion dispersion of tool high-speed steel of the P6M5 brand (GOST
19265-73) in distilled water are: oxygen, iron, carbon, molybdenum and tungsten [8, 9].

It was established that when using stainless steel AISI 420 as a control (ball), after multiple passes over the
tested surface of the experimental samples (substrates made of 30XHSA steel), the following occurs on the
corresponding friction path:

- 100 m - intensive wear of the counterbody;

- 200 m — intensive wear of the counterbody;

- 500 m - intensive wear of the counterbody.

The results of tribological tests of samples using different friction paths are presented in Fig. 7, a-c.

The results of tribological tests of the friction surface of samples made of steel 30 HDSA, as well as
electrospark coatings from BRS, indicate a high coefficient of friction of the latter. It was also noted that a jump
occurs during tests of tribological samples from BRS. In this case, this is due to high roughness (Ra = 2.14 um)
and wear is characterized by smoothing of hard protrusions on the surface of the sample (Fig. 7, a-c) [10-12].

10.00 12.00 ke?

2.00 .00 €.00 §.00 10.900 12.90

c)

Fig. 7. The results of tribological tests of samples with different friction paths:
a-100 m; b -200m; c-500 m

The optical image of the wear spot of the counterbody (ball) after passes over the investigated surface of
the experimental samples (electrospark coatings from BRS and substrate from 30KhGSA steel) is presented in
Fig. 8, a-d.
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a) friction path — 100 m

c) friction path — 100 m d) friction path — 500 m
Fig. 8. Optical image of the wear spot of the counterbody (ball) after passes over the investigated surface of the
experimental samples: electrospark coatings from BRS (a, b); substrates made of steel 30KHHSA (c, d)

The optical image of the wear spot showed that when using stainless steel AISI 420 steel as a control (ball)
[13], after multiple passes over the tested surface of the experimental samples (electrospark coatings with BRS),
the following occurs on the corresponding friction path:

- 100 m - adhesion of sample wear products to the counterbody;

- 200 m - adhesion of sample wear products to the counterbody;

- 500 m - partial wear of the counterbody and sticking of wear products of the sample on the counterbody.

It was experimentally established that the roughness of samples with electrospark coating is Rz 13.2 um
(Ra2.14 pm).

It was experimentally established that electrospark coatings obtained with electrode material from
electroerosion powders of high-speed steel have a thickness from 19.07 microns to 31.42 microns.

Conclusions

1. The proposed technology can be used to restore a wide range of parts for cars, tractors and other
machines.

2. Experimentally determined dependences of the influence of the properties of electroerosive materials on
the properties of electrospark coatings of restored car parts. It is shown that the content of nano-sized particles in
the electrode material contributes to the improvement of the physical and mechanical properties of electrospark
coatings. In particular. the average value of the microhardness of the electrospark coating (4.36 HV), obtained by
the electrode material from electroerosion powders of high-speed steel, is greater than the microhardness of the
substrate (2.09 HV) by up to 2.1 times.

3. Experimentally determined dependences of the properties of electrospark coatings on the service life of
restored car parts. It is shown that the resource of the shafts of turbocompressors restored according to the
recommended technology is higher than the resource of new shafts by an average of 1.5 times.

4. Experimentally established rational modes of applying wear-resistant coatings to worn shafts of
turbocompressors, which provide the necessary complex of physical and mechanical properties of the coating and
the given resource of the shafts as a whole (rotation frequency of the part, min - 1 - 50; electrode feed, mm/min -
0.4 ..0.5).

5. The characteristics of wear resistance of electrospark coatings of turbocompressor shafts obtained using
electroerosion nanomaterials were studied. It is shown that the average value of the coefficient of friction (i) in
the electrospark coating was 0.146 instead of 0.486 without coating, which is 3.3 times lower.



Problems of Tribology 71

References

1. Archard J.F. Contact and rubbing of flat surfaces. J Appl Phys 1953; 24: 981-988.

2. Lai F.Q., Qu S.G,, Yin L.M., et al. Design and operation of a new multifunctional wear apparatus for
engine valve train components. Proc IMechE, Part J: J Engineering Tribology 2018; 232: 259-276.

3. Lewis R., Dwyer-Joyce R.S. Wear of diesel engine inlet valves and seat inserts. Proc IMechE, Part D: J
Automobile Engineering 2002; 216: 205-216.

4. Worthen R.P., Rauen D.G. Measurement of valve temperatures and strain in a firing engine. SAE paper
860356, 1986.

5. Forsberg P., Debord D., Jacobson S. Quantification of combustion valve sealing interface sliding — a
novel experimental technique and simulations. Tri Int 2014; 69: 150-155.

6. Mascarenhas L.B., Gomes J.D., Beal V.E., et al. Design and operation of a high temperature wear test
apparatus for automotive valve materials. Wear 2015; 342-343: 129-137.

7. Marchenko D.D., Matvyeyeva K.S. Improving the contact strength of V-belt pulleys using plastic
deformation. Problems of Tribology. Khmelnitsky, 2019. Vol 24. No 4/94 (2019). S. 49-53. DOI:
https://doi.org/10.31891/2079-1372-2019-94-4-49-53.

8. Chun K.J., Kim J.H., Hong J.S. A study of exhaust valve and seat insert wear depending on cycle
numbers. Wear 2007; 263: 1147-1157.

9. Marchenko D.D., Matvyeyeva K.S. Investigation of tool wear resistance when smoothing parts. Problems
of Tribology. Khmelnitsky, 2020. Vol 25. No 4/98 (2020). S. 40—44. DOI: https://doi.org/10.31891/2079-1372-
2020-98-4-40-44

10. Dykha A.V. Marchenko D.D., Artyukh V.A., Zubiekhina—Khaiiat O.V., Kurepin V.N. Study and
development of the technology for hardening rope blocks by reeling. Eastern—European Journal of Enterprise
Technologies. Ukraine: PC «TECHNOLOGY CENTER». 2018. Ne2/1 (92) 2018. pp. 22-32. DOI:
https://doi.org/10.15587/1729-4061.2018.126196.

11. Blum M., Jarczyk G., Scholz H., et al. Prototype plant for the economical mass production of TiAl-
valves. Mat Sci Eng A-Struct 2002; 329-331: 616-620.

12. Dykha A.V., Marchenko D.D. Prediction the wear of sliding bearings. International Journal of
Engineering and Technology (UAE). India: “Sciencepubco—logo” Science Publishing Corporation. Publisher of
International ~ Academic  Journals. 2018. Vol. 7, No 223 (2018). pp. 4-8. DOl
https://doi.org/10.14419/ijet.v7i2.23.11872.

13. Marchenko D.D., Artyukh V.A., Matvyeyeva K.S. Analysis of the influence of surface plastic
deformation on increasing the wear resistance of machine parts. Problems of Tribology. Khmelnitsky, 2020. Vol
25. No 2/96 (2020). S. 6-11. DOI: https://doi.org/10.31891/2079-1372-2020-96-2-6-11.



