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Abstract

The paper presents the results of studies on the justification of a rational program for running-in of
tribosystems. It is shown that the first component of the program is the fulfillment of the condition on the verge of
loss of stability due to the appearance of accelerated wear, with the maximum load on the tribosystem and the
minimum sliding speed. This mode performs the function of “training™ the surface layers for future operating
conditions due to deformation processes and changes in the roughness of the friction surfaces. The mode is
characterized by minimum wear rate values and maximum friction coefficient values.

The second component of the running-in program is the fulfillment of the condition on the verge of loss of
stability due to the appearance of burrs on the friction surfaces, with minimal load on the tribosystem and maximum
sliding speed. This mode performs the function of "adaptation" of the surface layers to the future operating
conditions by increasing the rate of deformation of the materials of the surface layers on the spots of actual contact.
The mode is characterized by maximum wear rate values and minimum friction coefficient values.

The third mode of the program aims to form surface structures and roughness on the friction surfaces of
tribosystems that correspond to operational modes. This mode performs the function of "sufficient adaptation™ of
the surface layers to the future operating conditions, and corresponds to the condition with the maximum value of
the stability margin. The final result of the running-in process is the transition of the tribosystem from an
unbalanced, thermodynamically unstable state to a stationary, equilibrium state, as a result of which such
parameters as wear rate, friction coefficient, temperature and roughness of the friction surfaces are stabilized. Such
a step-by-step transition is associated with the formation of a special, dissipative structure of the surface layers of
triboelements as a result of self-organization.

The use of the three-mode program will reduce the time for tribosystems to run in by 23.0 - 38.4% compared
to other programs. The effectiveness of the developed three-mode program is proven by experimental studies with
the calculation of the modeling error.

Keywords: tribosystem; practice; training program; marginal lubrication; wear rate; coefficient of friction;
running-in time; wear and tear during the running-in period; loss of stability of the tribosystem

Introduction

An analysis of scientific publications devoted to the study of running-in processes and running-in programs
allows us to formulate a general definition of the process. The running-in of tribosystems is a non-stationary
transient friction process, which results in adaptation of the contacting surfaces and a gradual transition to a
stationary process by reducing and stabilizing the values of wear rate, friction coefficient and temperature. In the
process of running-in, bearing surface layers are formed in tribosystems, providing in the future a maximum
resource and minimum friction losses.

The running-in process is the final technological stage in the production of machines and the initial stage
of their operation. The fact of 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 in the surface layers of triboelements, 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, which will provide an economic effect during operation.

Copyright © 2023 V.A. Vojtov, A.V. Voitov. This is an open access article distributed under the Creative Commons Attribution
@I}. License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
£ cited.
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When developing rational running-in programs, a necessary and sufficient condition for their
effectiveness is the substantiation of the modes and parameters that affect the process under study. Namely, taking
into account the design of the tribosystem, the lubricating medium, the structure of the materials from which the
triboelements are made, the initial roughness of the friction surfaces, the load-speed range during the running-in
process, as well as during operation.

There is an opinion among researchers that the running-in of tribosystems has an individual trajectory and
depends on design, technological and operational factors. In our opinion, it is this triad of factors that should be
taken into account when developing effective programs for the running-in of tribosystems.

Literature review

Author of the work [1] notes that running-in processes are not always subject to the systematic analysis that
is used in other forms of friction and wear testing. Run-in modes are often developed by trial and error. In the
author's opinion, burn-in studies are relatively rare in the tribological literature. Based on the analysis of various
technologies for running in machines, the author concludes that running in is a property not only of contacting
materials, but also of loading modes. In later works of this author [2] it is noted that the terms break-in and wear
are related, but not identical. All of them belong to special cases within the framework of the general topic of
tribological transitions. Tribological transitions may be caused by changes in operating conditions or may occur
naturally as the tribosystem wears out. The author concludes that the changes in friction and wear that occur during
running-in are not only the result of changes in surface roughness. Depending on the tribosystem, these may
include changes in surface composition, microstructure, and distribution of third bodies. Examples are given of
how factors such as roughness reduction and surface pretreatment affect the shape of transient curves. The
relationship of friction and wear during running-in is discussed, as well as scale effects, the relative influence of
which also varies with time. The author notes that the initial burn-in behavior can be influenced by nanometer-
sized surface films and progress to micrometer-sized asperities and larger surface structures.

Authors of the work [3] note that the initial roughness of the friction surfaces undergoes various changes
and deformations of the surface layers, which leads to a nonlinear wear rate during running-in. This article presents
an experimentally tested model for predicting the development of the running-in process and changes in the friction
coefficient, roughness parameters, as a function of running-in time. To do this, the authors use a three-dimensional
numerical model.

Works [4-6] devoted to the study of the effect of initial roughness on the process of running-in of
tribosystems. For example, at work [4] it is concluded that the value of the initial roughness of the friction surfaces
is the main factor influencing the running-in time. In work [5] it is concluded that in order to reduce the running-
in phase, an effective option is to select point topographic parameters of the friction surface to optimize the initial
contact conditions. The authors explore various technological methods (milling, grinding, polishing) in order to
reduce the running-in time. In work [6] based on the results of transmission electron microscopy and X-ray
diffraction studies, it was found that each material is characterized by its own specific state of the surface layer
structure, which corresponds to friction conditions. The author found that the running-in process consists of an
increase in the density of dislocations, the formation of dislocation clusters and a fragmented structure. The kinetics
of microstructure formation in surface layers during friction during running-in predetermines the processes of
hardening, negative hardening, and wear of the material.

Authors of the work [7] state that the running-in process involves changing key tribological parameters
such as surface roughness, coefficient of friction and wear rate until a steady state prevails. It is important to note
that the stationary behavior of the tribosystem depends on the running-in program. This article provides a
comprehensive review of the literature on the subject, covering both experimental and analytical developments to
date. In work [8] it is concluded that running-in can be interpreted as a process in which the fractal dimension of
the friction parameters increases, and the opposite surfaces spontaneously adapt and modify each other, forming a
spatial ordered structure. Based on experimental data by the authors of the work [9] dependences are obtained in
the form of a transition curve, which allows you to establish a functional relationship between the duration of
running-in, friction coefficient, wear for running-in with load, sliding speed and initial roughness of the friction
surface. A model has been developed to predict the coefficient of friction after the completion of running-in.

In works [10, 11] tribosystem, in the process of running-in, is considered as a running-in attractor built on
the basis of signals of fluctuations of friction parameters obtained as a result of experiments. The authors
established the stages of "formation-stabilization-disappearance" of the processed attractor. The authors argue that
the run-in attractor has a high stability. This approach can help identify burn-in conditions, predict the process,
and control.

The authors of the work [12] proposed criteria for high-performance running-in. Based on the analysis of
the change in the friction force, under various conditions of external influence, the conditions for accelerated
running-in of tribosystems are established. The authors conclude that the first criterion is the wear rate. The second
criterion for running in can be the instantaneous wear rate. According to the authors, the criteria obtained make it
possible to optimize the technological regimes of running-in.

In work [13] describes a statistical approach aimed at identifying the burn-in phase and the most significant
time intervals during the steady state for each test replica of the transient process. The authors proposed a two-
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stage running-in program procedure based on the application of the initial load method. The program allows you
to automatically determine the run-in time interval and filter steady state outliers. In work [14] a multi-purpose
optimization of the two-stage process of running complex tribosystems is proposed. According to the authors, the
quality of running-in can be improved by optimizing the running-in parameters (load, speed and running-in time).

In work [15] it is noted that the running-in of tribosystems must be performed at different loads and different
sliding speeds. The authors of the work showed that the use of a multi-stage process in the running-in process
reduces the running-in time and improves its quality. The authors present simulation results that allow making
predictions on the choice of running-in modes.

A similar approach is presented in the work [16]. The authors developed and substantiated the structure of
the tribosystems running-in program, which consists of two modes. The first mode is called the adaptation of the
tribosystem to external conditions. The second mode is called learning 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.

In work [17] the methodical approach was further developed 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 run-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 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. 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 "on the border of jamming".

Continuation of work [17] there is work [18], which gives the results of mathematical modeling of
tribosystems running-in processes when various factors are changed: design parameters of tribosystems, which are
taken into account by the form factor; tribological properties of the lubricating medium; rheological properties of
composite materials in the tribosystem; roughness of friction surfaces; load and sliding speed. By comparing the
theoretically obtained results, by modeling according to the developed models, with experimental data, it was
established that the mathematical model adequately reflects the running-in processes taking into account the
changes in constructive, technological and operational factors. Applying the Cochrane criterion, it was established
that the obtained experimental results are homogeneous and reproducible. The maximum value of the coefficient
of variation of the values of the volumetric wear rate and the coefficient of friction is within the limits v = 12,3 -
26,5%. The value of the simulation error is within the limits v =7,7 - 12,9%.

Summing up the analysis of works devoted to the processes of running-in of tribosystems, we can make a
platoon about the inconsistency of opinions about the choice of modes that affect the process. A reasonable choice
of running-in modes and their sequence constitutes a running-in program. The break-in program aims to reduce
run-in wear and run-in time. As follows from the analysis of publications, which is given above, these are programs
that provide running-in “on the border of jamming”. In this case, the input action on the tribosystem must change
in time, have a positive and negative gradient.

Purpose

The purpose of this study is to substantiate a rational program for running in various designs of
tribosystems, to experimentally confirm the effectiveness of a multi-mode program.

Methods

From the review of the works given in the review of literary sources, it can be concluded that the most
promising program or mode of running-in of tribosystems is running-in "on the edge of burr", in our case "on the
edge of loss of stability of the tribosystem". From the conclusions of the work [19] it follows that the loss of
stability of the tribosystem, depending on the magnitude of the load and speed of sliding and the speed of external
influence, may occur in the form of the appearance of accelerated wear or burr. Therefore, the term "on the verge
of loss of stability of the tribosystem™ is more correct. The final result of the running-in process is the transition of
the tribosystem from an unbalanced, thermodynamically unstable state to a stationary, balanced state, as a result
of which such parameters as wear rate, friction coefficient, temperature and roughness of the friction surfaces are
stabilized. Such a transition is associated with the formation of a special, dissipative structure of the surface layers
of triboelements as a result of self-organization.

Creation of such warm-up conditions is possible using several stages. At the same time, the running-in
process must meet the following requirements.

1. Practice time t,r must have a minimum value, t,r — min;

2. The amount of wear during the run-in time U should be minimal, U — min.

3. Friction losses (friction coefficient) go to minimum values during running-in, fss — min.
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4. The running-in program should provide a minimum value of the wear rate at a steady state after the
running-in is completed, Ist — min.

The purpose of running-in modes is determined by the limit of loss of stability of the tribosystem, the
method of determining which is given in [19]. During running-in, the process of converting the mechanical energy
of friction into internal energy, primarily thermal energy, which is dissipated into the environment due to thermal
conductivity, as well as the energy of structural changes in the surface layers of triboelement materials, takes place.

If the amount of mechanical energy (power - W) will exceed the permissible limit, RR = 1, the formula
for calculation is given in [19], loss of stability of the tribosystem may occur, i.e. burr or accelerated wear of the
triboelements of the tribosystem occurs.

We justify the first running-in mode on the basis of the dependencies given in the work [18]. Selection of
the maximum load — Nmax, (0n the verge of loss of stability) at a minimum sliding speed will ensure a minimum
rate of wear during run-in. In this case, the coefficient of friction will have a maximum value, but a minimum
running-in time. The loss of stability of the tribosystem is possible due to accelerated wear, this has been proven
in the work [18]. Therefore, the first component of the training program is the fulfillment of the condition RR = 1,
at maximum load and minimum sliding speed.

Nel = (N = Nrmx;vsl :Vsl(min);W :Wb) ) 1)
RR =1, = 20s.

where N — load on the tribosystem, dimensions N;

Nmax— maximum load on the tribosystem, on the verge of loss of stability, dimension N;

v — sliding speed, dimension m/s;

Vsimin) — minimum sliding speed, dimension m/s;

W — the power supplied to the tribosystem, dimension W;

W, — the power supplied to the tribosystem on the verge of loss of stability, dimension W;

RR —the value of the range of robustness of the tribosystem, a dimensionless value, is calculated according
to the formula given in the work [19];

t — tribosystem load time, dimensions — s.

The load on the tribosystem increases for 20 seconds.

The second mode of the program can be justified on the basis of the working-in dependencies, which are
given in the work [18]. After the coefficient of friction reaches its maximum value during run-in and temporary
stabilization, it is necessary to switch to the second run-in mode. The purpose of the second mode is to increase
the rate of deformation in the surface layers of triboelement materials to complete the formation of the structure
of the surface layers (increase in hardness, formation of secondary structures and oxide films). Increasing the
sliding speed reduces the coefficient of friction, which is positive, but increases the volumetric wear rate. The use
of such a mode can be justified by the transition of the tribosystem to the limit of loss of stability due to burr [18].

Based on the above, let's write the second mode of the running-in program:

No2 = (N = I\Imin;vsl
RR=1t, =5s.

= VoW =W,), @)

sl(op) *

where vsiop) — sliding speed, which is equal to the operating mode, dimension m/s;

Therefore, the second component of the training program is also the fulfillment of the condition RR =1,
at the minimum load and the maximum sliding speed, which is equal to the operating speed. Such a mode also
corresponds to the mode "on the verge of loss of stability of the tribosystem”, i.e RR = 1. The load on the
tribosystem increases for 5 seconds.

The third mode of the program can be justified by the need to form roughness on the friction surfaces of
tribosystems that corresponds to the operating modes. The use of such a mode can be justified by the transition of
the surface layers of the tribosystem to the operating mode.

Ne3 = (N =NgiVy = V05 W W), ®)
RRLt, =5s.

where Np) — the load on the tribosystem, which is equal to the operating mode, dimension N.

At the same time, the value of the load and sliding speed is equal to the value that will be in operation,
that is, the condition is fulfilled W<W,. This mode has a margin of robustness, i.e RR > 1. The load on the
tribosystem increases for 5 seconds.
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The proposed program differs from the known ones in that it takes into account the load speed of the
tribosystem, which is presented in the paper [19] in the form of load dynamic coefficient kq. This requirement is
justified by the right-hand side of the differential equation [19] and represented by the parameter t, — load time, s.

The completion time of the first mode of the program, as well as the second mode, is determined by the
simulation results. At the same time, experimentally, by the AE method, work [18], the following values are
determined: the maximum value of the wear rate Imax and friction coefficient fmax during practice; constant wear
rate value ls; and friction coefficient fi; after completion of practice; break-in time according to the wear rate and
friction coefficient parameters tryn and values of linear wear during the run-in period U.

Results

For simulation of the running-in process and experimental verification of the running-in results, we will
choose the following conditions.

Combined materials in the tribosystem: steel 40X+ Br.AZH 9-4. Kinematic diagram of "ring-ring"
tribosystems, tribosystem form factor Ki= 12,5 m. Roughness of friction surfaces: Ra = 0,2 micron; average step
of inequalities: Sm=0,4 mm. The lubricating medium is motor oil M-10Gy. (E.= 3,6-10*/m?). For registration
of AE signals on a stationary triboelement (Br.AZH 9-4), with a smaller friction area, an acoustic emission sensor
was installed, as shown in the paper [18]. The purpose of the experiment is to confirm the effectiveness of the
proposed three-mode training program.

The results of mathematical modeling according to the developed method are shown in fig.1 and fig.2.

First mode, curve Nel: N =5500 N; vg = 0,2 m/s; Wy, = 2100 W; RR =1; t,=20 s.

The second mode, the curve Ne2: N = 2100 N; vg = 0,5 m/s; Wy, = 2100 W; RR=1; t,=5s.

The third mode, curve Ne 3, operating mode: N = 1700 N; vy = 0,5 m/s; Wp = 2100 W; RR >1;t,=5s.

The number of the curve indicates the number of the mode, and the time: truni; trun2; truns — run-in time for
each of the modes.

Values of wear for running-in Us; U,; Uz we define as the area under the corresponding curve according
to the formula:

U= - it

T ml (4)
i=1 I:fr

where n — number of division of the area under the curve into rectangular uniform sections;

li — the wear rate per unit area, m¥/h, is determined using the AE method;

ti— the time of work on a unit area is equal to 100 seconds, that is, 0.0277 hours;

F+— the friction area of the stationary triboelement on which the AE sensor is installed is equal to 0,00015
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Fig. 1. Dependencies of changes in the volume rate of wear during the running-in of tribosystems under different modes:
Nel — mode Nel; Ne2 — mode Ne2; Ne3 — mode Ne3

Analysis of the curves in fig. 1 allows us to conclude that the maximum wear during running-in U, =7,88
micron will be when using the mode Ne2, the area under the curve has the maximum value. At the same time, it is
time to get used to it tyun 2, has a minimum value of 900 seconds. Friction coefficient for mode Ne2 has a minimum
value of 0,056, fig. 2.