72 Problems of Tribology

Mapuenko /J./I., MarBeeBa K.C. IlinBuimeHHsT 3HOCOCTIMKOCTI BiTHOBJICHHX JeTajeil aBTOMOOiIIB
MUITXOM 3aCTOCYBAaHHS €JIEKTPOiCKPOBUX MOKPUTTIB

Y po0oTi HayKOBO OOIPYHTOBAHO 3aCTOCYBaHHsS €(EKTUBHOIO TEXHOJIOTII ISl BiIHOBJICHHS 3HOLIEHUX
JeTayieil aBTOMOOLIIB IIJISIXOM 3aCTOCYBAaHHSI HOBHMX €JIEKTPOICKPOBUX MOKPHUTTIB Ha OCHOBI €JIEKTPOSPO3IHHIX
HaHoMaTepiaiiB. Po3po0ieHa TeXHOIIOTis BIAPI3HIETHCS TEXHOIOTTYHOT HYUKICTIO, IEIIEBU3HOIO, IPOCTOTOIO, HE
BUMAarae BUKOPHUCTAaHHS AOPOTHX Ta NeilMTHUX MaTepiamiB Ta oOJaIHAHHA, a TAaKOXX BiAIOBIJa€ BHUMOTaM
exonoriuHoi Oe3meku. IIpomoHOBaHa TEXHONOTiIA MoOKe OYTH BHKOpHCTAaHA IJIsl BiAHOBJICHHS IIHUPOKOL
HOMEHKJIATYPH JIeTajieil aBTOMOOIIB, TPaKTOPiB Ta IHIMKUX MaIIWH. EkcriepuMeHTaIpHO BCTAaHOBIICHI 3aJIEKHOCTI
BIUIMBY BJIACTHBOCTEH EJIEKTPOCPO3IMHNX MaTepiaiB Ha BIACTHBOCTI €JICKTPOICKPOBHUX MOKPHUTTIB BiTHOBICHUX
nmeraneir aBromoOiniB. [loka3zaHo, IO 3MICT HAHOPO3MIPHHX YACTHHOK B EJEKTPOTHOMY MaTepiali CIpHse
MOKpAIIEHHIO (Pi3MKO-MEXaHIIHNX BIACTUBOCTEH €IEKTPOICKPOBHX IMMOKPHUTTIB. EKclieprMeHTa IbHO BCTAHOBIICHI
3aJIeXKHOCT] BIUIMBY BJIACTHBOCTEH €JIEKTPOICKPOBUX IMOKPUTTIB HAa PECYpC BIJHOBJIEHUX JeTanell aBTOMOOLIIB.
[NokazaHo, 1o pecypc BajiB TypOOKOMIIPECOPIB, BIAHOBICHNX 332 PEKOMEHJOBAHOIO TEXHOJIOTIEI0 BHILIE PECYPCY
HOBUX BajiB y cepeiHboMy B 1,5 pasu. ExcreprMeHTanbHO BCTaHOBJICHI palliOHANbHI PEXMMH HaHECEHHS
3HOCOCTIMKMX TIOKPUTTIB HA 3HOLIEH] BAJIM TYPOOKOMIPECOPIB, 1110 3a0e3Ne4y0Th HEOOX1AHNI KOMIUIEKC (i3HKO-
MEXaHIYHUX BJIACTHBOCTEH IMOKPUTTSM Ta 3aJaHUii pecypc BajaM B IloMy (4actota oOepTaHHs neTani, XB - 1 -
50; momaua enextpoma, mm/xB - 0,4 .. 0,5). BuBueHO XapaKTEpPUCTHKH 3HOCOCTIHKOCTI €NEKTPOiCKPOBUX
MOKPUTTIB BaJliB TypOOKOMIIPECOpiB, OTPUMAHHUX 3 BHUKOPHUCTAHHSIM €IIEKTPOSPO3iHHUX HaHOMAaTepialiB.
IToxa3zaHo, 1o cepenHs 3HaYCHHS KoeilieHTa TepTs Y eNeKTPOiCKpOoBOro MOKpHUTTs ckiaiuo 0,146 3amicts 0,486
6e3 mokpuTTs, mo B 3,3 pasu HIKUe. 3a pe3yabTaTaM BUPOOHHUYNX BUIPOOYBaHb BCTAHOBICHO, IO TPHUBAICTh
poboTH TypOOKOMITpecopa, 3 BiTHOBIEHHM METOIOM EIEKTPOICKPOBOI 0OpOOKH HAHOCTPYKTYPHHM €JIEKTPOAOM
BaJIOM, y 2,1 pa3u 30UIbIIMIIACS IO TTOPIBHAHHI 3 HOBUM IIPOMHCIIOBO BUTOTOBJIEHHM BaoM. Tak, Py BBEACHHI
abpasuBHOrO Martepiany, IO MicTuTh (pakiiro posmipom 0,1....0.4 MM gac pobotu TypOOKOMIIpecopa 3
BiTHOBJICHUM BaJIOM CTaHOBWIO 12,8 rojuH, a yac poOOTH TypOOKOMIIpecopa 3 HOBHM BajloM 0e3 3HOCY
HOMIHaJIBHOT'O pO3Mipy cTaHoBwiIO 8,1 ro.

KawuoBi cjioBa: 3HOCOCTIHMKICTh, €JICKTPOICKPOBI MOKPHUTTSA, BIJHOBICHHS, JETalli aBTOMOOIIIB,
HaHOMAaTepiajH.
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Abstract

The paper considers possibilities to increase the wear resistance, corrosion resistance, and service life for
parts of machines and mechanisms via their hardening and renovating using electric arc coatings characterized by
high density, adhesion strength, and micro hardness. Also, the possibility of controlling the properties of restored
surfaces owing to choice of the related equipment with required structure and characteristics in order to prolong
the service life of machinery parts is shown. The right choice of equipment for spraying makes it possible to
increase the speed and temperature of the spraying gas and particles, reduce the droplet diameter, increase the
density and reduce the oxidation of coatings. The influence of spray factors such as the flow rate and pressure of
working gases, composition of combustion mixture, spraying distance, dispersion of the spray, properties of wire
material, etc. on the properties of the coatings obtained has been investigated.

Key words: coatings, wear resistance, adhesion strength, electric arc spraying

Introduction. The state of the problem and the purpose of the research. In the practice of restoring and
hardening parts through the use of hardening protective coatings, extensive experience has been accumulated in
the application of coatings by methods of gas-thermal spraying (GTS) [1,2]. The reasonability of using GTS is
evidenced by the appearance of a number of special firms for manufacture of equipment and materials for spraying,
for example, Metko, Wall Cobmonoy Corp. Linde Div., Union Carbide Corp. et al. [3]. The produced domestic
and foreign GTS units [1,2], spray materials [3], and published recommendations have made it possible to solve a
series of items related to the repair, restoration, and prolongation of the service life of parts [1,2].

In the development of techniques for restoration of parts, it is necessary, of all the possible GTS methods
(Table 1) [1,2], to choose such one that provides the longest service life of a part and the lowest cost of its recovery
as well as can be fairly versatile, simple, and easy to implement [3]. When choosing a method for GTS, it is
necessary to consider the basic conditions for high-quality coating formation [4]:

1) thermal effects on the part must prevent the phase or structural transformations in the base metal;

2) participation of the base metal in the coating must be negligible;

3) in the contact zone, no relaxation process capable to change its phase composition and structure
should arise.