Analysis of transition curves for the mode Nel, fig. 1, allows us to conclude that this regime is
characterized by minimal wear during running-in U; = 4,84 micron, the area under the curve has a minimum value.
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At the same time, it is time to get used to it trun 1, compared to mode Ne2, increased, and is equal to 1000 seconds.
Friction coefficient for mode Nel has a maximum value equal to 0,061, fig. 2.
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Fig. 2. Dependencies of the change in the friction coefficient during the running-in of tribosystems in different modes: Nel
— mode Nel; Ne2 — mode Ne2; Ne3 — mode Ne3

When applying the mode Ne3, fig. 1, wear for running-in Uz = 9,24 micron. At the same time, it is time
to get used to it trun 3, has a maximum value of 1500 seconds. Friction coefficient for mode Ne3 is equal to 0,055,
fig. 2.

A joint analysis of the running-in curves shown in fig. 1 and fig. 2, allows you to substantiate the
tribosystem run-in program when the conditions are met: U — min, t;ys — min. Such a program is shown in fig. 3
and fig. 4, bold curve. According to fig. 3 run-in must be started on the first mode, curve Nel: N = 5500 N; vy =
0,2 m/s; Wp=2100 W; RR =1; t,= 20 s.

When the time is reached tr,» = 1000s, when the rate of wear stabilizes, it is necessary to switch to the
second mode, the curve Ne2: N = 2100 N; v = 0,5 m/s; W, = 2100 W; RR=1;t;=5s.

When the time is reached trun = 1300s, when the wear rate and friction coefficient stabilize, it is necessary
to switch to the third mode, the curve Ne3, mode of operation: N = 1700 N; vg = 0,5 m/s; Wy = 2100 W; RR >1; t
=5s.
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Fig. 3. Dependences of changes in the volumetric rate of wear during the run-in of tribosystems according to a rational
program - bold curve. The area under the curve is wear and tear

The transient characteristic of such a program is shown in fig. 3 and fig. 4 with a bold line. The total wear
during running-in (the area under the bold curve) will U = 6,84 micron, and the period of running-in ty,, = 1300s.

Experimental verification of the tribosystem run-in program. The purpose of this subsection is to
experimentally confirm the simulation results, and therefore to confirm the effectiveness of the three-mode warm-
up program.

During the experiment, after every 100 seconds, the value of the moment of friction was recorded, which
was converted into a coefficient of friction, as well as the value of the amplitude of the acoustic emission, the value
of which was used to determine the rate of wear. The running-in time was determined by the stabilization of the
wear rate and the friction coefficient relative to a constant value.
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Fig. 4. Dependencies of the change in the friction coefficient during the run-in of tribosystems according to the rational
program - bold curve

The results of the experiments were repeated 3 times, with the calculation of the values Cochrane criterion
to confirm the reproducibility of the results from experiment to experiment. The relative error of the simulation
and experiment results was determined for the rate of wear e;, coefficient of friction e; according to the expressions
given in the work [18].

The relative error of the simulation for the running-in time e; we determine by the expression:

t —t
et _ | runexp run,s 100%, (5)

run,exp

where trunexp and tuns — the value of the run-in time, which is obtained due to the experiment and due to
simulation, the dimension is seconds.

Table 1. Comparison of simulation and experiment results by run-in mode Nel
The time of the Is-1072°, lexp 1070, e, % s fexp er, %
running-in process m/h mé/h (average
t,s (average value)
value)
100 46 56,81 19,0 0,008 0,0096 16,6
200 36 44,8 19,6 0,018 0,021 14,2
300 31 37,9 18,2 0,025 0,029 13,7
400 26 32 18,7 0,046 0,052 115
500 23 28 17,8 0,052 0,058 10,3
600 22 26,5 16,9 0,056 0,063 111
700 21 25,0 16,0 0,058 0,064 9,3
800 20 23,8 15,9 0,06 0,066 9,0
900 19,5 22,5 13,3 0,061 0,065 6,1
1000 19 21 9,5 0,061 0,064 4,6
1100 18,5 20 7,5 0,061 0,064 4,6
1200 18,5 20 7,5 0,061 0,064 4,6

Comparison of simulation and experiment results for steel tribosystem 40X + Br.AZH 9-4 when using
the mode Nel (curve Nel in fig. 1 and fig.2) presented in the table 1.

The running-in time according to the simulation results is equal to truns = 1000 s. The average value of
the running-in time according to the results of the experiment (three times) is equal to tyyns = 1200 s. The error of
simulation of the run-in time, formula (5), is equal to 20%.

The analysis of the results of table 1 allows us to conclude that the error of modeling the running-in
process according to the wear rate parameter is within e; = 7,5 — 19,0%, by the friction coefficient parameter e; =
4,6 - 16,6%.

Comparison of simulation and experiment results for tribosystem steel 40X + Br.AZH 9-4 when using
the mode Ne2 (curve Ne2 in fig. 1 and fig.2) presented in the table 2.
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Table 2. Comparison of simulation and experiment results by run-in mode Ne2

The time of the 1510729, lexp 1070, e, % fs fexp er, %
running-in process m/h m3/h (average
t,s (average value)
value)

100 76 91 16,4 0,008 0,0094 14,8
200 59 70,2 15,9 0,026 0,030 13,3
300 48 56 14,2 0,038 0,043 11,6
400 45 51 11,7 0,047 0,053 11.3
500 42 47 10,6 0,050 0,056 10,7
600 41 46 10,8 0,054 0,060 10,0
700 40 44,0 9,0 0,055 0,061 9,8
800 39 43 9,3 0,056 0,062 9,6
900 38 41 7,3 0,056 0,062 9,6
1000 37 40 7,5 0,056 0,062 9,6
1100 37 40 7,5 0,056 0,062 9,6
1200 37 40 7,5 0,056 0,062 9,6
1300 37 40 7,5 0,056 0,062 9,6

The running-in time according to the simulation results is equal to tuns = 900 s. The average value of the
running-in time according to the results of the experiment (three times) is equal to tryns = 1100 s. The error of
modeling the run-in time is equal to 18,18%.

The analysis of the results of table 2 allows us to conclude that the error of modeling the running-in
process according to the wear rate parameter is within e; = 7,5 — 16,4%, by the friction coefficient parameter e; =
9,6 - 14,8%.

Comparison of simulation and experiment results for tribosystem steel 40X + Br.AZH 9-4 when using
the mode Ne3 (curve Ne3 in fig. 1 and fig.2) presented in the table 3.

The running-in time according to the simulation results is equal to truns = 1500 s. The average value of
the running-in time according to the results of the experiment (three times) is equal to t.uns = 1850 s. The error of
modeling the run-in time is equal to 18,9%.

Table 3. Comparison of simulation and experiment results by run-in mode Ne3

The time of the Is-107%9, lexp 10720, e, % fs foxp er, %
running-in process t,s m¥h m3h (average
(average value)
value)

100 56 70 20,0 0,014 0,018 22,2
200 44 55 20 0,031 0,038 18,4
300 40 49 18,3 0,035 0,043 18,6
400 35 43 18,6 0,048 0,056 14.2
500 33 40 17,5 0,050 0,057 12,2
600 32 38 15,7 0,055 0,062 11,2
700 31,5 37,0 14,8 0,056 0,062 9,6
800 31 35 11,4 0,057 0,063 9,5
900 30,5 34 10,2 0,057 0,063 9,5
1000 30 33 9,0 0,057 0,063 9,5
1100 29,5 32 7.8 0,057 0,063 9,5
1200 29 31 6,4 0,056 0,062 9,6
1300 28,5 30,5 6,5 0,056 0,062 9,6
1400 28 30 6,6 0,056 0,062 9,6
1500 27,5 29 5,1 0,055 0,062 11,2
1600 27 28,5 5,2 0,055 0,062 11,2
1700 27 28,5 5,2 0,055 0,062 11,2
1800 27 28,5 5,2 0,055 0,062 11,2
1900 27 28,5 5,2 0,055 0,061 9,8
2000 27 28,5 5,2 0,055 0,061 9,8

The analysis of the results of table 3 allows us to conclude that the error of modeling the running-in
process according to the wear rate parameter is within e; = 5,2 — 20,0%, by the friction coefficient parameter er =
9,5 - 22,2%.
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Comparison of simulation and experiment results for tribosystem steel 40X + Br.AZH 9-4 when applying
the developed program, presented in the table 4.

Table 4. Comparison of simulation and experiment results when applying the developed running-
in program

The time of the running-in process | 1s:10, lexp 10720, e, % fs foxp er, %
t,s m%h m3/h (average value)
(average value)
The first mode, curve Nel: N = 5500 N; vsi = 0,2 m/s; Wp= 2100 W; RR =1; ti =20 s.
100 46 56,81 19,0 | 0,008 | 0,0096 16,6
200 36 44,8 19,6 | 0,018 | 0,021 14,2
300 31 37,9 18,2 | 0,025 | 0,029 13,7
400 26 32 18,7 | 0,046 | 0,052 11.5
500 23 28 17,8 | 0,052 | 0,058 10,3
600 22 26,5 16,9 | 0,056 | 0,063 11,1
700 21 25,0 16,0 | 0,058 | 0,064 9,3
800 20 23,8 15,9 | 0,06 0,066 9,0
900 19,5 22,5 13,3 | 0,061 | 0,065 6,1
1000 19 21 9,5 | 0,061 | 0,064 4,6
The second mode, the curve Ne2: N = 2100 N; vsi =0,5 m/s; Wp=2100 W; RR=1;ti=5s.
1100 37 40 7,5 | 0,056 | 0,062 9,6
1200 37 40 7,5 | 0,056 | 0,062 9,6
1300 37 40 7,5 | 0,056 | 0,062 9,6
The third mode, the curve Ne3, mode of operation: N = 1700 N; vsi = 0,5 m/s; Wp= 2100 W; RR
>1;ti=5s.
1400 28 30 6,6 | 0,056 | 0,062 9,6
1500 28 30 6,6 | 0,056 | 0,062 9,6
1600 28 30 6,6 | 0,056 | 0,062 9,6

The running-in time according to the simulation results is equal to truns = 1300 s. The average value of
the running-in time according to the results of the experiment (three times) is equal to truns = 1300 s.

The analysis of the results of table 4 allows us to conclude that the error of modeling the running-in
process according to the wear rate parameter is within e; = 6,6 — 19,0%, by the friction coefficient parameter e; =
4,6 - 16,6%. Comparison of simulation and experiment results for tribosystem steel 40X + Br.AZH 9-4 when using
a step program, presented in table 5. The first stage N = 500 N. The second stage N = 1100 N. The third stage 1700
N.

Table 5. Comparison of simulation and experiment results when using a step-by-step running-in
rogram

The time of the 151079, lexp 1070, e, % fs fexp er, %
running-in process t,s md/h mé/h (average
(average value)
value)
The first stage N =500 N
100 17 20 15,0 0,02 0,024 16,6
200 12 14 14,2 0,032 0,038 15,7
300 9,8 11 10,9 0,039 0,045 13,3
400 8,8 9,7 9,2 0,043 0,049 12,2
500 8,2 9 8,8 0,046 0,052 11,5
600 7,9 8,5 7,0 0,048 0,054 11,1
700 7,8 8,3 6,0 0,049 0,054 9,2
The second stage N = 1100 N
800 17 20 15,0 0,055 0,061 9,8
900 16,8 19 11,5 0,055 0,061 9,8
1000 16,5 18 8,3 0,055 0,061 9,8
1100 16,2 17,6 7,9 0,055 0,061 9,8
The third stage N =1700 N

1200 29 36 19,4 0,057 0,063 9,5
1300 29 35,5 18,3 0,057 0,063 9,5
1400 28,9 35 17,4 0,057 0,063 9,5
1500 28,5 34 16,1 0,057 0,063 9,5
1600 28,3 33 14,2 0,056 0,062 9,6
1700 27,5 31 11,2 0,055 0,061 9,8
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| 1800 | 270 ] 30 | 100 0,055 | 0,061 | 98 |

The running-in time according to the simulation results is equal to tuns = 1800 s. The average value of
the running-in time according to the results of the experiment (three repetitions) is equal to truns = 1700 s. The
error of modeling the run-in time is equal to 5,8%.

The analysis of the results of table 5 allows us to conclude that the error of modeling the running-in
process according to the wear rate parameter is within e; = 6,0 — 19,4%, by the friction coefficient parameter er =
9,2 - 16,6%.

The general conclusion of the conducted research is a comparison of three running-in programs. The first,
developed, three-mode program, which is presented in fig. 3 and fig. 4. The values of the running-in process
parameters are given in table 4. The second run-in program at a constant load and sliding speed that corresponds
to the operating mode. The values of the running-in process parameters are given in the table 3. The graphic
representation of the program is curve Ne 3 in fig. 1 and fig. 2. The third running-in program - with a gradual
change in the load from the minimum value to the value that corresponds to the operating mode. The values of the
running-in process parameters are given in the table 5.

The results of practice on the three listed programs are presented in the table 6.

Table 6 — Comparative characteristics of various running-in programs

Running-in program Wear during | Time during The rate of wear Friction
running-in U, running-in | after completion of | coefficient after
micron trun, S running-in running-in, f
1107,
mé/h
A three-mode program has been 6.84 1300 27,0 0,055
developed

At constant load and sliding speed 9,75 1600 27,0 0,055
When the load gradually changes 6,9 1800 27,9 0,055

from the minimum value to the

value that corresponds to the
operating mode

Conclusions

A three-mode rational program for running-in of tribosystems is substantiated. It is shown that the first
component of the program is the fulfillment of the condition on the verge of loss of stability due to the appearance
of accelerated wear, with the maximum load on the tribosystem and the minimum sliding speed. This mode
performs the function of "training" the surface layers for future operating conditions due to deformation processes
and changes in the roughness of the friction surfaces. The mode is characterized by minimum wear rate values and
maximum friction coefficient values.

The second component of the running-in program is the fulfillment of the condition on the verge of loss
of stability due to the appearance of burrs on the friction surfaces, with minimal load on the tribosystem and
maximum sliding speed. This mode performs the function of "adaptation” of the surface layers to the future
operating conditions by increasing the rate of deformation of the materials of the surface layers on the spots of
actual contact. The mode is characterized by maximum wear rate values and minimum friction coefficient values.

The third mode of the program aims to form surface structures and roughness on the friction surfaces of
tribosystems that correspond to operational modes. This mode performs the function of "sufficient adaptation" of
the surface layers to the future operating conditions, and corresponds to the condition with the maximum value of
the stability margin. The final result of the running-in process is the transition of the tribosystem from a non-
equilibrium, thermodynamically unstable state to a stationary, equilibrium state, as a result of which the following
parameters are stabilized, such as wear rate, coefficient of friction, temperature and roughness of friction surfaces.
Such a step-by-step transition is associated with the formation of a special, dissipative structure of the surface
layers of triboelements as a result of self-organization.

Experimental studies have proven that the use of a three-mode program will reduce the running-in time of
tribosystems by 23,0 — 38,4% compared to other programs.
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Boiitos B.A., BoiiToB A.B. O0rpyHTYBaHHs palioHalbHOI IPOrpaMy HPHUIPALOBAHHS TPHOOCHCTEM

B po06oTi HaBeIeHO pe3yabTaTH JOCIIIKEHb [0 OOrPYHTYBaHHIO pallioHaJIbHOI TPOTpaMH IPHUITPALFOBAHHS
TpubocucteM. [lokazaHo, 10 MEPILIOIO CKIAJOBOIO MPOTPaMH € BUKOHAHHS YMOBHM Ha MEXI BTpaTH CTIHKOCTI 3a
MOSIBOIO TIPHCKOPEHOTO 3HOIIYBAaHHS, NPU MaKCHMaJIbHOMY HAaBaHTa)KCHHI Ha TPUOOCHUCTEMY Ta MiHIMaJIbHOI
IIBUIKOCTI KOB3aHH:. Takuii pexkuM BUKOHY€E (PYHKIIIIO «TPCHYBaHHS» MIOBEPXHEBUX IIapiB O MaliOyTHIX yMOB
eKCIUTyaTallii 3a paxXyHOK ITpoIieciB eGopMyBaHHA Ta 3MiHY IMIOPCTKOCTI TIOBEPXOHB TEPTA. PeXuMy npuramaHHi
MiHIMaJTbHI 3HAYCHHS MIBUKOCTI 3HONTYBaHHS Ta MAKCHUMaJbHI 3HAUCHHS KOe(iIlieHTa TepTs.