Table 1
Characteristics of spraying modes
Parameter Spraying mode

Electric arc | Gas flame |Plasma Detonation
Efficiency, kg/h 3-31 1-10 |05-8.0 0.1- 6.0
Coefficient of material consumption 0.8-0.9 0.8-0.95 |0.4-0.9 0.3-0.6
Adhesion strength, MPa to 40 to50 |[to 60 to 200
Temperature of part heating, °C 100-150 100-150 |150 -200 100-150

Copyright © 2023. A. Lopatl, Smirnol, M. Holovashchuk, V. Lopata.D. Marchenko, K.S. Matvyeyeva. This is an open access
article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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From the standpoint of these conditions, the use of electric arc spraying (EAS) is promising [4,5]. In the
world practice of hardening, recovery, and anticorrosion protection, EAS has become widespread as the most
technologically advanced and productive method (productivity is 3-4 times that for flame spraying) [4,5]. EAS
is widely used in the European countries and displaces the traditional gas-flame method [3]. This is due to the
simplicity of the equipment, the availability of energy source for metal melting, higher thermal efficiency, which
reaches 57% compared to 13 and 17% for gas and flame spraying [4,5]. The quality of EAS coatings are
practically the same as that of coatings produced by plasma and detonation methods, and the coating-to-base
adhesion strength is greater than in the case of flame spraying. In [4,5], information is given about the advantages
of EAS over surfacing in terms of labor input and consumption of electrode material: duration of surfacing is 1
h 10 min and wire consumption 1.3 kg, while for EAS these parameters are 24 min and 0.95 kg, respectively.

The equipment on which coating is performed is relatively simple and light and can be moved fairly
quickly (Fig. 1). The part dimensions do not limit the use of EAS [4,5]. This method is effective and economical
in the manufacture and renovation of parts in the conditions of repair enterprises and small workshops with a single
production [4,5].

Fig. 1. The electric arc spraying process

Despite the large number of innovations concerning EAS, researches on the improvement of this method
and required equipment are actively being carried out and has become aimed at activating the spray process using
various techniques, methods, and devices. The spray process activation is the basis for improving the technology
and equipment for deposition of high-density wear-resistant layers. In practice, the following procedures for spray
process activation have been implemented [1-7]:

- intensification of mixing working gases;

- provision of sprayed particles and the substrate with additional energy via heating them;

- diminution of the sprayed particles size;

- activation of the particle and the substrate surfaces by mechanical methods (increase in roughness) or
by reduction of oxides;

- increase in the enthalpy of the spray flux by introducing thermo-reactive components;

- coating with the use of external effects (ultrasonic waves, electromagnetic fields, etc.;

- heat treatment or chemical heat treatment of coatings, etc.

Preheating of the substrate was established to lead to decreasing the rates of crystallization, cooling of
falling particles, and developing their chemical interaction with the substrate. As a consequence, adhesion strength
increases. However, in the case of heating above 500 K, the rate of oxide formation increases and adhesion strength
decreases. Moreover, preheating to 500 K is impossible when thin-walled parts are coated because of unavoidable
thermal deformation, and this operation is undesirable in restoring parts that operate under alternating or cyclic
loads (as fatigue cracks grow under heating). The use of activation techniques which intensify heat exchange
processes in the “jet-particle” system and increase the dynamic parameters of particles, and allows reducing the
wire particle size or of those that allow modifying (strengthening) the sprayed layer seems to be most expedient
means [8-10].

The aim of the work - was set up to increase the wear resistance and service life of parts via combining
EAS coatings characterized by high density, adhesion strength, and microhardness due to the activation of the
spray process and nitriding of the coatings sprayed.

Study of the spraying process and the influence of its factors on the properties of EAS coatings.

The EAS process coating is the result of the following physicochemical interactions: the air flow with the
wire melt and the formation of a jet of sprayed particles; transformation of the kinetic energy of the sprayed
particles into the work of deformation during their mechanical contact with the part surface, and the transfer of
internal (thermal) energy from the particles to the part. On the part surface, a coating layer is formed (Fig. 2), the
properties of which depend on the characteristics of physicochemical processes listed above.
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The study of the microstructure was carried out on unetched and etched sections using a light microscope
"MeF-3" company "Reichert" (Austria) at a magnification of "100, "200, '500. Photos of microstructures are
attached (Fig. 2). The study was also carried out on a CamScan scanning electron microscope (Oxford Instruments,
England) with an X-ray energy dispersive analyzer (Fig. 2). The morphology (topography) of the coating surface
was studied in the mode of reflected electrons at an accelerating voltage of 10-20 kV. The resolution of this SEM
is 70 A. Two types of studies were used: the spectrum from the surface of a thin section and the structure of the
surface in combination with Y-modulation, i.e. - slow scanning of the electron beam along the line with the
registration of X-ray radiation for each element with and the construction of concentration distribution curves. In
addition, spot X-ray microanalysis was carried out according to the program of quantitative analysis. The research
results are presented in tables (Fig. 2). The color in the photograph determines the concentration: black - the
complete absence of the element, white - 100% presence, transitional colors indicate an intermediate concentration.
In the second case, we obtain the distribution of three or more elements at the same time, while each of the elements
is assigned a conditional color. All other colors are formed when the three main colors are superimposed and
indicate the joint presence of elements in one or another part of the sample, and the concentration in this case is
determined by the density of the color. The application of this research program gives very good results for
understanding the mechanisms of diffusion processes.

DOBKTPSHHON HSOSHAR S |
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Fig. 2. Microstructure of EAS coatings from wire from powder wire FMI-2 (a, b)
and distribution of alloying element (g)
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Studies of the effect of the average particle size of spray wires from 40Kh13, 12Kh18N10T, nichrome
and powder wire FMI-2 on the physico-mechanical properties of coatings revealed (Fig. 3) that coatings made
from steel wires show a decrease in adhesion with increasing porosity, whereas nichrome does not obey this rule.
As seen in the figure, the curve of accumulated weight wear of tempered steel has a characteristic stage of running-
in and a steady wear stage with almost linear dependence of the weight wear on the friction path. For EAS coatings,
the stages of steady wear periodically alternate with the relatively short-term stages of accelerated wear, i.e., wear
of EAS coatings is pronouncedly cyclical. The highest averaged weight wear rate was 0.39 mg/m (Table 2).
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Fig. 3. The effect of the average size of sprayed wire particles of powder wire FMI-2 (1) and of steels 40Kh13,
Kh18H10T (2, 3), and nichrome (4) on the adhesion strength (1, 2, 4) and porosity (3) of coatings
Table 2
Wear rate and coefficient of dry friction for EAS coatings and tempered powder wire FMI-2

Material Wear rate, mg/m Coefficient of friction
Powder wire FMI-2 0.12 0.82-0.93
EAS coating 0.27 0.83-0.96
EAS coating 0.39 0.94-1.02

Accelerated tribological tests of samples with EAS coatings from powder wire FMI-2 were conducted on
an upgraded machine of the 2070 SMT-1 type. Upon spraying, an irregular coating structure was formed via
layered stacking of molten steel droplets (Fig. 5). Such a structure provides damping of elastic excitations caused

by friction. After the tribological tests, no noticeable wear of EAS coatings was detected for 9 h.

A400mMKMm

x 100

100MKmM

x25

x 300
Fig. 5. Surface topography of EAS coating after 9 h testing obtained with a scanning electron microscope
Control of structure formation processes in sprayed coatings
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A number of researchers have noted that the structure of coatings obtained by spraying the same wire
material by different modes can differ not only in the number of pores, but also in the phase composition [1-7].
This paper presents the results of studies of the structural features of EAS coatings. As spray materials, FMI-2
powder wires with a diameter of 2 mm were used. Spraying was performed using an apparatus for EAS in the
following modes:

- mode 1: spaying of metal melted in an electric arc with a reactive jet of combustion products of propane/air
mixture with an excess of propane (reducing atmosphere);

- mode 2: spraying of metal melted in an electric arc with a reactive jet of combustion products of the
propane/air mixture with an excess of air (oxidizing atmosphere);

- mode 3: spraying of metal melted in an electric arc with a fast air jet.