Jlpyroro CKkJ1aoBOIO IPOrpaMHt IIPUTIPAIIOBAHHS € BUKOHAHHS YMOBH Ha MEKi BTPATH CTIMKOCTI 3a MOSIBOTO
3aJUpy TOBEPXOHb TEPTs, IPH MHUHUMAIBHOMY HaBaHTaKCHHI Ha TPHOOCHCTEMY Ta MaKCHMAaJbHOI IIBHIKOCTI
KoB3aHH:. Takuil pe)kM BUKOHYE (QYHKIIIIO «aJanTarlii» MOBEPXHEBUX MIapiB 10 MaHOyTHIX YMOB eKCILTyaTamii
3a paxyHOK 30UIbIIEHHS HMIBHJKOCTI Je(OpMyBaHHs MarepialiB IMOBEPXHEBHX IIApiB Ha IUIMax (pakTHYHOTO
KOHTaKkTy. Pexxumy mnpuramManHi MakCHMallbHI 3HAUY€HHs IIBUAKOCTI 3HOUIYBAHHS Ta MiHIMaIbHI 3Ha4eHHS
Koe(ilieHTa TepTs.

Tperili pexxuM TporpamMy Mae Ha MeTi (POPMYBaHHsS Ha MOBEPXHSAX TEPTS TPHUOOCHUCTEM MOBEPXHEBUX
CTPYKTYp Ta IIOPCTKOCTI, SIKI BIIMOBIJAIOTh EKCIUTyaTaliiHUM pexuMaM. Takuil pekMM BUKOHYE (YHKIIO
«IOCTAaTHBOT ajamTallii» MOBEPXHEBUX MIAPIB 10 MaHOyTHIX YMOB eKCIUTyartallii, Ta BIANOBiTa€ YMOBi 3
MaKCHUMaJbHUM 3HAYCHHSIM 3amacy cTiifikocti. KiHIIEBUM pe3ynbTaTOM IpOIeCcy MPHIIPANIOBAHHS € Tepexin
TpUOOCHUCTEMH 3 HEPIBHOBAXKHOTO, TEPMOANHAMIYHO HECTIMKOTO CTaHy, B CTalliOHAPHUH, PIBHOBXHUH CTaH, B
pe3yIbTaTi IKOTO CTAOUTI3YIOThCA TaKi MapaMeTpH, K MIBUAKICTD 3HOIIYBaHHS, KOS(Ili€HT TEepTs, TeMIIepaTypa
1 IIOPCTKICTh TOBEPXOHB TepTs. Takuii MOKPOKOBHH MEPEXi MOB'I3aHUH 3 yTBOPEHHSIM 0COOINBOT, IMCUITATHBHOT
CTPYKTYPH OBEPXHEBHX IAPiB TPUOOCIEMEHTIB B Pe3yIbTaTi caMOOpTaHi3aIlii.

3acToCcyBaHHS TPHOXPEKUMHOI IPOTPaMH I03BOJIMTH 3MEHIIIUTH Yac Ha MPUIIPALIOBAHHS TPHOOCHCTEM Ha
23,0 — 38,4% B mopiBHsHHI 3 IHIIMMHU MporpaMamu. EekTuBHICTH po3po0ieHOi TPHOXPEKUMHOI IpOrpamu
JIOBE/IeHa eKCIIEPUMEHTAIbHUMHE JOCIIKCHHAMH 3 PO3paxXyHKOM IIOXUOKH MOJICITIOBaHHSI.

Keywords: Tpubocucrema; NpUMpaIiOBAHHS; MPOTpamMa TMPHUIPAMIOBAHHSI, TPAHHYHE MAIICHHS;
MIBUAKICTh 3HOIIYBaHHS; KOE]ILIEHT TEPTs; 4ac NPHUIIPALIOBAHHS; 3HOC 3a IEPioJ NPUIIPALIOBAaHHS; BTpaTa
CTIKOCTI TPHUOOCHCTEMOIOCEPEIOBHUINA; PEOJIOTIYHI BJIACTUBOCTI  CIOJYYCHHX MaTepialliB; IIBHIKICTh
3HONIYBAHHS; KOC(DIMi€HT TEPTS
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Abstract

The article is dedicated to establishing the relationship between the maximum impact dynamic stresses in
the most loaded section of the garbage truck manipulator boom and the wear of the manipulator's hinge and its
load level. By utilizing a first-order experimental design with first-order interaction effects using the Box-Wilson
method, an adequate dependence of maximum impact dynamic stresses in the most loaded section of the
manipulator boom on the wear of the manipulator’s hinge and its load level was determined. It has been found
that, according to the Student’s criterion, among the investigated influencing factors, hinge wear has the most
significant impact on the maximum impact dynamic stresses in the most loaded section of the manipulator boom,
while its load level has the least impact. The response surface of the objective function is shown — the maximum
impact dynamic stresses in the most loaded section of the manipulator boom and their two-dimensional sections
in the planes of the impact parameters, which allows to visually illustrate the specified dependence of this objective
function on individual impact parameters. It was established that the wear of the hinge by 1000 pum leads to an
increase in the maximum impact dynamic stresses in the most loaded cross-section of the boom of the garbage
truck manipulator by 2.6...4 times, depending on the level of its load. The expediency of conducting further studies
of the effect of antifriction materials on the wear of the friction pairs of the mechanism for loading municipal solid
waste into the garbage truck is shown.

Keywords: wear, dynamic load, hinge, boom, manipulator, garbage truck, municipal solid waste,
dependence, experimental planning.

Introduction

The problem of increasing wear resistance, reliability, and durability of machine parts holds a leading
position among the top priorities in the field of municipal engineering in Ukraine, particularly for manipulator-
type machines [1, 2]. The collection and transportation of municipal solid waste (MSW) to further disposal sites
in Ukraine are primarily carried out by body garbage trucks, equipped with loading mechanisms in the form of
manipulators. Nearly 3700 body garbage trucks are capable of compacting MSW, reducing transportation costs
and the required landfill areas. During the technological operation of loading MSW into the body garbage truck,
the hinges of its manipulator are subjected to intensive wear. This is due to the substantial weight of the MSW
container (up to 500 kg) being lifted, operation in reverse mode (reversing and rotating movement), a high number
of work cycles per one route, and operation under conditions of a wide range of temperature fluctuations, relative
humidity, and environmental dustiness. Insufficient lubrication or a deterioration in material quality leads to
increased friction in the hinges and an increase in vibrations within the system. This, it can affect the dynamic
stability of the manipulator and its ability to withstand high loads. Hinge wear can impact the efficiency and safety
of the garbage truck manipulator’s operation, which can have negative consequences for operators and the
environment. According to statistical data, the wear and tear of the municipal waste collection fleet in the
Khmelnytskyi region from 2015 to 2020, despite measures taken, decreased only marginally from 63% to 59% [3,
4]. According to the text of the Resolution of the Cabinet of Ministers of Ukraine No. 265 [5], among the important

Copyright © 2023 O.V. Bereziuk, V.I. Savulyak, V.0. Kharzhevskyi, V.Ye. Yavorskyi. This is an open access article distributed
@I}. 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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tasks, a prominent place is 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 not only helps address various environmental issues but also enhances the overall reliability of
municipal services. Planning for the renewal, maintenance, and repair of garbage trucks is facilitated by
determining the regression relationship between hinge wear and the dynamic load on the articulated boom of the
garbage truck manipulator.

Analysis of recent research and publications

In the work [6], an improved mathematical model of the operation of the solid waste dehydrating drive in
a garbage truck, taking into account the wear of the auger, was published, which made it possible to numerically
study the dynamics of this drive during start-up and determine the effect of auger wear on the operating
characteristics of the drive: with increasing wear of the auger, the pressure of the working fluid at the inlet increases
of the drive hydraulic motor, and the angular speed and rotation frequency of the auger are significantly reduced
with a constant supply of working fluid. Dependencies in the form of power-law functions of changes in the
nominal values of pressures at the hydraulic motor inlet, angular velocity and rotation frequency of the auger
depending on the amount of its wear have been determined. At the same time, the dependence of the rotation
frequency of the auger on the amount of its wear describes the adjustment from the optimal rotation frequency of
the auger in the process of its wear and is used to determine the energy intensity of MSW dehydration taking into
account the wear of the auger. In particular, it was found that the wear of the auger by 1000 pm leads to an increase
in the energy consumption of solid waste dehydration by 11.6%, and, therefore, to an increase in the cost of the
process of their dehydration in the garbage truck and acceleration of the wear process.

The article [7] examines the performance of reversible friction hinges in the control systems of transport
vehicles operating in various operating conditions. It is noted that hinged assemblies and connections are among
the most responsible and highly loaded power connections of industrial transport machines, and are also the most
metal-intensive and most loaded elements of machines that connect the main structural elements and functional
units. As a result of the analysis of the wear of the parts of the reversible hinges of transport vehicles operating in
a corrosive environment, their increased wear and unreliability in operation was noted. The active loads of the
parts of the hinges of coupling devices were studied, as a result of which it was established that there is plastic
contact in the friction pair, which causes increased wear of the friction surfaces. As a result of the research, it is
proposed to improve the design of the hinges, which allow self-compensation for the wear of the friction surfaces
of the coupled parts and improve their operation due to the constant supply of lubricant to the friction zone.

In work [8], an analysis of the types of wear of hinged joints of forest manipulators was carried out, which
made it possible to outline possible ways of increasing their wear resistance, which will help design engineers to
increase the working life of hinged joints depending on the requirements placed on them in the process of work.
It is noted that manipulator-type machines often work under conditions of environmental temperature drops, which
negatively affects the properties of lubricants and hinge materials. At a low temperature, the materials of the
rubbing pairs become more brittle, the yield strength decreases and the hardness of the working surfaces increases.
This complicates the processes of movement and annihilation of dislocations, the occurrence of exoelectron
emission, and thus intensifies the wear process. At low ambient temperature, the lubricant hardens or its viscosity
increases, which significantly reduces its lubricating properties. In the summer, at high temperatures, the lubricant
heats up and it randomly flows out of the friction zone, which negatively affects the process of lubrication and
cooling of working surfaces. Therefore, it is proposed to protect the hinge joints of the manipulators from the
polluting and corrosive effects of the environment, as well as from the leakage of the lubricant, with special sealing
devices. It was established that it is most expedient to introduce contact and labyrinth sealing devices into the
design of hinges.

In the article [9], a mathematical model was developed that allows to determine the geometric parameters
of the design elements of the manipulator depending on the load capacity, maximum displacement and other
kinematic parameters of the machine. It is noted that, taking into account the periodicity of the operation of the
hinge joints of the manipulators, there is no hydrodynamic process of friction in them, since the process takes place
under conditions of semi-dry and marginal friction. Unlike the established hydrodynamic friction process, the
operation of sliding bearings with semi-dry and extreme friction increases the wear of the friction surfaces, which
leads to a violation of kinematic accuracy, causes additional dynamic loads, shocks, vibrations, which lead to
fretting corrosion and, as a result, to destruction. It is proposed to reduce the force of friction by applying lead,
phosphate, and indium coatings to the joint parts of manipulator hinges.

It has been established that contact wear can be reduced by introducing oil and fat-based lubricants or by
using consistent lubricants, which at a temperature of 25 °C acquire a thick, ointment-like consistency. For better
maintenance of the lubricant on the surface, it is advisable to use phosphate and anodic metal coatings.

The work [10] presents the method of synthesis of the motion trajectory of a manipulative robot by degrees
of mobility. It was established that the bending of the rod leads to the occurrence of support reactions in the contact
zone, as in a beam on two supports. Having obtained the contact pressure, it is possible to establish the wear of the
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surfaces of the rod, hydraulic cylinder and ground box. Contact stress reaching a third of the strength limit, with
complete safety of the rod from bending, can cause a significant acceleration of the wear of the rubbing surfaces,
which makes it possible to specify the causes of the detected wear patterns and the features of their identification.

In the article [11], it was established that when creating new promising designs of hinged joints, it is
necessary to apply a complex approach to scientific and technical solutions that take into account a significant
number of parameters affecting their performance. At the same time, taking into account the above possibilities
and principles of increasing the efficiency of tribotechnical units, it is possible to create new constructive solutions
that ensure the increased efficiency of hinged joints of manipulators of logging machines, which allow to
significantly ensure the achievement of increased mechanical and tribotechnical characteristics, as well as to
optimize the thermal mode of operation node

The authors of the work [12] carried out computer modeling of the process of forming additional dynamic
load of metal structures of manipulator cranes with increased clearances in cylindrical joints. A significant
drawback of cylindrical hinges is indicated: in the process of operation, over time, the gaps between the hinge
fingers and the surfaces of the holes of the eyelets increase monotonously as a result of frictional wear and impact
crumpling of their contact surfaces. It is shown that the time-progressive wear of hinges leads to a significant
increase in short-term shock stresses in the connections of hinged-jointed booms, an increase in their load level
even under stable operating conditions and an increase in the risk of developing permanent destruction, as well as
the maximum dynamic shock stresses in the most loaded cross-sections of the manipulator boom for different wear
values of the manipulator hinge and its load level.

In the materials of the article [13], using regression analysis, a dependence is determined that describes and
allows forecasting the dynamics of wear and tear of garbage trucks in general in the Khmelnytskyi region, as well
as planning the infrastructure of communal enterprises (warehouse and renewal of garbage trucks, production base
for maintenance and repair), which necessary to solve the problem of solid household waste management.

However, as a result of the analysis of known publications, the authors did not find specific mathematical
dependencies describing the effect of wear of hinges on the dynamic load of the articulated boom of the garbage
truck manipulator.

Aims of the article

Study of the effect of hinge wear on the dynamic load of the articulated boom of the manipulator of the
garbage truck.

Methods

Determining the dependence of the impact of hinge wear on the dynamic load of the hinged boom of the
garbage truck manipulator was carried out by planning a second-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 for the work
and is described in the work [15].

Results

Preliminary processing of the results of experimental studies [12] showed that the maximum impact
dynamic stresses in the most loaded section of the manipulator boom are a function of the following 2 main

parameters:
oo =f[u, Gﬁj W

n

where omax— maximum impact dynamic stresses in the most loaded section of the manipulator boom, MPa;
u —manipulator hinge wear, um; G/G, — load level of the manipulator; G — weight of a solid waste container, N;
Gn — nominal load capacity of the manipulator, N.

The study of the influence of the above factors on the maximum impact dynamic stresses in the most loaded
section of the boom of the garbage truck manipulator when processing the results of one-factor experiments by the
regression analysis method is associated with significant difficulties and amount of work. Therefore, in our
opinion, it is advisable to conduct a multivariate experiment to obtain a regression equation for the response
functions — maximum impact dynamic stresses in the most loaded section of the manipulator boom using the
planning of a multivariate experiment using the Box-Wilson method [14].
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The maximum impact dynamic stresses in the most loaded section of the manipulator boom for different
wear values of the manipulator hinge and its load level are given in the Table 1 [12].

Table 1

Maximum impact dynamic stresses in the most loaded cross-section of the manipulator boom for different
wear values of the manipulator hinge and its load level [12]

Maximum impact dynamic stresses in | Wear ~ of  the | The ratio of the weight of the container with
4 the most loaded section of the | manipulator hinge | municipal solid waste to the nominal load
manipulator boom omax, MPa u, pm capacity of the manipulator G/G,
1 21.9 0 0.25
2 65.6 500 0.25
3 87.5 1000 0.25
4 100 1500 0.25
5 109.4 2000 0.25
6 40.6 0 0.5
7 100 500 0.5
8 134.4 1000 0.5
9 153.1 1500 0.5
10 162.5 2000 0.5
11 62.5 0 0.75
12 121.9 500 0.75
13 162.5 1000 0.75
14 187.5 1500 0.75
15 203.1 2000 0.75
16 78.1 0 1
17 153.1 500 1
18 200 1000 1
19 231.3 1500 1
20 246.9 2000 1

Based on the data in Table 1, using the planning of the second-order experiment with first-order interaction
effects, using the developed software protected by a certificate, after discarding insignificant factors and interaction
effects according to the Student’s criterion, the regularity of the maximum impact dynamic stresses in the most
loaded section of the boom is determined of the manipulator from the wear of the manipulator hinge and the level
of its load:

2
O = 0,08552 u + 89,58 GE +0,06243 u G 2,99 107 u* - 10,02(G£J : )

n n n

In Fig. 1 shows the response surface of the objective function — the maximum impact dynamic stresses in
the most loaded section of the manipulator boom oma and their two-dimensional sections in the planes of the impact
parameters, built using the dependence (2), which allows to visually illustrate it.

It was established that, according to the Fisher criterium, the hypothesis about the adequacy of the
regression model (2) can be considered correct with 95% confidence. The coefficient of multiple correlation: R =
0.99748, which indicates the high accuracy of the obtained results.

According to the Student’s criterion, it was found that among the investigated influencing factors, the
maximum impact dynamic stresses in the most loaded section of the manipulator boom are most affected by the
wear of the manipulator hinge, and the least by its load level.

It was established that the wear of the hinge by 1000 um leads to an increase in the maximum impact
dynamic stresses in the most loaded cross-section of the boom of the garbage truck manipulator by 2.6...4 times,
depending on the level of its load.



22 Problems of Tribology

+- 200

G/G;,

Fig. 1. The response surface of the objective function — the maximum impact dynamic stresses in the most loaded
section of the manipulator boom omax

Determination of the influence on wear and development of recommendations for the selection of anti-
friction materials for the friction nodes of the solid waste loading mechanism in the garbage truck require further
research.

Conclusions

The dependence of the maximum impact dynamic stresses in the most loaded section of the manipulator
boom of the garbage truck due to the wear of the manipulator hinge and the level of its load was determined to be
adequate according to Fisher's criterion. It was established that, according to the Student’s criterion, among the
investigated factors of influence, the maximum impact dynamic stresses in the most loaded section of the
manipulator boom are most affected by the wear of the manipulator hinge, and the least by its load level.

The response surface of the objective function is shown — the maximum impact dynamic stresses in the
most loaded section of the manipulator boom and their two-dimensional sections in the planes of the impact
parameters, which allow you to visually illustrate the specified dependence of this target function on individual
impact parameters. It was established that the wear of the hinge by 1000 um leads to an increase in the maximum
impact dynamic stresses in the most loaded cross-section of the boom of the garbage truck manipulator by 2.6...4
times, depending on the level of its load. Determining the effect of antifriction materials on the wear of the friction
nodes of the solid waste loading mechanism in the garbage truck requires further research.
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Bepesok O.B., CaByasik B.l., Xap:keBcokuii B.O., fIBopcbkmii B.€. Bruie 3HOCy mapHipiB Ha
JMHAMIYHY HaBaHTa)KEHICTh IIAPHIPHO-CIIOJIyYEHOI CTPLIM MaHIIyJIsITOpa CMITTEBO3a

CrarTsl NpUCBSUYCHAa BCTAHOBJICHHIO 3QJIC)KHOCTI MAaKCHMAJIBHUX YIApHHUX IUHAMIYHHMX HalpyXeHb B
HAMOLTBII HABAHTAXXCHOMY IEPEPi3i CTPUTU MaHIMyJIATOPA CMITTEBO3A BiJl 3HOCY IIApHIpa MaHIMyJISITOPa Ta PiBHS
HOro HaBaHTAXKEHOCTI. 3a IOMMOMOTOI0 BUKOPUCTAHHS IJIAHYBaHHS €KCIIEPUMEHTY IEPIIOro MOPSAKY 3 eekTamMu
B3aEMOJIIT MEPIIOTO TOPSAKY MeToJoM bokca-YicoHa BH3HAYEHO aJeKBAaTHY 3aKOHOMIPHICTh MaKCHMAIbHHUX
yAapHUX TUHAMIYHHX HANpY>KeHb B HAWOLIBII HAaBAaHTAXXCHOMY Tepepi3i CTPIIN MaHIMYJISTOPA CMITTEBO3a Bif
3HOCY MIapHipa MaHIMyJIATOpa Ta PiBHSA HOTO HABAHTAXKEHOCTI. BcTaHOBIIEHO, 110 3a kpuTepieM CThIoJIEHTa cepe
JOCITIKeHNX (HaKTOpiB BIUIMBY HaWOIIbIle Ha MaKCUMAaJIbHI YJapHi IWHAMIYHI HampyXCHHS B HaHOUIBIIT
HaBaHTa)XCHOMY TIepepi3i CTPiUIM MaHIMyJIATOpa BIUIMBAE 3HOC IIApHIpa MaHIMYISTOpa, a HAMMEHIe — piBeHb
fioro HaBaHTa)xeHOCTI. [loka3aHO MOBEPXHIO BIATYKY IIJIbOBOT (QYHKIIi — MAKCUMAaIbHUX YIapHUX AMHAMIYHUX
HaIpy>XeHb B HalOUIbII HABAHTAXKEHOMY TIepepi3i CTPiIM MaHimyJIsiTopa Ta iXHi ABOMIpHI Iepepi3u B MIIOMNHAX
napaMeTpiB BIUIUBY, 5IKi JO3BOJISIFOTH HAIJISIHO NPOLTIOCTPYBATH BKa3aHy 3aJIeKHICTh JaHHOT HiTbOBOT (yHKIii
BiJI OKpEMHUX NapaMeTpiB BILIMBY. BcraHoBieHo, mo 3Hoc maphipa Ha 1000 MKM NIpH3BOAWTH /10 3pOCTaHHS
MaKCHMaJIbHUX yJapHHUX AMHAMIYHHUX HalpyXeHb B HAHOLIbII HaBaHTa)KEHOMY Iepepi3i CTPUIM MaHImynsaTopa
cMiTTEBO3a B 2,6...4 pa3u B 3aJICKHOCTI BiJl PiBHS HOro HaBaHTa)xeHOCTi. [loka3zaHO JOIUIBHICTh MPOBEICHHS
MOJANBIINAX JOCHTI/DKeHb BIUIMBY aHTH(OPHUKIIHHAX MaTepialliB Ha 3HOC BY3JIiB TEPTSA MEXaHI3MY 3aBaHTAKCHHS
TBEPIUX MOOYTOBUX BiIXOMIB ¥ CMITTEBO3.

KaouoBi cioBa: 3HOC, TMHAMiIYHA HAaBaHTAXXCHICTh, IMIAPHIP, CTPiNa, MaHIMYIATOpP, CMITTEBO3, TBEPIi
MoOYTOBI BiJIXO/H, 3aKOHOMIPHICTb, TNTAHYBaHHS €KCIICPUMEHTY.
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Abstract

Our mathematical model describes the regularities of blade wear and takes into account the influence of
different operating modes of a bulldozer when dealing with diverse soils that have different degrees of
abrasiveness. When calculating the probability of failure-free operation of the bulldozer cutting elements (blades),
which depends on the maximum load, it was found that the probability of failure-free operation at an operating
time of 600 machine-hours is 0.7...0.75 — for soil category I; 0.5...0.55 — for soil category 11; 0.3...0.35 — for soil
category Il1l. Comparison of failure-free operation probabilities has made it possible to establish that with an
increase in soil density, failure-free operation probability drops by 30-40%, which suggests a significant impact
of soil density on reliability of the bulldozer working equipment. In addition, this mathematical model of the total
probability allows us to obtain a theoretical description of changes in failure-free operation probability of the
bulldozer equipment during working processes, changes in the service life of a bulldozer blade, and taking into
account the properties of the blade material. The service life of a bulldozer cutting element can be estimated by its
wear, structural features of the material, geometric parameters (thickness in particular), and machine operating
modes. It has been established that the regularity of changes in the service life, due to bulldozer blade wear, is
exponential. The higher the soil category is, the lower the wear is, and hence the service life of a bulldozer working
body. The dependence of the change in the blade service life on the time of its contact with soils of three categories
was obtained as well. Thus, the maximum value of a blade service life at the beginning of operation on different
soil categories was determined: 450 machine-hours — on soil category I; 350 machine-hours — on soil category Il;
280 machine-hours — on soil category IlI.

Key words: bulldozer, blade, service life, failure-free operation, wear, working equipment, soil category.
Introduction

During the study of bulldozers operation, it was found that a significant number of failures are associated
with the failure of working equipment. Besides, according to the data [1, 2, etc.], up to 90% of failures are caused
by the rapid wear of the cutting elements of the working bodies (WB).

Bulldozers are known to operate in different conditions. In this case, individual work operations differ from
one another by the schemes of applying external loads, so the load of the units is formed independently.
Consequently, the statistical characteristics of the workload can generally be constant. It can be assumed, however,
that in each case, the amount of accumulated fatigue damage does not depend on the sequence of loading
conditions. This makes it possible to represent the operation of a bulldozer consisting of separate typical load
modes, which are also determined by certain soil conditions. The bulk of a bulldozer operating time occurs in
modes in which its WB performs relatively slow vertical and angular movements. However, the average speed of
the latter is low compared to the speed of the machine itself.

Literature review

The results of the experimental studies conducted with the bulldozer’s WB in cohesive homogeneous soils

Copyright © 2023 0.V. Shchukin, A.O. Prudnikova. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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show significant high-frequency fluctuations in cutting forces [3]. In real-world conditions, when cutting soil with
wide blades, there is not one spall of soil, but a sequence of spalls occurring simultaneously. The vibrations causing
this phenomenon cannot be detected due to their damping by the mass of the working equipment.

The numerical characteristics (mathematical expectation, variance, etc.) of the random process of a
bulldozer blade’s total load are influenced only by the numerical characteristics of the soil strength properties. Due
to a rather slow change in the strength properties of homogeneous soils, it is possible to represent their influence
by a discrete set of characteristics. In this case, the parameters of soil conditions are immutable in each case.

Bulldozers” WB are known to operate in rather unfavourable conditions. The most noticeable process
affecting the durability of the WB is wear and tear. In its turn, bulldozer blades wear mainly depends on the soil
abrasiveness, that is, their ability to change the cross-section of the cutting elements. This ultimately leads to their
restoration or, in the worst case, to the breakage of the cutting part with the subsequent replacement of the entire
blade. Furthermore, the abrasiveness of soils increases with the content, size, and fixed quartz particles (silicon
oxide SiO2) [3]. In addition, as shown in [4], with an increase in soil density, the wear of the WB can grow by 5
times (especially with a low content of clay fractions), which negatively affects the service life of the WB blades.

Purpose

Determination of the correlation between service life and wear of a bulldozer blade under various dynamic
and alternating loads.

Research Methodology

One of the main indicators of the reliability of the bulldozer WB is the probability of its failure-free
operation and service life.

The entire operational load of a bulldozer’s working equipment can be divided into categories that are
classified by characteristic features [5]. Primarily, it is necessary to consider the following components:

P(Payn) — the probability of blade failure-free operation, depending on the maximum load applied to the
blade edge;

P(hw) — the probability that depends on the value by which the thickness of the blade has changed as a result
of wear;

P(Pw) — the probability that depends on the load variable.

Being aware of their influence on the probability of failure-free operation of the entire bulldozer’s working
equipment, it becomes possible to make adjustments at the stage of a cutting element design.

In accordance with [5], we can find the total probability of bulldozer blade failure-free operation:

P. =P(Ry,)-P(h,)-P(R,). 1)

As a matter of fact, the probabilities P(Payn), P(hw), and P(Pw) are interrelated in the following way: when
the blade’s working surface wears by hy value, the blade’s cross-section changes, as well as its load-bearing
capacity. In turn, the latter determines the maximum force on the blade edge it can withstand. The probability
P(Pw) also depends on the load-bearing capacity.

Results

As a result of analysing the processes of cutting, ploughing, stopping performed by a bulldozer and its
hitting a thoug obstacle, the load on the WB was measured. In addition, we studied the influence of the blade angle
in the plan on the maximum force on the blade edge when hitting a tough obstacle.

Fig. 1 shows the graph of the maximum Pmnax=max(Rx) at the cutting edge of the blade when it hits a tough
obstacle, depending on the angle of the blade in the plan o for three categories of soil.

Approximating the dependence Pmax=f(c) shown in Fig. 1, we obtain:

P (0)= A-sin(B-GS_OCj+ D, 2)

where the coefficients A, B, C and D, obtained on the basis of Pma=f(a) dependence approximation, are
shown in Table 1.

According to [4], we will consider the first 700 hours of blade operation in the soil. Then the wear
dependence of the bulldozer blade as a random function of operating time can be generally described as
h(t)=a.t’+b, (Fig. 2). In this equation, the calculations were based on the statistical data obtained by the authors
during the the bulldozer operation. It was assumed that the indicator was p=1/2, b,=0 [6].
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Table 1
Coefficient values A, B, Cand D
Soil categories A B C D
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Fig. 1. Dependence of Prmax on the angle of the blade gripping a: 1 - soil category I, 2 - category I,
3 - category 111

The graph in Fig. 2 shows that in the first 50-100 hours of operation, wear is intense and linear. Then the
wear gradually quasi-stabilizes, and then after 500-600 hours it starts to increase rapidly. Therefore, the wear rate
of the bulldozer blade for each category of soil can be defined as v=dhw/dt [7].

h, m
8107

6-10%

4-10°

o

1073

0 200 400 600 t, hours
Fig. 2. Graph of wear rate h dependence on service life t for three different soil categories: 1 - soil category I, 2 - category I, 3 -
category Ill1

In equation (1), the first factor, which relates to the probability of blade failure-free operation and depends
on the maximum load, was transformed as follows:
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Fig. 3. kareropisn Graph of changes in the probability of failure-free operation of a bulldozer blade P(Pgy») with the time of its
operation in an abrasive environment t, h: 1 - | category of soil, 2 - 11 category, 3 - 111 category

Fig. 3 shows the dependence of the probability of bulldozer blade failure-free operation P(Pgyn) On the time
of its operation in an abrasive environment, obtained by applying a normal distribution (3).

The declining characteristic of the graphs in Fig. 3 indicates a decrease in the probability of blade failure-
free operation P(Payn) during the operation of the bulldozer working equipment.

As a result of approximating the dependence of the probability P(Payn)on the blade’s operating time in the
abrasive environment t (Fig. 3), the following dependence was obtained

P(Py,) =1-0.02-t"%, (4)

where z = 2,4; 2,13; 2 — or soil categories I, Il and 11, respectively.

The proposed mathematical model of the total probability (1) allows us to obtain a theoretical description
of the change in the probability of failure-free operation of the bulldozer working equipment in the process of
performing work operations and describe the change in the service life of the bulldozer blade [8]. Based on the
assumptions made, as mentioned above, it is suggested that we consider the probability of failure-free operation
as a multiplicative probability function, each argument of which depends on the argument of another probability.
In this case, the total probability of failure-free operation of the bulldozer blade will equal to:

IEX
_ f [ere-mey] | [PT-mey) o @) ;
PZ_P(den){l 2{@[ NN 1 q)[ NN H} @ 5 | ®)

t2

where O(X) = 2t - the Laplace transform,

1 ."fe—
\2ny,
P1="Po1-Ry

Po.1 — the load-bearing capacity at fatigue load;
Rx — the applied load on the blade edge;
m(P-1) — mathematical expectation (average value) of the limit of the difference between the load-bearing capacity
of the bulldozer blade and the maximum load;
D(P-1) — standard deviation of the limit of difference between load-bearing capacity and maximum load;

In the dependence h(t)=a,t® +b,, we will consider the case of the extreme wear. In order to do this, we
substitute the value of the extreme wear 7. into the wear formula instead of h(t) and solve the resulting equation
for t=T with by = 0. Then the blade service life will be as follows:

E 0
au

where Iex — the extreme blade wear.
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Fig. 4. Dependence of the change in the total probability of failure-free operation Pz on P(Pmax) and P(hw)

Fig. 4 shows the graph-surface Ps=f(P(Pmax), P(hw)), built using the dependence (1).
Approximating the dependence of the total probability of failure-free operation of the working equipment
Ps on the probabilities P(Pmax) and P(hw), we obtained:

P, =0.2+1.08P(P,,,) +0.24P(h,) —0.13P(P, ., )*> —0.08P(h,)* +0.846P(P,, )P(h,). (7)

Hence, the dependence of the probability of the blade failure-free operation was obtained, which includes
wear parameters, dynamic and alternating load (Fig. 4). It should also be noted that the regression equation
Ps=f(P(Pmax), P(hw)) is valid only within the limits of the experimental data, in particular the wear value, on the
basis of which they were obtained [9]. If the values go beyond the experimental data, then the prediction of the
probability of the blade failure-free operation can be obtained with significant errors. To extend the usage scope
of the equations, they should be built based on the data regarding several or all modern models of objects of the
same functional purpose.

Knowing the total probability of failure-free operation, we can determine the service life of the bulldozer
blade. For this purpose, we need to solve equation (5) with respect to the value of T.

The Laplace transform is calculated only with the help of a special table. Therefore, equation (5) cannot
be solved analytically. Thus, using MATLAB erf(x) operators, we will solve this equation numerically to find the
total probability.

Taking into account the nonlinearity of the change in the blade wear value with the operating time hy,=f(t)
in an abrasive environment during work operations (Fig. 2), we find the service life of the bulldozer blade as the
function of T=f(t) (Fig. 5) for three categories of soil.

T.
mach.-
hours

400

0 100 200 300 400 t. machine-hours

Fig 5. Dependence of the blade service life T on the time of its operation in an abrasive environment t: 1 - category |
soil, 2 - category 11, 3 - category 111



30 Problems of Tribology

The graphs in Fig. 5 show that the lower the soil category is, the higher the blade service life in this soil.
Approximating the dependence of the blade service life on the time of its operation in an abrasive
environment, we obtain the following exponential dependence:

t

T(t)=x-e 10, (7)

Where the coefficient x=447; 340; 260 — for soil categories I, Il and 111, respectively.
The obtained equation does not contradict the class of solutions of the multiplicative equation (5) for the
total probability of the blade failure-free operation of the bulldozer’s WB.

Conclusions

1. On the basis of the multiplicative formula for the total probability of blade failure-free operation, an
integral equation was obtained. It allows us measure the blade service life at any time before the start of a bulldozer
operation.

2. The proposed mathematical model of the total probability allows obtaining a theoretical description of
changes in the probability of failure-free operation of a bulldozer working equipment in the process of performing
work operations, as well as changing in the service life of the bulldozer blade, and taking into account the properties
of the material from which bulldozer blades are made.