To improve the adhesion of coatings to a steel 3 substrate, an intermediate layer from powder wire FMI-
2 was created. The velocity of molten particles was 120-130 m/s (modes 1land 3) and 400-500 m/s (modes 1 and
2). The sizes of the particles from which the coatings were formed fell in the range of 5-40 um. The dominant
amount of oxides was formed as a result of the molten particles/air contact. In the work, the effect of the spraying
air flow rate on the amount of oxygen in the coatings obtained by EAS (mode 3) was studied (Fig. 6). Here the
oxygen content in EAS coatings was 2.5-3 times that in gas-flame ones (Fig. 6), with achieving the maximum
concentration 3.8% at flow rates of about 0.5 m®min. An XRD analysis (diffractometer DRON-3.0,
monochromatic CoK, radiation, V = 30 kV, | = 10 mA) revealed that the phase composition of the coatings
includes: a-phase (martensite), y-phase (austenite), oxides FezOa, y-Fe2Os (traces), and Cr,Os3 (traces) (Fig. 6).
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Fig. 6. Fragments of XRD patterns (CoKe) from surface layers of gas-thermal
coatings obtained under modes1-4

The hardness of the coatings obtained using various spray schemes was within the HV range of 2800 -
3500 MPa. Activation of EAS (AEAS) in a reducing atmosphere leads to the formation of dense coatings with a
porosity of 2 - 5% and hardness HV = 3000 MPa, characterized by low content of residual austenite (\V,~ 20 vol%)
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and oxides. The lattice parameters of martensite and austenite are a.= 0.2875 nm and a,= 0.3592 nm, respectively.
AEAS by a reactive jet with an excess of air provides the formation of a layer with a porosity of 2 - 5% and
hardness HV = 3500 MPa, characterized by substantial content of oxidation products. The content of residual
austenite in the coating is Vy= 20 Vol. %. The lattice parameters of martensite and austenite are a.= 0.2875 nm
and a,= 0.3592 nm, respectively. Coatings obtained by spraying with air had a hardness of HV=3200 MPa and a
residual austenite content of V,=18 vol% at the porosity 6-8%. The XRD data fixed the highest concentration of
oxidation products in the coating after EAS with air. Lattice parameters were a, = 0.2875 nm and a,= 0.3596 nm
for martensite and austenite, respectively.

The results of the study of the phase composition and hardness of coatings from powder wire FMI-2
indicate the influence of the deposition technique on the structure and properties of the layer obtained. A distinctive
feature of deposited layers is the presence of an anomalously large amount of residual austenite (up to 30 vol%)
and oxides. Generally, the content of residual austenite in hardened powder wire FMI-2 does not exceed 3 - 5 vol%
[11-13].

One of the reasons for the appearance of the “austenitic effect” in coatings is a higher concentration of
alloying elements (chromium and carbon) owing to the complete dissolution of chromium carbides during melting
of the wire and saturation of the molten droplets with carbon from the propane flame. This is confirmed by the
absence of Cr23Cg carbide particles in the coating. While analyzing the causes of austenite stabilization in the layer,
one should keep in mind that under spraying surface layers are heated to 500-670 K. As a result, the sprayed
coating undergoes isothermal aging at 520-670 K during its formation and cooling, which promotes thermal
stabilization of austenite [1-7]. A factor that increases the stability of austenite in the sprayed layers is saturation
of the molten droplets with carbon during melting and spraying with propane flame (Table 3).

Table 3
The influence of the composition of combustion mixture forming the spray
on the carbon and oxygen contents in EAS coatings from powder wire FMI-2

Technique Air/propane volume ratio Oxygen content | Carbon content
of spraying in mixture in coatings, % in coatings, %
1 (Gas flame) propane/oxygen ratio 1/4 1.3 0.6
2 (AEAS) 18 1.4 0.5
3 (AEAS) 30 2.2 0.4
4 (AEAS) clean air 3.3-35 0.4

The low velocity of molten steel particles and high concentration of carbon-containing propane in the
combustion products contribute to a deeper saturation of molten droplets with carbon. These circumstances are
associated with a high content of residual austenite in coatings obtained by the gas flame procedure (technique 1).

The smaller amount of austenite in coatings obtained by AEAS in the reducing atmosphere of the spray
torch (technique 2) is due to the higher flight velocity of the molten particles, which is characteristic for this
technique. In this case, the processes of diffusion saturation of the droplets with carbon from the reducing
atmosphere of the products of propane/air mixture combustion do not have enough time to complete (flight time
of molten droplets in the atmosphere of combustion products is not more than 5 10#s), and the content of residual
austenite in the layer decreases to ~ 20 vol%.

An increase in the oxygen concentration in the mixture is not accompanied by change in the amount of
residual austenite in the coating obtained under conditions of supersonic velocities of molten particles (technique
3) and at relatively low particle velocities (technique 4). In both cases, the content of residual austenite in the layer
does not exceed 20 vol%. The carried-out studies made it possible to conclude that for EAS there are such regimes
and steels that can provide the formation of a large amount of metastable austenite in the coatings, which during
the performance of the tribocoupling will turn into martensite. The experiments established a relation between the
temperature of the beginning of martensitic transformation, Ty, for the wire material and the amount of metastable
austenite formed in the resultant coating (Table 4) [1 -7].

In steels of group 1, as well as in corrosion-resistant martensitic steels, the temperature Ty is within 550
- 700 K. When spraying wires from these steels, the volume content of metastable austenite reaches 45%.

In the case of spraying wires from steels of the first two groups, the preservation of a large amount of
metastable austenite can be prescribed to the high rate of crystallization of steel particles in the course of forming
the sprayed layer and slowing down its cooling rate in the martensitic transformation region. The decrease in
austenite stability in coatings from steels of the third group, sprayed over 2500 K, is explained by the effect of
manganese and chromium contained in the steel on the temperature range of its martensitic transformation. Thus,
a decrease in the manganese content from 5% to 1% leads to an increase in the temperature from 270 to 470 K [1-
7]. In this regard, one of the possible ways to increase the Ty temperature is reduction in the chromium or
manganese content in the austenitic phase of steels by oxidizing it during spraying.
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Table 4
Metastable austenite content in EAS coatings obtained by spraying various steel grades
Group Steel grade Temperature Temperature of heating Content of austenite in
of steels T, K under spraying, K coating Vol %
1 09G2S, 40KhN, 1700-2000 25-45
40Kh13 550-700 2100-2500 17-20
FMI-2 > 2600 <6
2 9KhS, Kh12MF, 1700-2100 15- 25
9Kh12, Kh6VF, 420-540 2200-2500 8-12
35KhNM, > 2500 <6
40KhFVA, 65G
3 08Kh18N10, 1700-2000 95-98
12Kh18N10T, 70-110 2000-2500 90 - 95
110G13 > 2500 90 - 95
Conclusions