3. The regularity of changes in the service life, due to bulldozer blade wear, is exponential.

4. The higher the soil category is, the more the wear is, therefore the service life of the bulldozer’s working
body is shorter.

5. The service life of a bulldozer cutting element can be estimated by its wear, structural features of the
material, geometric parameters (thickness in particular), and machine operating modes.
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Mykin O.B., IpyanikoBa A.O. [locni/ykeHHS 3aKOHOMIPHOCTI BIUIMBY 3HOCY Ha pecypc pi3ajibHUX
€JIEMEHTIB pOoOOUYHX OpraHiB OyJIb103€piB

Po3pobiieHo MaTteMaTHYHy MOAENb, IO OMHCYE 3aKOHOMIPHOCTI 3HOCY HOa 1 BPaXOBYE BIUIUB Pi3HUX
PEXUMIB eKcInTyaTamii Oyirpao3epa mpu poOoTi HOTO 3 PI3SHAMHU IPYHTaMH 3 Pi3HAM CTyIEeHeM adpazuBHOCTI. [Ipu
o0urciIeHHi WMOBIpHOCTI 0e3BIAMOBHOI poOOTH pi3albHUX eNeMEHTIB (HOXKiB) Oymnbao3epa, IO 3aJEKUTH Bij
MaKCHUMaJbHOTO HaBaHTa)KEHHs, BCTAHOBJICHO, IO WMOBIpHICTh 0€3BiqMOBHOI poOOTH mpH HampairoBaHHi 600
Manr.-roguH craHoBuTk: 0,7...0,75 — Ha | kareropii rpyHTy; 0,5...0,55 — Ha Il ®aTeropii rpyHTy; 0,3...0,35 - Ha III
kareropii rpyHTy. [lopiBHAHHS HMOBipHOCTEH O€3BiIMOBHOI POOOTH Iajlo 3MOTY BCTAaHOBHTH, IO IIPH
MiIBUILCHHI IIIIFHOCTI IPYHTY HIMOBIpHICTH 0€3BIIMOBHOI poO0TH 3HIKYETHCS Ha 30—40%, 1110 T03BOIAE CYAUTH
PO 3HAYHUH BIUIMB TYCTHHU IPYHTY Ha HaJiifHICTh pobouoro obyanHaHHs Oyibro3epa. Kpim Toro, po3pobiiena
MaTreMaTUyHa MOJIeNIb CyMapHOi HMOBIPHOCTI JO3BOJISIE OTPHMATH TEOPETHYHHMN OIKMC 3MiHM HMOBIPHOCTI
0e3BiIMOBHOT poOOTH pobouoro obiagHaHHA Oyiblo3epa B INpOleCci BUKOHAHHA pOOOYMX oOmepauid, 3MiHa
pecypcy poboTH HOXa Oynbao3epa i BpaXOBYBAaTH BIACTHBOCTI MaTepiaiy, 3 SKOTO BHIOTOBISIOTHCS HOXI
Oynpnosepa. Pecypc pikydoro enemeHta Oynbro3epa Moke OyTH OIIHEHHMH, BUXOISYM 3 HOro 3HOCY, 3
ypaxyBaHHSIM KOHCTPYKTHBHHX OCOOJIMBOCTEHl Marepialy, T€éOMETPHYHHX IapaMeTpiB (30Kpema, TOBILIMHH),
peXuMIB poOOTH MamHA. BcTaHOBIIEHO, 1110 3aKOHOMIPHICTB 3MiHH PECYPCY Bil 3HOCY HOXKa 0yJIbI03epa HOCUTh
eKCTIOHEHIIHHNHA XapakTep. UMM BHINE KaTeropis IPyHTY, THM 3HOC, a OTXE 1 pecypc pobodoro oprany
Oynpmo3epa, MeHme. OTpUMaHO 3aleKHICTh 3MIHM pecypcy HOXa Bif 4yacy HWOro KOHTAakTy 3 IPYHTaMH TPbhOX
kaTteropiit. Taknm 4nHOM, MakcHMaJIbHE 3HAUCHHS pecypcy HOXa Ha [0YaTKy eKCIUTyaTallii Ha pi3HUX KaTeropisx
1pyHTYy: 450 Mam.-roauH — Ha | Kateropii rpyary; 350 Mmam.-rogus — Ha Il kareropii rpyaTy; 280 Mam.-roauH —
Ha III kateropii IpyHTY.

Kawuosi ciaoBa Oynabnosep, Hik, pecype, 0e3BiqMOBHA poOOTa, 3HOC, poOOYe OONAIHAHHS, KAaTeropis
rpyHTy
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Abstract

The work scientifically substantiates the application of an effective technology for increasing the wear
resistance of machine parts and tools due to complex diffusion saturation of the surface layer of parts made of
iron-carbon alloys in the process of casting on gasified models based on the optimization of the composition of
saturating mixtures and the establishment of patterns of structure formation.

The possibility of strengthening the surface of castings from cast iron SCH20 and steels of various
composition (25L, 30L, 35L, 45L, 25HL, 110H13L), obtained by methods of casting in an open mold and on
gasified models, has been established. It is shown that the diffusion boride layer on 35L steel, obtained during
casting, has an order of magnitude greater thickness (up to 5 mm) compared to the diffusion layers obtained by
chemical-thermal treatment methods (up to 0.25 mm). Analytical dependencies have been established that connect
the components of the composition of the mixture (chromium boride (CrB2), boron carbide (B4C), graphite,
bentonite, sodium fluoride (NaF)), which saturates, with wear resistance and the thickness of the diffusion layer
after hardening in the process of obtaining a casting by the method of casting on gasified models.

A new composition of the saturating medium has been developed for surface strengthening in the
production of cast parts from gray iron, carbon and alloy steels by simultaneous saturation with boron and
chromium, containing chromium boride, boron carbide, graphite, bentonite, sodium fluoride (50-60 wt. % B4C +
20-25 wt. % CrB; + 2-3 wt. % + 5-15 wt. % finely dispersed graphite + 5-7 wt. % bentonite). The application of
the developed strengthening technology allows to improve operational properties, in particular, the wear resistance
of machine parts and tools up to 25 times (compared to previously used methods), as well as to reduce the labor
intensity of the strengthening process by up to 3.5 times.

Tests of dies for pressing wood waste into briquettes made of 45L steel, strengthened with the help of the
developed technology, showed that their stability increases more than 4.5 times compared to the previously used
ones made of HVH steel strengthened by carbonitriding, and the use of the developed strengthening technology
allows reduce the cost of manufacturing this part by 1.5 times.

Key words: wear resistance, diffusion saturation, durability, surface hardening, diffusion coating, alloying.
Introduction

In the process of operation of parts of machines and tools, their surface layers are subjected to the most
intensive external actions, therefore, often the structure and properties of the surface layers have a decisive
influence on the performance of the products as a whole.

There are many ways to strengthen the surface: laser strengthening, surfacing, rolling, application of
various coating technologies. However, the use of these technologies requires the use of complex, often unique,
expensive and energy-intensive equipment, expensive reinforcing alloys, and highly qualified personnel [1].

Therefore, the development of new highly effective methods of strengthening machine and tool parts due
to the diffusion saturation of the surface of metals and alloys with various chemical elements, the method of
chemical-thermal treatment (CTT) is of particular interest. In some cases, when it is not necessary to strengthen
the entire surface, but only certain parts of the parts, the method of strengthening with saturating coatings is
practically the only possible one. At the same time, the widely used traditional chemical-thermal treatment,
although it increases the wear resistance of the tool, but in addition to the advantages listed above, requires a large

Copyright © 2023 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
@I}. Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
[ properly cited.
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amount of electricity due to the duration of high-temperature diffusion processes. All this leads to an increase in
the cost of the tool.

Studies of the effect of saturating media in the form of smears during CRT have shown that the use of
boron-chromium compounds as an additive to boron carbide significantly increases the service life of the tool.
Boration, chromium plating, titanation and combined processes (borochromization and borotitanization) are more
effective than traditionally used cementation, nitriding, etc. in almost all parameters of the properties of the surface
layers of the material. Boride layers on steels are characterized by high wear resistance, chrome plating provides
heat resistance, and combined coatings combine the original properties of single-component coatings. The
performance of borochromized layers is almost twice as high as that of borated ones. However, the known methods
of obtaining such strengthening coatings are imperfect and quite time-consuming.

The method of surface strengthening, when the surface strengthening and the process of manufacturing the
product are combined into a single process, is devoid of these disadvantages. Such a combination is possible only
in the production of machine parts and tools by casting methods. In this case, the formation of a strengthened layer
occurs as a result of the interaction of the hot casting material with the alloying facing layer applied to the surface
of the mold [2].

The production of the tool by various methods of casting leads to a reduction in the consumption of
expensive tool steel, a decrease in the cost of manufacturing the tool and an increase in its stability. When using
foundry technologies, it becomes possible to use additional alloying, microalloying and modification of steel to
increase the performance of the tool based on the specific conditions of its operation. The most promising in this
direction is the method of casting on gasified models (LGM), which allows you to obtain high-precision castings
with good surface cleanliness.

Of great practical interest is the production of diffusion layers based on iron boride, which, as is known,
has high hardness and wear resistance during the casting process. Increasing the performance of parts of machines
and mechanisms, tools and technical equipment, their reliability and durability is ensured to a certain extent by
optimizing the technology of applying boron-containing coatings and the chemical composition of the saturating
mixture.

Literature review

Surface hardening of steel pursues the following main goals: increasing the hardness of metal products,
increasing wear resistance and increasing the endurance limit of parts. After surface hardening, gear teeth, shaft
necks, machine bed guides become harder, wear-resistant and durable. The core of the part with such hardening
remains viscous and withstands impact and other loads well.

The industry uses various methods of surface hardening of steel:

- surface hardening of steel with induction heating by high-frequency currents (microwave);

- surface hardening of steel with electric contact heating;

- surface gas flame hardening of steel;

- surface hardening of steel in electrolyte.

All of the above methods of surface hardening of steel have one thing in common. A common feature for
all methods of surface hardening of steel is that the surface layer of the part is heated to a temperature above the
critical point Ass, and then quickly cooled and a martensite (hardened steel) structure is obtained. Surface
hardening of steel and mechanical processing with induction heating by high-frequency currents (microwave)
have become the most widely used. Somewhat less often, mainly for large parts, the method of surface tempering
with gas flame heating is used [3].

The essence of the process of surface hardening of steel when heated by high-frequency currents is that the
part is heated on a special installation using a copper inductor made according to the shape of the part being
hardened. A high-frequency alternating current is passed through it. The surface of the part is heated to the required
depth in a few seconds. After that, the current is turned off and the part is quickly cooled. During the hardening
process, cooled water circulates inside the inductor, and therefore it does not heat up.

The method of surface hardening of steel by electric contact heating is as follows. The part is heated when
heat is released at the point of contact between the part and the electrode made in the form of a copper roller
attached to a special device [4]. The surface of the hardened part is cooled with the help of a shower that moves
after the electrode.

The surface hardening of steel by the method of heating with a gas flame burner consists in the fact that the
surface of the part is heated in the flame of an acetylene-oxygen burner to the required tempering temperature,
and then quickly cooled with a stream of cold water. This happens as follows: the gas burner moves at a certain
speed over the surface of the part, and behind the burner, at the same speed, the quenching tube, through which
water is supplied, moves. The flame of an acetylene-oxygen burner has a temperature of 2500-3200°C, and
therefore it heats the surface of the steel product to the temperature required for hardening in a very short period
of time. During that time, the layers of steel lying under the surface do not have time to warm up to a critical point
and do not receive hardening. The thickness of the hardened layer is 2-4 mm, and the hardness reaches HRC 50-
56. Surface hardening of steel by the gas-flame method deforms the steel part less than volume hardening, and the
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surface does not pollute. This method of surface hardening of steel is more cost-effective for large parts than
hardening with microwave induction heating.

Chemical-thermal treatment is the process of changing the chemical composition, structure and properties
of surface layers and metal [5].

This treatment is applicable to parts that require a hard and wear-resistant surface while maintaining a
viscous and sufficiently strong core, high corrosion resistance, and high fatigue resistance.

Chemical-thermal treatment of steel is based on the diffusion (penetration) of atoms of various chemical
elements into the atomic crystal lattice of iron during heating of steel parts in an environment rich in these
elements.

The most common types of chemical and thermal treatment of steel are: cementation - saturation of the
surface of steel parts with carbon; nitriding - saturation of the surface of steel parts with nitrogen; cyanation -
simultaneous saturation of the surface of steel parts with carbon and nitrogen.

In addition to these main types of chemical and thermal treatment, industry also uses surface saturation of
steel with metals: aluminum, chromium, silicon, etc. This process is called diffusion metallization of steel.

Foundry technologies for obtaining composite materials and blanks are the least studied and rarely used in
production. This is explained by the complexity and diversity of foundry technologies, a large number of used
foundry alloys. At the same time, composite, bimetallic castings are a significant reserve of foundry production,
a lever for a sharp increase in the competitiveness of castings in comparison with other billets for machine
building. The use of composite materials makes it possible to successfully solve many complex technological and
structural problems, the solution of which is difficult, and sometimes impossible, with conventional methods of
casting [6].

Castings made of carbon, high-manganese, complex-alloyed steels and cast iron are subjected to
strengthening surface alloying. The most common castings are strengthened in a casting mold: tracks tracks, teeth
of excavator buckets, cultivator feet, plow blades.

Cast structural steel 45L was chosen as the main metal of composite castings. The choice of this particular
steel as a research material is due to its wide application in mechanical engineering for critical parts operating
under conditions of high contact and alternating loads, as well as abrasive wear.

Steel 45L has satisfactory casting and mechanical properties. However, its abrasive wear resistance in the
hardened state is relatively low.

In accordance with the concepts of the processes of deposition of wear-resistant layers on the surface of the
casting, the mechanisms of fusion of alloying powders of different fractions and different chemical compositions
were studied. Mixtures of crushed ferroalloys, surfacing powders for welding processes, alloy chips, fluxes, and
other materials were used as materials for surface alloying [7].

The process of surfacing castings using a composite material consisting of ferromanganese and sludge,
borax should be considered the most rational.

The above composition of the powder makes it possible to obtain on steel castings the largest thickness of
the deposited layer, defect-freeness of this layer, maximum hardness up to 55 HRC and high wear resistance. The
labor intensity of the production of the powder composition and the cost of materials are minimal.

One of the modern methods of changing the structure and properties of the surface layers of the material is
the doping of coatings from a foundry mold. The use of mold coatings in foundry production has been known for
a long time, but the main goals of their use are to improve the surface quality of castings, preserve the casting
mold and prevent its interaction with the poured molten metal, and eliminate the burning of castings. However,
the introduction of special compositions into the composition of the coating makes it possible to produce alloying
of the surface layers of the casting in the places of its application. This approach allows in some cases to
significantly change the properties of the surface of castings without changing the properties of the inner layer of
the casting.

When using this technology, the metal to create a layer on the surface of the formed casting comes from a
special coating that is applied to the surface of the mold before pouring. The working mixture is applied, as well
as standard coatings and coatings used in metal and sand-clay forms [8].

Grain base. It is a dispersed component of the coating, which gives the surface of the casting the required
purity or specified properties. The average particle size of this coating component is usually 30-80 um. The main
substances for the grain base are: graphite, carbon black, ferrochrome slag, zircon, borax, etc.

Purpose

The purpose of the research is to increase the wear resistance of machine parts and tools due to the complex
diffusion saturation of the surface layer of parts made of iron-carbon alloys in the process of casting on gasified
models based on the optimization of the composition of the saturating mixtures and establishing the patterns of
structure formation.

Research methodology
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Steels of various purposes (25L, 30L, 35L, 45L, 25HL, 110H13L), as well as cast iron SCH15 and SCH20
were chosen as the materials under study.

The chemical composition of the components of the saturated mixture used for diffusion saturation (boron
carbide, chromium and titanium boride, etc.) is given. Chemical and thermal treatment was carried out from
saturated smears (pastes) applied to the surface of parts and samples to be strengthened.

Cast samples of steel and cast iron for studying the structure and properties of the hardened layer were
obtained in two ways:

1 - casting according to gasified models (size of samples for steel 040 mm, length 830 mm, for cast iron -
90x45x20 mm);

2 - in a mold made of a core mixture (a cold-hardening mixture (HTS), consisting of quartz sand of the
4K20202 brand, orthophosphoric acid and BS-40 resin). Sample size: 0.25 mm, length 40 mm.

Cast iron and steel were melted in an induction electric furnace of the LHGW - 0.5/ISM crucible with a
power of W=500 kW, and pouring was carried out with a kettle-type ladle with a capacity of V=250 kg. The melt
temperature was measured using a Kelvin 1800P infrared thermometer. The chemical analysis of the studied alloys
was determined on the Argon-5 and MSA | spectrometers [9].

Strengthening was carried out with a coating applied to the surface of the gasified model and to the surface
of the cavity of the mold with HTS.

After diffusion saturation processes, the structure, phase and chemical composition of the boride layers
were studied. Metallographic research was carried out on optical microscopes: MIM-7, MIM-10, Neophot - 21
and by scanning electron microscopy (SEM) methods on a JSM - 6510 LV JEOL scanning electron microscope
with a microanalysis system INCA Energy 350, Oxford Instruments, transmission electron microscopy (TEM) on
the EM-125K electron microscope and atomic force microscopy (AFM) on the "FEMTOSKAN" microscope in
the surface relief scanning mode. For viewing in an optical microscope, sections were prepared by chemical and
electrochemical poisoning methods. X-ray structural phase analysis was performed using a DRON-1.5
diffractometer.

Mechanical properties were determined by standard methods. Wear resistance was determined in laboratory
conditions on an Amsler machine according to 1SO 47421. Durometric tests were performed on a Rockwell TP
5005 hardness tester on a scale according to 1SO 9013 and on a PMT-3M device according to 1SO 9450.

Research results

At the first stage of selecting the composition of the saturating mixture, four types of saturated coatings
based on the boriding mixture (70 wt.% B4C, 15 wt.% graphite, 5 wt.% NaF, 10 wt.% bentonite) were used: No.
1 - with by adding 20 wt. % chromium diboride; No. 2 - with the addition of 20 wt. % nickel; No. 3 - with the
addition of 10 wt. % tungsten carbide; No. 4 - with the addition of 20 wt. % of titanium diboride. The coating was
brought to a cream-like state with the help of water and liquid glass, applied to the surface of the gasified model
and the surface of the mold cavity with XTS thickness from 0.2 to 2.0 mm, then the coating was dried for 3-4
hours in the air at a temperature not lower than 20°C. Form was prepared. Immediately before pouring, the mold
was connected to a vacuum pump and a discharge of 0.05 MPa was created, pouring was performed with melt at
a temperature of 1500-1600°C from a teapot-type ladle preheated in the furnace to t=950°C. After crystallization
of the casting and its aging, the mold was sent for punching [10].

Strengthening diffusion layers were obtained on steels of different chemical composition (Fig. 1), the
distribution of microhardness values in the layers after hardening with boron together with other elements (Cr, Ni,
Ti, and W) during casting.
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Fig. 1. Effect on the thickness of the borochrome layer on 45L steel:
a - exposure time in the mold (sample thickness 10 mm);
b - wall thickness of the sample (holding time in the form 5 min)
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On all steels, layers with a thickness of 0.9 to 1.2 mm were obtained with a casting wall thickness of 10

mm and a holding time in the mold of 5 minutes. The main influence on the formation of the diffusion layer is the

duration of the crystallization and cooling process in the austenitic state, which is determined by the thickness of

the casting wall (Fig. 1, b) and the time of holding the casting at a temperature above 800°C (Fig. 1, a). The

microhardness of the layer varies significantly from 7,500 MPa during borochroming to 14,000 MPa during

borotitanization. The data in Fig. 2 are given for samples with a thickness of 10 mm and exposure time in the form
of 5 minutes.
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Fig. 2. Distribution of microhardness values in the hardened layer of 45L steel after hardening with boron together
with other elements (Cg, Ni, Ti, and W)

The microstructure of the resulting diffusion borochromized layer is shown in Fig. 3. Instead of needle-like
layers (Fig. 4), diffusion layers thicker than 1 mm have a boride eutectic structure with large inclusions of pearlite
(up to 30 um), where the eutectic is a finely dispersed mechanical mixture of borides and pearlite.
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Fig. 3. Microstructure of the diffusion borochrome layer
on steel 45L obtained during casting:
a - the price of a scale division of 10 pm, b - the price of a scale division of 2.5 pm
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Fig. 4. The microstructure of the diffusion borochromized layer on steel 30:
temperature 1000°C, saturation time - 6 h (the price of the scale division is 5 pm)
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From Fig. 5, it can be seen that the diffusion boride layer on 30L steel obtained by surface alloying has an
order of magnitude greater thickness (2.5 mm) and lower microhardness (up to 16,000 MPa) compared to diffusion
layers obtained by chemical-thermal treatment methods (0,25 mm with microhardness up to 30000 MPa, see Fig.
4). Abrasive wear resistance of diffusion layers obtained on cast steel increases by 28.0 times, while the wear
resistance of borated ones in the process combined with heating for hardening increases by 7.7 times compared to
the standard (U8 steel with a hardness of 51-52 HRC). The diffusion layer on steel 30 has a small thickness and
high fragility, therefore, under high loads (above 0.40 MPa), it breaks down faster, and during long-term tests, it
wears out much earlier than the layer on steel 30L [11]. In Fig. 6 arrows show the destruction of the brittle phase
(cross-section) of boride.
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Fig. 5. Wear resistance during abrasive wear of carbon steel (0.3% carbon):
steel 30 - solid-phase boronization from coating, steel 30L - saturation of the surface with boron during LGM (a -
mass loss, b - relative wear resistance)
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Fig. 6. Destruction of borides in a hardened layer (SEM)

Thus, the possibility and expediency of strengthening the surface layer of parts by complex saturation with
boron and chromium during the production of cast products is shown.

Based on previous research, boron carbide was adopted as a boron supplier in the basis of the composition
of the saturated mixture for surface hardening of steel parts and tools. The next component included in the coating
is chromium diboride, which is a supplier of chromium [12]. Sodium fluoride is used to activate the impregnation
process. Finely dispersed graphite provides sufficient thickness of the diffusion layers and easy separation of the
coating after the saturation process. Bentonite provides the necessary stiffness of the coating during the saturation
process and prevents the coating from falling off during the drying process. In separate experiments, different
combinations of these coating components were chosen in percentage ratio of the total mass.

In order to change the number of experiments that were carried out, a more mathematical design of the
experiment was carried out when searching for the optimal composition of the chemical coating. To change the
area, to determine the optimal value of replacing the skin component of the infused mixture, for surface treatment,
the cutaneous component B.C - 40-80%, CrB; - 10-30%, graphite was experimentally established - 5-20%, NaF -
5-15%, bentonite - 2-5%.

For an analytical description of the “warehouse-power” distribution in richly component systems, the
simplex method is a useful method, which allows one to derive a mathematical model of the traced distribution
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and does not require a large volume of experiments [13]. This method is used for stagnation during the injection
of a chemical warehouse with a five-component pumped medium for the durability and wear resistance of boron
chromium-plated steel coatings.

Among the tested parts, there were high quality rollers made of 35L steel, used to feed the drill to the bench
for drilling [14]. The wear resistance of the rollers was determined by the resource by the number of darts supplied
(in tons). Robot feed roller mode: feeding a 0.4 mm shot to the workbench for sanding.

The fragments of the historical creation of insatiable sums of this kind are rich in factors, and the song
system is the basis for it. Previous studies have shown that in this case, the accumulation of power of boron-
chromed balls in a warehouse of compressed coating must be carried out not in the entire area of change in the
concentration of components, but rather in a local area.

Conclusions

1. The structures and phase composition of the diffusion layers obtained during the casting process by
simultaneous saturation of steels 25L, 30L, 35L, 45L, 25HL and 110G13L with boron together with chromium
and boron together with titanium were studied and described. The conditions for the surface alloying process are
established, in which there is a possibility of the formation of eutectics of boride, boride, carbides, carboborides,
solid solutions based on a-iron.

2. The possibility of obtaining a strengthened surface on structural ferrite-pearlite and pearlite cast iron,
medium carbon steels and wear-resistant high-manganese austenitic steel by the method of casting in an open mold
from a core mixture and casting on gasified models from expanded polystyrene has been established. It is shown
that the boride diffusion layer on 30L steel, obtained during casting, has an order of magnitude greater thickness
(up to 5 mm) and a slightly lower microhardness (11,000-16,000 MPa) compared to diffusion layers obtained by
chemical-thermal treatment methods (up to 0.25 mm with a microhardness of 16500-25000 MPa).

3. The optimal combination of saturated medium components for surface hardening of steels during the
production of machine and tool parts by casting (chromium boride, boron carbide, graphite, bentonite, sodium
fluoride) was determined. The study of the ability of the presented saturated media showed that boron-chromium
compounds (chromium diboride, ferrochromium), used as components of a saturated coating, are effective both as
suppliers of boron and as suppliers of chromium.

4. Analytical dependencies have been established that link the components of the composition of the
saturated mixture (CrB., B4C, graphite, bentonite, NaF) with the operational and physico-mechanical properties
of steels (microhardness, wear resistance, thickness of the diffusion layer) after hardening in the process of
obtaining a casting by the casting method on gasified models.

5. On the basis of the studied ideas about the behavior of steels with a diffuse coating, as well as taking into
account the obtained analytical dependences of the properties of hardened steels on the composition of the
saturated mixture, a new composition of saturated medium for surface strengthening of cast steels by simultaneous
saturation with boron and chromium was developed, containing: 50-60 mass. % B4C, 20-25 wt. % CrBy, 2-3 wt.
% 5-15 wt. % graphite, 5-7 wt. % bentonite.

A new composition of saturated medium was developed for surface strengthening of cast steels by
simultaneous boron and titanium saturation, containing: B4C - 40-80 wt.%, TiB; - 10-30 wt.%, graphite - 10-20
wt.%, NaF - 5- 10 wt.%, bentonite - 2-5 wt.%.

Optimum temperature and time modes of processing are recommended for the developed compositions.

6. The application of the developed technology of the method of processing with the combined technology
of laser-plasma-ultrasound hardening allows to improve the operational properties, in particular, the abrasive wear
resistance of the diffusion layers obtained on 35L steel increases by 15.4 times during borochroming and by 25.6
times after borotitanization.
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Mapuenko J.J., MarBeeBa K.C. JlocnmimkeHHS MiIBUIICHHS 3HOCOCTIMKOCTI AeTaned MaliuH i
IHCTPYMEHTY MOBEPXHEBHM JICT'YBAaHHIM

Y poboTi HayKOBO OOTPYHTOBAaHO 3aCTOCYBaHHS €(PEKTHBHOI TEXHOJOTI IiIBHIIEHHS 3HOCOCTIMKOCTI
JIeTajei MalllyH i IHCTPYMEHTY 3a PaXyHOK KOMITJICKCHOTO Au(Y3iifHOr0 HaCHYEeHHS IIOBEPXHEBOTO APy AeTaiei
i3 3aMi30BYIJICIEBUX CIDIABiB B IPOIECi JHUTBA MO Ta3u(piKOBaHMX MOAEISIX HA OCHOBI ONTHMi3amii CKIATY
CyMIILIEH, 1[0 HACUYYIOTh, | BCTAHOBJICHHSI 3aKOHOMIPHOCTEH CTPYKTYpOYTBOPEHHSI.

BcranoBneHa MOXKIIMBICTh 3MILHEHHSI TOBEPXHI BiuIMBOK 3 yaByHy CU20 i craineit pizHoro ckiany (2571,
30J1, 35J1, 45J1, 25T°J1, 110I'13J1), oTpuMaHuX METOaMH JINTBA Y BIIKPUTY GOPMY 1 110 Ta3u(iKOBaHUX MOAEISX.
[Nokazano, mo andy3idiHui OopuaHUH map Ha crami 35J1, OoTpUMaHUi NpW JIMTTI, Ma€ Ha TOPSAOK BEIHKY
TOBLIMHY (10 5 MM) B TOPiBHAHHI 3 AM(Yy31HHIUMH IIapaMH, OTPUMaHUMH METOJIaMU XIMiKO-TepMidHOi 00poOKH
(o 0,25 mm). BeraHoBineHi aHaNITHYHI 3aJI€XKHOCTI, 110 3B'A3yIOTh KOMIIOHEHTH CKJIaxy cymimii (0opun xpomy
(CrB»), xapbing 6opy (B4C), rpadir, Oenronir, ¢propuctuit Hatpiii (NaF)), mo Hacudye, 31 3HOCOCTIHKICTIO i
3aBTOBIIKH AU(DY3iHHOTO mapy micisi 3MIIHEHHS B MpOIECi OTPUMAHHS Bi[UIMBAaHHS METOIOM JHTTS IIO
ra3uQikoBaHUX MOJEIIIX.

Po3poOiennii HOBHII CKiIaj CEpelOBUING, IO HACHYYE, IJIS MOBEPXHEBOTO 3MIIHEHHS IIPU OTPUMaHHI
JUTHX JeTajel 3 Ciporo 4aByHY, BYTJICIICBHX 1 JISTOBAHUX CTaJieil OHOYACHUM HACHYEHHSIM OOpPOM i XpOMOM,
6opun xpomy, IO MIiCTUTh, Kapbix Oopy, rpadit, 6eHTOHIT, pTOpuCcTHil HaTpiil (50-60 mac. % B4C + 20-25 mac.
% CrB; + 2-3 mac. % + 5-15 mac. % apiOHomucmepcHoro rpadity + 5-7 Mac. % OEHTOHITY). 3aCTOCYBaHHS
PO3pO0ICHOT TEXHOJIOTIT 3MII[HEHHS 103BOJISIE TIOJIINIIMTH EKCILTyaTaliifHi BIaCTHBOCTI, 30KpeMa, 3HOCOCTIHKICTh
JleTaJieil MallluH 1 IHCTPYMEHTY A0 25 pa3iB (IOpIBHSAHO 3 paHillle BUKOPHUCTOBYBAHUMHM CIIOCOOaMH), a TaKOX
3MEHILIHUTH TPYAOMICTKICTB MPOIECy 3MIIIHEHHS 10 3,5 pasiB.

BunpoOyBanHnst ¢ine’ep Uil TpecyBaHHs JEpEeBHUX BinxoniB B OpukeTu i3 cram 45J1, 3MmilHeHHX 3a
JIOTIOMOTOI0 PO3POOJICHOT TEXHOJIOTIl, MOKa3adH, IO iX CTIHKICTh MiABHINYEThCS OLMbII HiX B 4,5 pasu B
TOPIBHAHHI 3 paHilme BXuBaHNMH i3 ctami XBI' 3MimHeHi kKap00a30TyBaHHSAM, a BUKOPHUCTAHHS PO3POOIICHOT
TEXHOJIOT11 3MIIHEHHS TO3BOJISIE 3MEHIIINTH BUTPATH Ha BUTOTOBJICHHS Li€l Aerani B 1,5 pasw.

KawuoBi ciaoBa: 3HOcOCTiHKiCTh, Au(Yy3iifHE HACHYCHHS, NOBIOBIYHICTH, IMOBEPXHEBE 3MIIHCHHS,
IuQy3iliHEe TIOKPUTTS, JICTyBaHHS.
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Abstract

Inthe processes of surface strengthening of steel parts, the stress-strain state is decisive for explaining the
physical processes of strengthening, forming the dimensions of the contact area. Analytical dependences of contact
parameters are quite approximate. In this work, based on the Ansys software complex, a simulated model of the
contact of a truncated torus with a cylinder is proposed, which demonstrates the kinetics of the process of pressing
a hard alloy tool into a steel workpiece - a cylinder. The experiment was conducted for 4 seconds in order to
determine the maximum level of stresses, the distribution of stresses and the amount of residual stresses after
removing the load. The clamping force was applied mainly in the zone of elastic deformations. The results showed
an uneven stress distribution with a maximum in the center of the contact spot of 1082 MPa. After changing the
load direction, small residual deformations at the level of 0.0031 1 pm were observed in the center of the contact
patch. This indicates a violation of the elastic region on a small contact area, which does not affect the general
nature of the stress distribution and can be removed during the finishing process. The results of simulation of the
stressed state are used for the correlation with the observed structural changes of the material during the action of
thermal and power stresses. The stress peak was formed at a distance of 200 um, which contributes to the formation
of maximum values of microhardness at this depth.

Key words: stress-strain state, surface, strengthening, contact processing, tool, tmuncated torus, cylinder,
elastic deformations

Introduction

The method of discrete strengthening of steel parts of the "shaft" type requires the need to assess the depth
of the strengthened wear-resistant layer. A reinforced layer is a layer characterized by the formation of a so-called
white layer. This layer is formed in the volumes of the material, the heating temperature of which exceeds the
phase transformation temperature. A high-temperature volume can be defined as a volume in which the
temperature is above 600 °C.

Experimental studies show that the width and height of the high-temperature volume in working
hardening modes are close to the width and height of the contact of the tool with the part. Therefore, determining
the contact surface of the tool and the processed part is one of the first steps necessary for the correct selection of
technological parameters.

In addition, knowledge of the geometric parameters of the contact surface is required to determine other
characteristics of the technological process, in particular, the current density, which ensures the necessary
temperature on the surface of the contact zone.

The purpose of the task is to create a calculation method for assessing the influence of the load of the nun-
in roller on the resuliing stresses and deformations of the shafi when simulating their mutual rotation in the
environment of the finite element method (Ansys Static Structral).