The present work recommends to increase the wear resistance, corrosion resistance, and service life of
parts via hardening and renovating them using combined EAS coatings characterized by high density, adhesion
strength, and microhardness due to activation of the spraying process. It has been shown that by properly choosing
design parameters and characteristics of equipment for EAS, it is possible to control the properties of restored
surfaces in order to increase the service life of SMM parts. The right choice of equipment for spraying will allow
one to increase the speed and temperature of the jet of spraying gas and molten particles, decrease the droplet
diameter, increase the density, and reduce the oxidation of coatings. Moreover, the phase composition and
microhardness of coatings obtained by spraying wires from austenitic and martensitic steel were investigated. The
presence of an abnormally large amount of residual austenite (to 50 vol%) in coatings from martensitic steel was
established. Studies of the resistance to fatigue failure showed that coatings deposited by EAS of wires provide a
slight decrease in the fatigue strength limit to 10-13% (for comparison, coatings obtained by vibro-arc surfacing
reduce the fatigue limit by 35-40%). In the course of tribological tests, the wear of sprayed coatings was
established to be cyclical. The cyclicity of weight wear of sprayed coatings is associated with the degradation of
their surface layer under friction, described in terms of physical mesomechanics of solids.
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Jlonmara O.B., Cmupnos LB., TosoBamyk M.B., Jlomata B.M. JlocmiKeHHS BIaCTHBOCTEH
MMOKPHTTIB, OTPUMAHUX EIEKTPOAYTOBUM HAITMIICHHSIM

Y po0oTi 3ampoNOHOBAHO IiJIBHUIYBAaTH 3HOCOCTIMKICTh, KOPO3iiiHY CTIMKICT Ta TEpMiH CIyXOH
JeTaJiell MallMH Ta MeXaHi3MiB mpu ix 3MminHeHHi Ta peHoBauii EJIH-mokpuTTsSIMM 3 BHCOKOIO LIUIBHICTIO,
MIIHICTIO 3YeIUIEHHsI Ta MIKPOTBEPHICTIO 32 PaXyHOK aKTHBALil MpOIeCy HamWiIeHHS. Y poOOTI PO3IIISHYTO
MOXIIMBICTb 32 paXyHOK BHOOPY KOHCTPYKTHBHHUX ITapaMeTpiB Ta XapakTepucTHk oonannanus 1uist EJIH kepyBatu
BJIACTUBOCTSIMH BiJHOBIICHHX IMOBEPXOHb 3 METOIO MIJBHIICHHS pecypcy Aeraneid mMamwuH. [IpaBuibHuil BHOIp
KOHCTPYKIIi OOJIaHAHHS U1 HANWJICHHS IO3BOJHUTH 30UIBIIMTH IIBUAKICTH 1 TeMIepaTypy CTpyMeHS Tasy i
YaCTHHOK, II0 TPAHCHIOPTYIOTHCS, SMEHIINTH JiaMeTp Kpameib, MMiABUIIUTH IIUTBHICTE 1 3HI3UTH OKUCIIOBAHICTh
MOKPHUTTIB. B po6oTi nocmimkeHo BIUTHB (GaKTOPiB MPOIeCy HATMIICHHS: BUTPAT Ta TUCKY POOOYHX TrasiB, CKIIamy
TAJIMBHOI CyMiIlli, AWCTaHII{ HAMMICHHS, AUCIEPCHOCTI PO3MIIICHHS, MaTepiady OpOTy Ta iH. Ha BIACTHBOCTI
EJIH-oxpwuTtTiB.

Kur040Bi cj10Ba: TOKPHUTTS, 3HOCOCTIHMKICTD, MIITHICT 34ETIJICHHS, €JICKTPOTyTOBE HAITMIICHHS.
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Abstract

For the conjugation of samples and parts of the "shaft-sleeve” type, from the theoretical and experimental
points of view, the laws of the change of the coefficient of friction for the combined polymer-metal material and
coating were considered. Based on the law of energy conservation and transformation in the friction zone,
expressions for estimating friction coefficients for polymer coatings and combined polymer-metal materials were
obtained, taking into account the properties of thermal conductivity and elasticity and the geometric dimensions
of the polymer and metal components. The consistency of the patterns of change in the friction coefficient has
been clarified in tribocouplings of samples and parts from load and sliding speed in modes without lubrication and
at extreme friction. To substantiate the effective operation of tribocoupling of parts made of combined polymer-
metal materials, a criterion was introduced - the coefficient of wear, which is used to evaluate the tribological
efficiency. It is shown that the obtained experimental results do not contradict the theoretical justification.

Key words: polymer-metal material, coefficient of friction, load, sliding speed, tribocoupling of samples
and parts, non-equilibrium state, elasticity, deformation, wear coefficient

Introduction

The use of tribocouplers of samples and parts made of combined polymer-metal materials depends on the
polymer material, the formation of the metal component, the coating technology, properties and geometric
characteristics of the polymer and metal components.

During the operation of tribocoupled parts, the intensity of wear and the coefficient of friction are important.
designing combined polymer-metal materials and coatings, they try to significantly reduce the intensity of wear
and optimize the friction coefficient for a specific tribocoupling. There is no criterion by which it is possible to
evaluate the effective operation of tribocoupling of parts made of combined polymer-metal material and coatings.
It is important to control the value of the coefficient of friction by varying the geometric dimensions, properties of
the components of the combined polymer-metal material, operating modes and load-speed characteristics.

Literature review

To effectively increase the durability of machine systems and units, tribo-coupling of parts made of polymer
and polymer-metal materials is used [1-3]. But at the same time, it is necessary to solve the problem of optimal
geometric dimensions, technologies for forming stress coatings in materials, intensity of their wear, development
of methods for evaluating the efficiency and reliability of such tribocouplers [4,5].

It should be noted that when implementing such an operational property of materials as their wear
resistance, the task is complicated due to the significant dependence of stresses on the ratio of constituent polymer-
metallic materials, sizes, shapes of their constituents, as well as structural features of conjugated parts and
properties of the working (technological) environment [6,7] .

The authors of works [8-10] the main cause of destructive processes in the surface layers of half-
dimensional materials are contact stresses and deformations that arise under the influence of loads on the tribo-
coupling of parts. This requires a detailed study of the features in the surface layers of the tribojoint materials of

Copyright © 2023. V.V. Aulin, S.V. Lysenko, A.V. Hrynkiv, A.A. Tykhyi, O.V. Kuzyk, O.M. Livitskyi . This is an open access
w article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
© reproduction in any medium, provided the original work is properly cited.
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the parts. Studying the features of combined polymer-metal materials in the process of tribocoupling of parts
allows us to approach unsolved problems from a single point of view. The use of physical and mathematical models
[11,12] is appropriate. Attempts to compare the wear resistance and stressed and deformed state of the surface
layers of such coatings on parts were made in [1].

The relationship between the wear process of combined polymer-metal materials and their tribological
properties is given in works [13,14]. The results of studies of wear resistance with polymer and polymer-metal
coatings show that in the first case it is lower than in the second due to faster equalization of contact pressure. The
phenomenon of spontaneous establishment and maintenance of a stationary mode of wear was also revealed
[1,15,16].

The existing results of studies of combined polymer-metal materials [17-20] do not allow to evaluate the
effectiveness of the tribocoupling of parts according to the intensity of wear, and there is a need to relate them to
the types of contacts and contact conditions.

Purpose

The purpose of this work is to identify the patterns of change in the friction coefficient of tribocouplers of
parts made of combined polymer-metal materials and with applied polymer and polymer-metal coatings and to
propose a criterion for their tribological efficiency in operation.

Results

Research results indicate that the heat resistance of the combined polymer-metal coating (PMeC) is higher
than that of pure polymer (PC). This makes it possible to develop the formation of polymer-metal coatings as a
technological process to increase the wear resistance and heat resistance of the range of parts that work as sliding
bearings in machines.