Literature rewier

In paper [1] describes the development of a 3D tyre-pavement interaction model to predict the tyre—
pavement contact stress distributions for future use in the mechanistic analysis of pavement responses. The steady-
state tyre rolling process was simulated using an arbitrary Lagrangian Eulerian formulation. The model results are

Copyright © 2023 K. Holenko, V. Dytyniuk M. Dykha. This is an open access article distributed under the Creative Commons
@‘(m Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
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consistent with previous measurements and validate the existence of non-uniform vertical contact stresses and
localised tangential contact stresses. The analysis results show that the non-uniformity of vertical contact stresses
decreases as the load increases. but increases as the inflation pressure increases. The model results provide valuable
insights into understanding the realistic tyre—pavement interaction for analysing pavement responses at critical
loading conditions.

In article [2] have formulated a computational theory based on the *soft contact’ approach that models
contact through localized non-permanent deformation in the vicinity of contact. The model of mechanical contact
between polyhedral objects that we propose. strikes a balance between realism and computability. The main cost
associated with our model is the need for small time steps during contact, which slows down the simulation. The
final sections explain the mathematical details of our contact model.

In paper [3], a simple nonlinear contact model is presented for use in computer simulation. The nonlinear
model is shown to maintain the computational simplicity of the linear model while addressing many of its
deficiencies. One such advantage is that contact forces vary continuously over time. A new phase plane solution
for the nonlinear model is obtained which reveals many previously unnoted properties. These include proper
variation of the coefficient of restitution with impact velocity over a wide range of impact velocities, independence
of model parameters, and lack of tensile (sticking) forces in simple impacts. An example is presented which
demonstrates the use of the contact model in simulating the foot-ground interaction during the locomotion cycle
of a walking machine.

In [4] the absence of transition curves at the entry and exit of the turnout, and the cant deficiency, leads to
large wheel—rail contact forces and passenger discomfort when the train is switching into the turnout track. Two
alternative multibody system (MBS) models of dynamic interaction between train and a standard mrnout design
are developed. The first model is derived using a commercial MBS software. The second model is based on a
multibody dynamics formulation, which may account for the structural flexibility of train and track components
(based on finite clement models and coordinate reduction methods). The variation in rail profile is accounted for
by sampling the cross-section of each rail at several positions along the turnout. Contact between the back of the
wheel flange and the check rail, when the wheelset is steered through the crossing, is considered.

In [5] based on a numerical strategy previously developed, the present study introduces a numerical-
experimental comparison of such occurrence. Attention is first paid to the review and analysis of existing
experimental results. Good agreement with numerical predictions is then illustrated in terms of critical stress levels
within the blade as well as final wear profiles of the abradable liner. Numerical results suggest an alteration of the
abradable mechanical properties in order to explain the outbreak of a divergent interaction.

A general approach to simulate the mechanical behaviour of entangled materials submitted to large
deformations is described in paper [6]. The main part of this approach is the automatic creation of contact elements,
with appropriate constitutive laws, to take into account the interactions between fibres. The construction of these
elements at each increment, is based on the determination of intermediate geometries in each region where two
parts of beams are sufficiently close to be likely to enfter into contact. Numerical tests simulating a 90%
compression of nine randomly generated samples of entangled materials are given. They allow the identification

of power laws to represent the evolutions of the compressive load and of the number of contacts.
Main material

The complexity of the experiment lies in the curvilinearity of the forms in contact: the cylinder,
represented by the shaft, and the torus, which corresponds to the pressure roller. The geometric parameters of the
model elements are as follows: a roller with a diameter of 56 mm and a radius of the working surface of 2.5 mm;
shaft with a diameter of 25 mm.

The experiment presented in the current task is aimed at evaluating the influence of material nonlinearity
on the results of stresses and strains. The current model simplified in terms of its components was adopted
(truncated torus of the roller (segment) and a short segment of the shaft (Fig. 1).
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Fig. 1. Model of a truncated segment of a roll;r-sﬁaﬂ, load 400N
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The task required high computational resources, the total calculation time was 1 hour. 42 min. The roller
presses in a straight line (along the Y axis) on the surface of the shaft, having only one degree of freedom.

The MKE grid consists of 70,661 elements connected by 115,564 nodes, and the shape of the final
elements is mainly Tetrahedrons (Fig. 2).

l

Fig. 2.Mesh of FEM elements
At the point of contact, the body of the stain itself (area 4.2x1.8 mm and depth 0.3 mm) is modeled separately
{Fig. 3.8). The size of the final elements here does not exceed 0.05 mm. Contact Sizing and Contact Match
functionality of Ansys with the Tolerance indicator of 0.05 mm and 0.04 mm, respectively. was used to connect
the nodes of the shaft model and the spot body.

Fig. 3. Spot contact
Nonlinear properties of the Structural Steel material: beyond the yield point, the stress-strain graph
abruptly changes its character: instead of being proportionally linear, it acquires a fracture (Bilinear Isotropic
Hardering). In fact. this means that beyond the yield point, with the next slight increase in loads (and as a result,
stresses), deformations (mm/mm) increase significantly - irreversible inertial plastic processes occur (the body

"floats").

ke

Fig. 4. Thermal load - 900 0C
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In addition, the above-mentioned effect of plasticity 1s enhanced by the influence of temperatures - a
thermal load (900°C). Convection of the medium is 25 W/m2°C at a temperature of 22°C.

Boundary conditions also include forceF,= 400 N, directed opposite to the Y axis and applied to the sides
of the roller. The reason is the heat load, the graph of the temperature distribution along the cross-section of the
model is shown in Fig. 5.

Fig. 5. Temperature distribution in the contact zone

The time of the experiment is 4.0 s, and the load application schedule is stepwise (Fig. 3.10):
- during the period of 0.0-1.0 s, the load increasesk, from O N to 400 N;

- the interval of 1.0-2.0 s has a stabilization character -F,keeps the value of 400 N;

- during the next second (2.0-3.0 s), the load is reduced to 0 N:F,

- the last interval (3.0-4.0 s) passes at rest for the system - = 0 N.F,

1. 2. 3 a

Fig. 6. Load application schedule

The purpose of simulating natural load according to such an algorithm is to identify peak stresses during
the steady process of loading and residual stresses after releasing the system from the action of forces on it.

Traditionally, we make sure that the calculation reached a successful conclusion on the basis of the Force
convergence graph, no abnormal jumps between iterations or gaps were recorded, and the time and force curves
reached the specified limit - 4.0 ¢. Thus, we can proceed to the evaluation of model siresses: as expected, the
largest value of stresseswas 1082.9 MPa andrecorded ata time of 2.0 s when the forceFystill kept the value of 400
N. This indicator significantly exceeds the yield point of the material and indicates the appearance of plastic
deformations. The stress-strain state of the contact spot is shown in Fig. 3.11 - it visually shows a deflection in the
cenfral part, which is expected.

Figure 3.11 — Stress-strain state of the contact patch

The nature of the stress change during loading is the most significant, so let's analyze the key time points
of fig. 3.7.
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Fig. 7. The graph of changes in stress energy in the contact zone
depending on time

t =0.0116 s: at the initial moment of contact between the roller and the shaft (0.0116 s), the stress value
was 996.19 MPa and was recorded on the surface of the shaft (max tag). The fact of the location of the max tag is
interesting: it is not in the center of the contact patch, as one might expect, but on the periphery. What actually
happens: the roller "captured" a certain part of the shaft surface with its contact (the dimensions of the contact
surface are 0.8%0.3 mm) and transmits the load to the rest of the shaft body through it. As a matter of fact, maximum
stresses are formed at their junctions. Conventionally, this process can be called instant "sticking" of the roller to
the shaft in the micro region Such sticking can also be detected by the contact status graph (Contact Tool > Status)
— the spot shows a Sticking-type contact with a sharp contour, which is further smeared. filling with Sliding and
Near statuses.

t =0.0406 s: stress drops to the lowest value throughout the experiment (957.83 MPa) with movement
closer to the central part of the contact patch. At the same time, the stress extreme is still on the surface of the
shaft. This indicates the end of the momentary process of "sticking" the roller to the shaft established in the
previous step - the contact has stabilized: the roller begins to act on the shaft as an independent body. bending it
(the deformations of the spot body during loading will be analyzed below).

t =1.0 s: starting from the previous characteristic moment of time, there is a gradual increase in stresses
up to 1058.7 MPa, when the load reached 400 N. The extremum of stresses migrated to a depth of the order of 0.1-
0.2 mm, where, under the conditions of temperature load, the corresponding white layer began to form (Fig. 8) .
which corresponds to the defamation process of the metal surface (the typical depth of the defamation layer is 0.2
mm or more).F,

Fig. 8. Stress-strained state of the contact spot
when forming a white layer

t =2.0 s: the force is maintained at 400 N - the system has accumulated maximum energy (2.756 mlJ),
which can be seen on the Strain Energy graph, and the stresses have increased to 1082.9 MPa. The location of the
stress extreme has changed only minimally (within 0.05 mm it has sunk into the shaft body) F,.

t =22 s: the force begms to linearly decrease to zero during the period 2.0-3.0 s, therefore turbulent
processes appear in the structure of the outer layer - the maxinum stress has decreased to 970.05 MPa and moved
to the surface of the shaft, bur inside the body there is still a zone of high stresses F,.

t =4.0 s: the force remains zero during the last second of the experiment, so the shaft is free and not
subjected to loads. The plastic deformation has stabilized, and the residual stresses are 1036 Mpa F,.

Confirmation of the presence of plastic deformation can also be found on the graph of the vertical
movement of the roller (along the Y axis) - as can be seen, the contact surface of the roller (Fig. 9) did not return
to the initial position that corresponded to the beginning of the experiment (0.0 s). The value of the movement of
the roller at the end of the experiment was 0.00311 mm, that is, the model did not restore its original location,
which means that the shaft received irreversible deformations t =4s.
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Fig. 9. Stress-strained state of the contact spot
when after removing the load

The specified dynamics of the movement of maximum stresses from the surface to the body of the model
can also be observed on the displacement maps: at the initial moment of contact (t =0.0116 s) the maximum value
was 0.0059 mm. at the time of 1.0 s - 0.0126 mm, and at the end of the experiment - 0.0104 mm. The distribution
of heat fluxes over the contact area is expected and adequate in nature - the extremum falls on the central part with
a value of 166.06 W/mm2. Deformations at the peak moment of the experiment (2.0 s) were 0.01384 mm/mm.t =
t =4s.

Summarizing the conducted research, the following conclusions can be reached:

Non-linearity of the material significantly affects the magnitude of the stresses in the model, and therefore
the resulting plastic deformations. The key factor in the case of the graph of bilinear isotropic hardening (Bilinear
Isotropic Hardening) of the Structural Steel material used in Ansys the angle of inclination of the straight line,
starting from the point of the yield point, protrudes. The closeness of simulated FEM calculations to full-scale tests
of material surface slander depends on the veracity of the strengthening schedule entered mto the model
(Multilinear, Kinematic, Nonlinear, Chaboche and other types). In fact, each experimental laboratory forms
original graphsstresses and strainsbased on their own physical research of samples of material that is their
intellectual property. Our task is to create a nniversal technique to which any graph created in Ansys could be
applied.

Conclusions

1. The Ansys Static Structural calculation module turned out to be a sufficient tool in terms of its calculation
capabilities. The results of the problem are absolutely adequate within the scope of Hooke's law and carry valuable
information about the geometric parameters of the body of the contact spot, which is the basis of the boundary
conditions of the problem.

2. The heat load of the surface of the contact spot, together with the consideration of the non-linearity of
the material, significantly affects the amount of stress in the upper layers of the shaft, including the formation of
the so-called white layer at a depth of about 0.2 mm. The extrenmum of stress migrates during the loading-unloading
process of the shaft from the surface to the body of the shaft and vice versa. The regularity is as follows: as the
load on the surface of the shafi increases, the extremum of stress moves inward, starting the formation of the
indicated white layer.

3. The applied boundary conditions made it possible to obtain an array of information on residual stresses,
deformations and displacements of the model, strain energy graphs, a temperature distribution map, as well as data
on the type and nature of contact of bodies during the experiment. Undoubtedly, such a multifactorial model in the
form of various input parameters (load, temperature, experiment time. convection, etc.) is a promising object of
future research on the analysis of surface strengthening of the outer layers of shafts, and the calculations described
in the work can serve as a basis for the formation of original FEM simulation methods natural strengthening of the
material, which is especially relevant for experimental laboratories in materials science.
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Tosenko K.E., Jurunok B.O., luxa M.O. ImiraniiiHa MOJEIb KOHTAKTHOI B3a€MOJIIi IPH IOBEPXHEBOMY
3MIiITHEHH] cTaTeBNX JeTaneit

B mpomecax TIOBEpXHEBOTO 3MINHEHHS CTaleBHX JeTalell HampyKeHO-1ehOpMOBAHINI CTaH €
BI3HAYAIBHIM UL TOACHCHHS (BI3IMHIX IPOLECIB 3MIIHCHHA, (OPMYBaHHSA PO3MIpIB ILIOMIAIKI KOHTAKTY.
AHaniTHYHI 3aJ€KHOCTI KOHIAKTHIX IIapaMeTpiB € Jocuib HaOmpkeHumu. B masiil po0oTi Ha OCHOBL
TPOTPAMHOTO KOMITIEKCY ANSYys 3aMpoTIOHOBaHA iMiTalliiTHa MO/IeTh KOHTAKTY YCideHOro Topa 3 MILTiHIPOM, IO
JeMOHCTPYE KiHeTHKY TIpOLIecy BTHCHEHHT TBepJOCIUIABHOIO HCTPYMEHTY- TOpa B CTaleBY 3ar OTOBKY- nnniﬂ,qp
EKcneplmem TIPOBOJNBCA TPOTAroM 4¢ 3 METO10 BI3HAUEHHS MaKCHMAILHOTO PiBHA HANPY/KEHE, PO3MOALTY
HAIPY/KCHD | BCMIMIHN 3aMIIKOBIX HANPYKCHb IICAA 3HATTA HAaBaHTaKCHHS. 3ycumm TIPHTHCKAHAA
IpHIMAIOCh IIEPEBaKHO B 30HI IPY&HHX [cdopmariiii. PesyinpTaTi mOKasall HEPIBHOMIPHH(Q PO3NOILI
HampyXeHb 3 MAKCHMYMOM B TIEHTDI TITAMH KOHTAKTY 1082 MITa. ITicas 3MiHN HAMPSAMKY HaBaHTaKeHHS B TIEHTPI
ILIIMII KOHTAaKTY CIIOCTepiraTiich HeBeNIKi 3amIIKoBi Jedopmanii Ha pirai 0,00311 mMxM. Lle o CBiJUHTE Opo
HOpYIISHHS TIPY’KHOT 061acTi Ha HEBeMIKIIT ILTOII KOHTAKTY, SKa He BIIIIBAC HA 3aTaJbHINI XapakTep pO3NOIiTy
HAIPYXKCHb | MOk OYTH BiLTancHa B rporieci GiHInmHo1 06pooki. Pe3yapTaTii MoI¢FOBAHHA HATPYAKCHOTO CTAHY
BHKODHCTAHI JUIS CINBBIAHOLICHHS 13 CIOCTEPIra€MHMH CTPYKTYPHHMH 3MIHaMH MaTrepialy B Iponeci il
TePMIUHHX i CIIOBIX Hampy&eHb. TTiK HampyXeHb (opMyBaBcs Ha BilcTaHi 200 MKM, 110 cripHge GopMyBaHHIO
MAaKCIMAThHIX 3HaUeHb MIKPOTBEPIOCTI Ha IIIT IIHOMHI.

KaouoBi «10Ba: HampyxeHo-IcOpPMIBHHII CTaH, IIOBEPXHsA, S3MIIHCHHA, KOHTakTHa oOpo0xa,
IHCIDYMEHT. YCIMCHHII TOP, HILIHAP, IpyKHi Hqedopmarii
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Abstract

The work aimed to determine the influence of the processes of supramolecular self-organization in the
lubricating layer on the patterns of wear of friction pairs. The mechanisms of structural adaptability of tribocoupler
elements were analyzed, and the regularities of the manifestation of a large-scale and energy jump, which
characterizes the transition of the tribosystem to a metastable state, were determined. An evaluation of the
tribotechnical characteristics of commercial transmission oils was carried out on a software-hardware complex
that, using a roller analogy, simulates the operation of gears in conditions of rolling with slipping. It was established
that the activation of contact surfaces in the mode of frequent starts and stops leads to active interaction of the
lubricant's components and the metal's surface layers with the gradual formation of boundary adsorption layers.
For transmission oil '‘Bora B' T-Shyp, an increase in anti-friction properties has been established due to the effective
lubricating ability of the oil when forming the hydro- and non-hydrodynamic components of the lubricating layer
thickness. The effect of the chemical activity of the zinc dialkyl dithiophosphate antiwear additive and the
hydrocarbon components of the base of transmission oils on the effectiveness of the formation of boundary films
is considered. It was determined that the formation of stable boundary films of the lubricant is the leading process
in manifesting their damping properties concerning the localization of elastic-plastic deformation along the depth
of the metal. When boundary films are formed on 90-95% of the contact area, the change in the microstructure of
the near-surface layers is fixed at a depth of up to 20 microns; when boundary films are formed on 20...50% of the
surface area, the spread of elastic-plastic deformation reaches a depth of up to 50 microns. The kinetics of the
formation of boundary films by the lubricant and the indicators of the specific work of friction in contact are
correlated with the intensity of wear of the contact surfaces.