For polymer materials, there is a fairly clear relationship between friction coefficients and temperature in
the contact zone: lower temperatures correspond to lower values of the friction coefficient and vice versa. The
temperature arising as a result of friction changes the elastic and strength properties of the polymer surface layers
of tribocouples of samples and parts. This affects the change of the actual contact area of the surfaces and the force
of friction, and therefore the coefficient of friction.

The temperature change observed in the friction zone is due to more intensive heat removal by combined
polymer-metal coatings compared to pure polymer ones.

In the case of a combined polymer-metal coating (fig. 1), its two components should be considered: metal

with a width a, height — h and polymer — with a width of b . Thermal conductivity of metal material — A,. The

thickness of the polymer coating over the metal component is o, .

T, T3
1 1

a b
Fig. 1. Scheme of tribocoupling of parts "'shaft-sleeve with polymer (a) and combined polymer-metal (b) coatings: 1 - sleeve;
2 - shaft; 3 - coating

Heat flows through the components of the combined polymer-metal coating of the cylindrical surface have
the form:
— for the polymer component:
270A,(T, =T
Q=) p) 22l T) o
1

[ — —
d, —2h, — 25,

— for the metal component:
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27[3-13 (Tl — Tz )
] @)

In z
d, —2h, — 25,

where y — the coefficient that takes into account part of the heat dissipated through the bushing friction
surfaces;

L3 — the coefficient that takes into account part of the heat dissipated in the triboconjugation of samples and
parts;

/?? — thermal conductivity of the polymer.

The flow of heat removed from the friction zone by the combined polymer-metal coating is equal to:

QMeP:(1_7)(1_ﬁ2127[(T1_T2)(b22+aﬂ3)- 3)

d, —2h-29,
We compare the heat flows Q and Q,.p assuming thath + 98, =,
QMeP bﬂ’Z + aﬂ’S

. =@1-»)a-5)

In

= : (4)
Q (a+b)

After some transformations (4) can be represented in the form:
Qr @W)

QMeP

P
combined polymer-metal material in comparison with the polymer one.

An increase in the relative sliding speed of the contacting tribocoupling of parts causes an increase in the
temperature in the friction zone, which can affect both the mechanical properties of materials and the nature of the
entire complex of physico-chemical processes. Based on the law of conservation of energy in the mode of steady
friction, when the surfaces of the contacting parts are worn, the temperature in the contact zone can be calculated
using the expression:

Since 4, << 45, then >>1, that is, the process of heat removal is significantly intensified by the

_ k  fVN
Y4 +A4 Lo
where K — is a coefficient ranging from 0.25 to 0.32;

I — mechanical heat equivalent (| =43.57 kcal/J);
I — the radius of the contact spot;

V' —sliding speed;
A, A, —thermal conductivity coefficients of contacting bodies;

(6)

fp — the coefficient of friction of the polymer surface.

For a polymer-metal material, expression (6) has the form:
k(a+b) fierVN

Tl
(L +A)a+(h+2)b |1
where f,,., — the coefficient of friction of the combined polymer-metal surface.

The expression for determining the step of the metal component in the combined polymer-metal coating is
obtained using the law of conservation of thermal energy when it is removed through a cylindrical surface:
2z(a+b T, —T 1-8)2=(T, —T,
1—y) z(a+b)A4 (T, 2) 1-5) ”( )(bﬂez+aﬂ3) ®)

Ini In
d, d, —2h 26,

After some transformations of equation (8), we obtain:

(a+b)d( -y) _(@- ﬂ)(ﬂzb+23a) )

in 92 [P T
"d, d—2(5+h)

Assuming that in the first approximation we have:

: U]
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Inﬁzln[H dz_lezdz_dl; (10)

d, d, d,

n d nl 14 2(5,+h) N 2(5,+h) | a
d, -2(5,+h) d,-2(5,+h)) d,—2(5,+h)

and also taking into account these expressions in equation (9), we have:

d,—d, 2(5 h)
Having entered the variables ¢1 in ¢2 equation (12), we have:
_Abh—dty )
A, -4 ¢1
where ¢, = (1— A)d, — 2(5, +h))d, —d,). (14)
¢, =2d,(1-y )5, +h). (15)

Taking into account the thermophysical characteristics of the material of the sleeve and the materials
covering the cylindrical surface, as well as the geometric parameters of the parts and the coating, it is possible to
calculate the technological parameter b of the combined polymer-metal material on the renewable cylindrical
surface of the part for this tribocoupling of parts. The formation of combined polymer-metal materials on a
cylindrical surface not only increases the speed of heat removal from the friction zone, but also improves the anti-
friction properties of the mating surfaces.

From a theoretical point of view, let's consider the change of such an energy characteristic in the
tribocoupling of "shaft-sleeve" parts as the coefficient of friction. We obtain an expression for the coefficient of
friction for polymer and polymer-metal materials, based on the law of conservation of energy, taking into account
the work of friction forces and the process of heat removal from the friction zone.

For a polymer coating, the work of friction forces can be calculated using the formula:

%
A :prd[ NGE,E,d (a+b) Z_J | )
' d, 5|_E :uz +E2(1_ﬂ1) J

where Q) — the coefficient that takes into account the nature of the movement of the tribocoupling of parts
(€2 =7,9- for rotational movement; €2 = 3,2d§]aX — for oscillating movement);

M, My, E;, E, —arePoisson's ratios and modulus of elasticity, respectively, of the material of the shaft

and sleeve.
Taking into account (16), in the law of energy conservation and transformation, we have:

Vel
Qfd[ NcSEEd(a+b) )2]] :(1_ﬁ\K27za+b (T, T)+727r(a+b )

d; 5lE ) +E, (- ' In(V 25, Ind/

where K — a coefficient that takes into account the material of the coupling parts and the presence of a
lubricating medium.

From the obtained equation (17), it is possible to determine the coefficient of friction for the "shaft-sleeve"
tribocoupling with a uniform polymer coating of the cylindrical surface of the shaft:

K2z(a+b)'*(T, —TZ){(l—ﬂ)iZ/In 0 +y4,1n dZ}

d, - 26, d,
%
NGE,E,d, 1
d[(d e~ 2)+Ez(1—ﬂl)2J]

For a combined polymer-metal material on a section of a cylinder with a length of | =a+b , the work of
friction forces can be calculated by the formula:

( NGE, ) bE, & aE, ’
A= fupdQa+b) ——=| x + , (19)
e e {dl(dl_é)] [El(l_ﬂz)2+E2(1_M)2J [E1(1_ﬂ3)2+E3(1_ﬂ1)2J

where E;, £4; —are the modulus of elasticity and Poisson's ratio of the metal component of the combined

f, = (18)
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polymer-metal material, respectively.
Using (3) in the law of energy conservation and transformation, we have:

1/2 b %
NJoE bE akE
fMePd1Qa+b : ’ 2 : 2 + 2 : 2 =
( {d1(d1_5)J [El(l_ﬂz) +Ez(1_,u1) ] [El(l_,us) "’Ea(l_ﬂl) ]

K27z}/(a+b )+ 22(1- B)T,-T,)

ARG .

From equation (20), it is possible to determine the coefficient of friction for couplings of samples and parts
made of a combined polymer-metal material:

.(20)

(b4, +al,)

ya+b)i  (1-p)bi, +ak)
K-2z(T,-T,) In[ij In[@l—;hl)—%]

NG,E, bE, be! . aE, 2\
dl(dl _61) El(l_ﬂz)z + Ez(l_ﬂl)z El(l_;ue,)z + E3(1_1U1)

By substituting the mechanical and thermophysical characteristics of the materials of the conjugated parts,
the coatings applied to them, the geometric dimensions, the components of the combined polymer-metal material,
as well as the specified characteristics of the coatings into expressions (18) and (21), one can make sure that

fMep < fP . This indicates an improvement in the antifriction properties of polymer-metal materials and coatings.

Triboconjugation of samples and parts may be brought out of equilibrium under the influence of external
friction conditions, random occurrences of natural inclusions on contacting surfaces, relaxation phenomena in
combined polymer-metal materials and coatings, development of physico-chemical processes in the area of
antifriction contact, etc. The process of deviation from the equilibrium state in them is described by the equation:

déMe = (IaMe - IaP)dme ' (22)

where &,,, — the excess deformation of the polymer compared to the deformation of the metal;

MeP — (21)

d,0

I .., 1, — intensity of metal and polymer wear.

By integrating the differential equation (22), it can be shown that the tribosystem of the conjugations of
parts returns to equilibrium, that is, it is stable:

love = 1)
e =1p=(1,,—1 )exp{Lm (M—P} (23)
" : " : Y §Me_§MeP

where 1 ,, — |, —the deviation from the initial value of the difference in intensity of metal and polymer
wear,
Eve — Earep — the corresponding deviation of the excess deformation of the polymer.

Expression (23) shows that as the friction path increases, L the wear intensities of metal and polymer
asymptotically converge. The expression is obtained on the assumptlon that in a fairly small zone the equilibrium
point / ,, — | ,depends linearly on the amount of deformation of the metal &,, . Disturbing factors, without
affecting the performance of tribocoupled parts, can lead to a temporary increase in the intensity of wear of the
coupled surfaces. Due to the optimal choice of parameters aand b , this phenomenon can be minimized.

One of the indicators of the properties of materials to resist wear in the process of friction is the wear
coefficient K, , which is equal to:

K =" , (24)

’ Pk \I'Fmp

where U, — linear wear;
P, — nominal contact pressure;
L, — friction path.
The wear coefficient links the strength, speed and structural parameters of the couplings of parts taking into
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account their operation. For coupling parts of the "shaft-sleeve" type, the wear factor has the form:

4 ZUhl(Um + dzljsin @

K, = , (25)
(d, +5)L,,N
where | — is the length of the cylindrical surface;
U, — value of the maximum linear wear of the sleeve,
L,, — friction path;
N, —load reaction;
O —nominal clearance of the bearing;
@ — half of the contact angle, determined by the expression:
1/2
[14‘ M 1+ 1, J
. I E E d,+o6 d,+0—u,—u
@ = arcsin| —=£ L 2 L +arccos|1——2 hi_“h2 | (26)
27 o d,

d1(5 +1J
uhl + l'Ih2

where the first term is the constant value of the contact angle, determined by the plastic deformation of the
materials of the coupling parts, and the second term is the value of the contact angle, which depends on the wear
of the sleeve and shaft;

Uy, — value of the maximum linear wear of the shaft.

Expression (26) for a uniform polymer coating of a shaft with length | =a+b , takes the form:

%
Pp =afCSin{N(a+b)£l+ﬂl s j(dﬁgﬂ +arcoog 1— — 0 ~Un ~Uh, , (27)

276 E E d )
B L <d1_250{+1j
uhl + uh2
and for a combined polymer-metal coating:

el
Pyep = arcsin N “_ﬁ‘l(a+b)+1+ﬂz b+1+”3 a d,+6 .
272'5 El EZ E3 dl

(28)
d+d-u,—-u,

(d, ~ 25, - 2h)(5 +1J

uhl + uh2

+arccos| 1—

Having experimentally determined on the friction machine the wear values U,; and U,,, and also,

knowing the dimensions of the conjugated samples and parts and the mechanical parameters of their materials,
according to the expression (25), taking into account (27) and (28), it is possible to estimate the coefficient of wear
and draw a conclusion about the expediency of using combined polymer-metal coatings in the restoration of parts
and their tribological efficiency.

Experimental studies of the influence of the specific load and sliding speed on the friction coefficient in the
triboconjugation of samples have shown that the use of polymeric materials in coatings allows to significantly
increase the antifriction properties of working surfaces.

Theoretical estimates of the coefficient of friction, carried out according to formulas (18), (21), lead to a
similar conclusion. The results of experimental and theoretical studies of the coefficient of friction without
lubrication and in extreme friction modes for different surfaces under the same test conditions are given in table 1.

The analysis of the data presented in Table 1 shows that the coefficient of friction of PC is 1.2...1.3 times
lower than that of a purely polymer coating and 1.6...2.1 times lower than the coefficient of friction of cast iron
and steel without lubrication.

Table 1
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The value of the friction coefficients in the contact zone of triboconjugation of materials (P=1.0
MPa, V = 0.5 m/s) according to experimental data and theoretical features

Coefficient of friction, f,,
Surface Experimental data Theoretical evaluations
without lubrication | marginal friction | without lubrication marginal friction
PC 0.302 0.244 0.280 0.220
PMeC 0.263 0.197 0.240 0.180
Cast iron CH18 0.543 0.320 - -
Steel 45 0.447 0.286 - -

In conditions of friction without lubrication, the value of the coefficient of friction decreases significantly
due to the formation of polymer films and the increase in their density and thickness. The reduction of the friction
coefficient in the presence of lubrication is associated with the facilitation of the process of deformation of the
surface layers of the friction pairs.

On the basis of the obtained results, it can be noted that RS are distinguished by the specific feature of
forming films and maintaining their density and thickness in the process of friction.

Tables 2 and 3 show the change in the coefficient of friction of various surfaces without lubrication and in
the limit friction mode depending on the specific load.

Table 2
Dependence of the coefficient of friction of surfaces without lubrication on the specific load (V = 0.5 m/s)

Coefficient of friction, f.,
Surface Specific load, MPa
0.5 1.0 1.5 2.0
PC 0.350 0.302 0.287 0.254
PMeC 0.302 0.263 0.243 0.213
Cast iron CH18 0.497 0.543 0.675 0.720
Steel 45 0.421 0.447 0.574 0.628
Table 2

Dependence of the surface friction coefficient at the limit friction on the specific load (V=0.5m/s)

Coefficient of friction, .,
IoBepxHs Specific load, MPa
0.5 1.0 15 2.0
PC 0.280 0.244 0.183 0.165
PMeC 0.210 0.197 0.120 0.113
Cast iron CH18 0.397 0.320 0.201 0.196
Steel 45 0.354 0.286 0.213 0.174

The analysis of the data in tables 2, 3 shows that with an increase in the specific load, the friction coefficient
decreases both in the case of friction without lubrication and in the case of marginal friction, which corresponds
to theoretical estimates within the confidence interval.

Experimental data were compared with theoretical calculations. According to the calculation data,
theoretical curves of the dependence of the coefficient of friction on the specific load were constructed for the
combined polymer-metal and pure polymer coatings, which are presented in fig. 2 and fig. 3.
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Fig. 2. Theoretical curves of the dependence of the coefficient of friction of the polymer coating (PC) on the specific load
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The decrease in the coefficient of friction when the load increases indicates that the contact of the
conjugated surfaces of the samples and parts in the considered range of loads is characterized by the condition of
elastic contact.
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Fig. 3. Theoretical curves of the dependence of the coefficient of friction of the combined polymer-metal material (PMeC) on the
specific load

At the limit friction of PMeC with an increase in load, an increase in surface cleanliness is also observed.
The surface of the bushings working with combined polymer-metal coatings acquired a shiny polished appearance.

Experimental data on the dependence of the friction coefficients of various surfaces without lubrication and
with extreme friction on the sliding speed are given in tables 4 and 5.

Table 4
Dependence of the friction coefficient on the sliding speed without lubrication at a specific pressure of
P=1.0 MPa
Coefficient of friction, f.,
Surface Sliding speed, m/s

0.5 1.0 1.5 2.0

PC 0.28 0.42 0.45 0.37

PMeC 0.24 0.35 0.39 0.30

Cast iron CH18 0.54 0.71 0.68 0.62
Steel 45 0.45 0.67 0.61 0.55

Table 5
Dependence of the friction coefficient on the sliding speed at the limit of friction at a specific pressure of
P=1.0 MPa
Coefficient of friction, f.,
Surface Sliding speed, m/s

0.5 1.0 15 2.0
PC 0.22 0.20 0.17 0.15
PMeC 0.18 0.16 0.13 0.09
Cast iron CH18 0.32 0.29 0.23 0.21
Steel 45 0.28 0.25 0.21 0.18

The regularity of the change in friction coefficients from the sliding speed for the combined polymer-metal
coating under friction conditions without lubrication is illustrated in fig. 4, and at the limit of friction — fig. 5.

It can be seen that in conditions of friction without lubrication, the coefficient of friction changes in a
complex way: when the sliding speed increases to 1.5 m/s, it increases, further increasing the sliding speed leads
to a decrease in the value of the friction coefficient. The dependence of the friction coefficient on the sliding speed
is, strictly speaking, the dependence of the friction coefficient on the temperature. As the sliding speed increases,
the temperature on the friction surface increases, as a result of which the physical and mechanical properties of
materials change, the area of actual contact increases, which is accompanied by an increase in frictional forces
and, therefore, the friction coefficient. This corresponds to the increasing sections of the curve of the dependence
of the coefficient of friction for PMeC in conditions of friction without lubrication on the speed of sliding (fig. 4).
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Fig. 4. Theoretical dependence of the PMeC friction coefficient on the sliding speed during friction without lubrication
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Fig. 5. Theoretical dependence of the PMeC friction coefficient on the sliding speed at the limit of friction

If in the zone of low sliding speeds (low temperature) a sufficient protective film does not have time to
form, then with a further increase in speed (temperature), the intensity of film growth increases, its strength
decreases, the nature of the film itself changes, and at the same time the shear resistance decreases, which reduces
coefficient of friction. When the sliding speed increases, the plastic deformation does not have time to spread
inward and is localized in a smaller volume. These features reduce the friction coefficient after the maximum.

Therefore, the transition from one type of violation of frictional bonds to another causes a change in the
coefficient of friction and its transition through a maximum (fig. 4). At the limit of friction (fig. 5), the curve of
the dependence of the coefficient of friction on the sliding speed has a decreasing character with increasing speed.
The presence of an oil film on the friction surfaces changes the temperature regime, as well as the value of the
friction forces due to the reduction of the area of direct contact of the friction surfaces.

As a result of experimental studies, it was found that combined polymer-metal coatings work better than
pure polymer coatings. This is confirmed by theoretical justifications. As a result of temperature and deformation
actions, the friction process of the combined polymer-metal material occurs in the presence of a polymer film with
low shear resistance in the contact zone. This explains the decrease in the coefficient of friction. Triboconjugation
of materials in operation, in the presence of a polymer, is accompanied by processes of interaction of mechanical
destruction products with the metal surface. As a result of these interactions, polymer-metal compounds are
formed, which also protect the contacting surfaces of tribo-bonding samples and parts from sticking. In addition,
in the friction zone, the number of wear products between the friction surfaces decreases, as the polymer absorbs
them from the friction surface, which also affects the reduction of wear intensity and the friction coefficient.

Conclusions

1. The coefficient of friction of PMeC is 1.2...1.3 times less than that of a pure polymer coating and 1.6...2.1
times less than the coefficients of friction of cast iron and steel without lubrication.

2. The decrease in the friction coefficient under the conditions of operation without lubrication is explained
by the formation of polymer films on the surface with an increase in their density and thickness.

3. A criterion for evaluating the tribological efficiency of the combined polymer-metal material was
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introduced, taking into account the strength, speed and structural parameters of the coupling of parts, taking into
account their operating modes

4. The experimental data of the coefficient of friction obtained in the study agree positively with the
theoretical calculations.
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Ayiain B.B., Jlucenko C.B., I'punbkiB A.B., Tuxmii A.A., Ky3uk O.B., JiBiupkuii O.M.
3aKOHOMIPHICTh 3MiHU KOE(QIIiEHTa TEPTS CIPSHKCHHs IeTanel "Bai-BTyNKa" 3 BUKOPHUCTAHHSAM TOJIMEPHHX
MaTepialiB

Jis cipshKeHHS 3pa3KiB i getaneit THITy "Baj-BTyNKa' 3 TEOPETUIHOI Ta KCIIEPUMEHTAIBHOI TOUOK 30py
PO3TISIHYTO 3aKOHOMIPHOCTI 3MiHH KoedilieHTa TepTa i1 KOMOIHOBAHOTO IIOJIIMEPOMETAIEBOTO MaTepiany i
MOKPUTTS. BUX0s14M i3 3aKOHY 30epeKeHHS 1 IEpETBOPEHHS €HEpTii B 30Hi TEPTs, OTPUMAHO BUPA3M JUIsl OL[IHKH
KOe(DIIIEHTIB TEPTS I OJIMEPHHUX TTOKPUTTIB 1 KOMOIHOBaHMX TOJIIMEPOMETAIEBUX MaTepialliB 3 ypaxyBaHHIM
BJIACTHBOCTEH TEMJIOMPOBIAHOCTI 1 IPYKHOCTI Ta TEOMETPUYHHUX PO3MIpPIB MOJIMEPHOI Ta METaJIEBOT CKJIAIOBUX.
3'sicoBaHa y3roJDKEHICTh 3aKOHOMIpPHOCTEH 3MiHM Koe(illieHTa TepTst B TPUOOCTIPSHKEHHSX 3pa3KiB 1 JeTaje Bij
HaBaHTAXXCHHSI 1 IIBUIKOCTI KOB3aHHS B peXXHMax 0e3 3MalleHHs 1 IpH rpaHuYHOMY TepTi. {1 oOrpyHTYBaHHS
e(eKTHBHOI SKCIUTyaTalii TpHOOCHpsHKEeHb JeTanell 3 KOMOIHOBaHUX MOJIMEPOMETAJICBUX MAaTEpiajiB BBEACHO
KpHUTEpii — KoediIlieHT 3HOCY, 3a SKUM OIIHIOITH TPHOOJOTiuHY e(eKTHBHICTh. [loka3zaHO, IO OTpHMaHi
SKCIIepUMEHTAJIbHI Pe3yIbTaTH He CylepedaTs TCOPETHYHIM OOIPYHTYBAHHSM.

KiaouoBi cioBa: momiMepomeraneBuii Martepian, KOe(iIieHT TepTs, HaBaHTAKEHHS, IIBHIKICTH
KOB3aHHS, TPHOOCTIPsDKEHHS 3pa3KiB 1 IeTajieid, HepiBHOBaKHUH CTaH, MPYKHICTb, NedopMarlis, KoedillieHT 3HOCY