Key words: wear, microhardness, specific work of friction, lubrication, deformation, microstructure.

Introduction

The improvement of machines and mechanisms, the expansion of their operating conditions in the load-
speed and temperature range put forward stricter requirements for lubricant quality and tribotechnical properties
of lubricants. A critical aspect affecting the operational properties of lubricants is their ability to change the surface
properties of triboelements by forming ordered structures as a result of the internal restructuring of the tribosystem.
In each specific case, self-organization manifests itself differently. It depends on the complexity and nature of the
tribotechnical system. The process of ordering in the system takes place with the help of internal factors, without
external specific influence. Self-organization primarily reduces entropy production of processes occurring within
the surface layers [1]. The lubricant is the most critical element in any tribological system, which ensures the
modification of the surface layers of the metal due to such processes as passivation, the formation of boundary
layers of lubricant of different nature, weakening or strengthening of the metal surface due to the manifestation of
external or internal effects of Rebinder et al. The processes of self-organization of the lubricant and the mechanical
system, which includes friction nodes, largely depend on the base's hydrocarbon composition and the additive
package's functional properties. The essence of the self-organization of the tribotechnical system is that the
interaction of the tribocoupling elements' surface layers and the lubricant's activated components is localized in
thin near-surface layers. Such interaction causes the formation of secondary friction structures that protect the
tribotechnical system from external influences.

Copyright © 2023 O.A. llina, O.0. Mikosianchyk, R.H. Mnatsakanov, R.E. Kostyunik, O. P. Yashchuk, M. A. Shteinyk. This is an
@I}. 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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Determining the mechanisms of the formation of boundary films of lubricant on contact surfaces activated
by friction, the kinetics of changes in the specific work of friction, the patterns of changes in antifriction, and
rheological indicators of frictional contact will expand the vision about the ways of ordering secondary protective
structures. That will make it possible to control the processes of self-organization of the tribosystem due to the
selection of a lubricant with a specific base and multifunctional additives, which will ensure increased wear
resistance of friction pairs by localization of adaptation processes in surface metastable structures.

Literature review

One of the most common manifestations of friction in mechanical systems is the release of heat in the area
of contacting surfaces. The main activating factor of triboprocesses in the zone of frictional contact is elastoplastic
deformation. According to [2, 3], from a thermodynamic point of view, the work of friction forces can be
conditionally divided into two components. The first part of the friction work measures material damage and
relates to the change in the deformed volumes of materials in the latent (potential) energy of various elementary
defects and damages that originate and accumulate in the near-surface layers of materials. The second part of the
friction work is related to microscopic mechanisms of the dissipative type. It is related to dynamic recovery
processes, during which latent energy and heat of friction are released. There are many contradictions regarding
the quantitative indicators of stored energy during friction. According to [4, 5], most of the energy spent on
deformation is converted into heat, and only a few percent of this energy is stored to form crystal lattice defects.
In [6], it is noted that more than 90% of all stored energy is concentrated inside the surface films, which are stable
zone with increased internal energy.

Since the surface layer of tribocoupler elements is an open thermodynamic system, friction, and wear
processes can be described by energy balance or entropy balance equations. The total production of entropy in the
tribosystem always increases. However, instead of the expected chaos and degradation, self-organization processes
dominate the vast majority of tribosystems, which creates prerequisites for the tribosystem to remain in an
equilibrium state for a long time. The level of the equilibrium state is determined not by the entire entropy but only
by its small part, which is related to the substance of the tribostructure. At a constant temperature, it is proportional
to the volume and can increase and decrease [7]. The competition of free energy and entropy gives rise in
conditions far from equilibrium to stable periodic processes. As a result of such processes, the formation of
dissipative structures is possible, leading to the tribosystem's self-organization. Dissipative structures are
characterized by processes producing negative entropy [8]. Due to the occurrence of processes with negative
entropy production, the total entropy production in a system with dissipative structures is lower than in a similar
system without them. The formation of dissipative structures leads to decreased entropy production and wear rate.

According to [9], the maximum production of entropy is a condition for initiating the self-organization
process in tribofilms, capable of significantly reducing the wear rate. The authors consider applying friction body
run-in in rigid regimes close to seizure. In such conditions, the activation of triboprocesses is accelerated, and there
is a correlative decrease in the run-in period and the time of the start of self-organization, which leads to a decrease
in overall wear. In [6], a new technology for selecting wear-resistant materials, based on the selection of materials
that accelerate the formation of dissipative structures, is considered. The authors show that the intensity of the
wear process for the formation of dissipative structures is lower than for the formation of equilibrium surface
structures. Presented in [10, 11], the method of studying self-organization processes based on the parameters of
thermo-oxidative stability of lubricants with cyclic temperature changes allows to determine the quantitative
indicators of self-organization processes, in which excessive thermal energy is transferred to lower energy levels
with the formation of oxidation and evaporation products, according to which the temperature range is established
performance of lubricants and their resource. In [12], it was found that when steel is rubbed in a lubricating medium
(transmission oils based on pentaerythritol esters and organosiloxane liquids), protective surface films of sulfur
and silicon compounds are formed on the surface of the steel. It is noted that the presence of unoxidized iron on
the friction track promotes catalytic reactions that form surface films of lubricant molecules that reduce the friction
coefficient by 70-80%. The leading indicators characterizing the formation of wear-resistant dissipative structures
when lubricating steel with oils for hypoid gears include an increase in antifriction characteristics, the formation
of boundary layers of lubricant, strengthening of contact surfaces, and the formation of a heterogeneous
deformation microrelief with a fine-grained structure [13]. The formation of chemically modified boundary layers
on 90% of the contact area of the tribo-coupling elements ensures an increase in the wear resistance of the leading
and trailing surfaces in rolling with slipping by 2 and 1.4 times, respectively.

Thus, establishing the mechanisms of structural adaptability of tribo-coupling elements, determining the
patterns of manifestation of a large-scale and energy jump, which characterizes the transition of the tribosystem to
a metastable state, will allow determining the ways of controlling dynamic recovery processes in the zone of
frictional contact.

Purpose

To determine the influence of the processes of supramolecular self-organization in the lubricating layer on
friction pairs' wear patterns.
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Obijects of research and experimental conditions

Transmission oil for hypoid gears (T-Shyp) of two manufacturers was chosen as lubricants for research. T-
Shyp is a universal multifunctional oil containing highly effective anti-seize additives. It can be used as an all-
season oil for hypoid gears of trucks and special machines operating in the conditions of a moderate temperate
climate zone. Sample 1 - transmission oil ‘Bora B” T-Shyp (Technical Specification Ukraine 19.2-38474081-
017:2018 / SAE 140/ API GL-5). According to the chemical composition, this oil is a mixture of a highly viscous
flavored product with high-purity distillate oil and a composition of additives (Infineum C9425 (zinc-
dialkylditiophosphate), poly alkylmethacrylate copolymer and alkylaminemine). Sample 2 - transmission oil for
hypoid gears T-Shyp (Technical Specification 38.1011332-90). Oil composition: refined mineral oil (a complex
mixture of hydrocarbons (C24-C50), obtained by selective purification and hydrogenation of petroleum distillate)
and a complex of functional additives (zinc dialkyldithiophosphate and methylene-bis).

Rollers were made as the material of the contact surfaces - steel 45 (HRC 38 - 42, Ra 0.37 um).

The study of lubricants is developed on the Software-Hardware Complex (SHC) to estimate the
tribotechnical parameters of the triboelements [14]. The complex simulates the operation of gears in rolling with
slipping condition.

The research was carried out in non-stationary conditions, which involve the recurring operation of the
engines of the research installation in the mode: start - stationary work — braking — stop with the support of the
software program (Fig. 1). The duration of one complete cycle was 80 seconds.

engine 1

engine 2

revolutions / min

stationary work | stop time / sec

au:u;ele- braking
ration

Fig. 1. Scheme of the engines’ operation of the friction installation during the operation of the tribosystem in
non-stationary conditions [13].

The maximum rotation frequency for the studied samples was 700 rpm or 1,83 m/s (leading surface) and
500 rpm or 1,31 m/s (lagging surface). Slippage - 30%. The maximum Hertz contact load is 200 MPa. Slippage -
30%. The maximum Hertz contact load is 200 MPa. The maximum number of cycles in the experiment is 100
cycles (from the 1st to the 45th cycle - oil temperature 20 °C, from 46 to 50 cycle - oil heating, from 51 to 100
cycle - oil temperature 100 °C).

Analysis of the main results

Table 1 presents the averaged results of the tribotechnical parameters of the frictional contact in conditions
of rolling with slipping.

Table 1
Tribotechnical characteristics of the contact
Lubricant
. Sample 1 Sampl 2
Indicator -
Lubricant temperature, °C
20 100 20 100
Coefficient of friction 0.009 0.015 0.013 0.021
The minimum thickness of boundary layers, um | 0.12 0.09 0.1 0.038
The total thickness of the lubricating layer, um | 5.14 4.7 4.5 3.95
Specific work of friction, J/mm2 12569 15440 39100 19000
Effective viscosity in contact, Pa‘s 490.9 58.21 190.4 41.71
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The increase in the antifriction properties of tribocontact by 30% when using sample 1 as a lubricant is due
to the greater bearing capacity of the lubricating layer. The total thickness of the lubricating layer, which consists
of hydro- and non-hydrodynamic components, is on average 12...14% higher for sample 1.

Activation of contact surfaces in the mode of frequent starts and stops leads to active interaction of the
lubricant components and metal surface layers, which is manifested in the formation of boundary adsorption layers

(Fig. 2).

Fig. 2. The initial surface of steel 45 (a, d) and after 100 cycles of Iubrlcatlon
by sample 1 (b, ¢) and sample 2 (f, g).

However, the mechanism of formation of the non-hydrodynamic component of the lubricating layer
thickness is significantly different for the two oils under study. Let us consider this mechanism with the energy
parameter of contact-specific friction work. The activation of the surface layers of steel 45 due to elastic-plastic
deformation causes the chemical activity of the anti-wear additive zinc dialkyl dithiophosphate and hydrocarbon
components of the base of the tested gear oils, which form boundary films on the metal surface. Unlike sample 2,
which contains only high-purity distillate oil as a base, sample 1 contains up to 15 % of a highly viscous aromatic
product that enhances the activity of zinc dialkyl dithiophosphate [13, 15]. The use of sample 1 ensures the
formation of stable boundary films on 90-95% of the contact area (Fig. 2, b, ¢) with a thickness 0f 0.09...1.2 um,
which effectively shields the surface from the propagation of elastic-plastic deformations to the upper surface
layers. The change in microstructure is recorded at a depth of up to 20 um and indicates structuring (Fig. 3, b).
The values of specific friction work range from 12000...16000 J/mm?.

Wo=izsmm S T T a) WD=13 b : - o) : T C)
Fig. 3. Mlcrostructure of the surface layers of steel 45 (>< 1500) before friction (a) and after 100 cycles of
lubrication with sample 1 (b) and sample 2 (c).

When using sample 2, boundary layers of lubricant with a thickness of 0.038....1.2 pm are formed on
20...50% of the surface area (Fig. 2, f, g). Suppose the maximum thickness of the boundary layers is similar to the
values established for sample 1. In that case, their minimum value is 1.2 and 2.37 times less, respectively, at an oil
temperature of 20 and 100 °C. Destruction of boundary layers occurs in 10-15% of cycles. Accordingly, the less
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effective shielding effect of the boundary film of sample 2 causes the propagation of elastic-plastic deformation at
the third to a depth of 50 um. At the same time, the values of the specific friction work are 3.11 and 1.23 times
higher than those for sample 1, respectively, at an oil temperature of 20 and 100 °C.

The kinetics of the formation of boundary films by the lubricant and the indicators of specific friction work
in contact correlate with the intensity of wear of the contact surfaces.

The total linear wear of 45 steel rollers is 3.97 um and 7.6 um when friction pairs are lubricated with oil
samples 1 and 2, respectively (Table 2).

Table 2
Indicators of linear wear and microhardness of friction pairs
Lubricant
Indicators Sample 1 Sample 2

Leading Lagging Leading Lagging

surface surface surface surface
Wear, um 14 2.57 3.1 4.5
Surface microhardness before the 4382 4380 4376 4385
experiment (initial), MPa
Surface microhardness after 100 5100 4590 4116 3890
operating cycles, MPa (strengthening) | (strengthening) | (weakening) (weakening)

The wear of contact surfaces is significantly affected by both the formation of protective boundary layers
of the lubricant and the formation of dissipative structures on the surface of the metal with increased hardness. The
change in the microhardness (AH) of the surface layers of steel 45 during working depends on the type of the
material under study. If when lubricating the friction pairs with sample 1, the leading (AH = + 718 MPa) and
lagging (AH = + 210 MPa) surfaces are strengthened, then when using sample 2, the weakening of the metal
surface layers is established for the leading (AH = - 260 MPa) and lagging (AH = - 495 MPa) surfaces (Table 2).

Thus, the formation of stable boundary films of the lubricant on friction-activated contact surfaces is the
leading process in the manifestation of their damping properties concerning the localization of elastic-plastic
deformation along the depth of the metal and anti-wear properties in harsh lubrication conditions, which include
the investigated non-stationary processes.

Conclusions

1. The study was carried out on a hardware and software complex using a roller analogy to model the
operation of gears under rolling and slipping conditions. The tribotechnical characteristics of commercial gear oils
from different manufacturers were studied.

2. Compared to the T-Shyp gear oil for hypoid gears (sample 2), a 30% reduction in the coefficient of
friction was observed for the T-Shyp gear oil 'Bora B' (sample 1), due to the oil's effective lubricating ability in
forming the hydrodynamic and non-hydrodynamic components of the lubricating film thickness.

3. The correlation between the linear wear of steel and the kinetics of the formation of boundary films by
the lubricant, the indicators of the specific friction work in contact, and the formation of dissipative structures on
the surface of a metal with increased hardness were established.
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Lnbina O. A., Mikocsauuk O. O., Muanakano P.I'., Koctionnik P. €., Amyk O II., Hlteiinuxk M. A.
MexaHi3Mu pOpMyBaHHS 3HOCOCTIMKHX TUCHITATUBHUX CTPYKTYP B HECTALIOHAPHHUX YMOBaX MAICHHS

Mertoro pobGoTH Oyno BH3HAUYE€HHS BIUIMBY MPOLECIB HaMOJIEKYJSIPHOT caMoOpraHizalii B MacTHJILHOMY
mapi Ha 3aKOHOMIPHOCTI 3HOIIYBaHHS map TepTs. [IpoaHanizoBaHO MeXaHI3MH CTPYKTYpHOI HPHUCTOCOBAHOCTI
€JIIEMEHTIB TPUOOCTIPSHKCHHS, BU3HAYCHO 3aKOHOMIPHOCTI MPOSBY MacIITaOHOTO 1 €HEPreTHYHOTO CTPUOKa, II0
XapakTepu3ye Iepexii TpuOocucreMu a0 MeracTabinbHOTOo craHy. [IpoBemeHa omiHKa TPHUOOTEXHIYHUX
XapaKTepUCTUK TOBAapHHUX TPAHCMICIHHHMX OJMB HA MPOrpaMHO-alapaTHOMY KOMIUIEKCI, SKHH 3a IOIIOMOIOIO
POJIMKOBOT aHAJIOTi] MOJEIIOE pOoOOTY 3y0UacTHX Iepead B yMOBaX KOYEHHS 3 IPOKOB3yBaHHAM. BcraHoBieHO,
110 aKTHBALlis KOHTAKTHHUX [TOBEPXOHb B PEKUMI YaCTUX MYCKIB — 3yIIMHOK IPH3BOJHUTH A0 aKTHBHOI B3a€MOZIi
KOMIIOHEHTIB MaCTHJILHOI'O MaTepialy Ta IOBEPXHEBUX IIAapiB METAIy 3 MOCTYIOBUM (OPMYBaHHIM I'PaHHIHHX
azcopOuiiiHux mapiB. Jdus transmission oil ‘Bora B’ T-Shyp BcTaHOBNEHO miIBUIIEHHS aHTH(PUKLIHHUX
BJIaCTMBOCTEH 3a paxyHOK e(EeKTUBHOI 3MallyBaJbHOI 3[aTHOCTI OJMBH MpH (OPMYBaHHI TiIpo- Ta
HET1IpOAMHAMIYHOI CKJIaJI0BOI TOBIIMHM MAaCTWJIBHOTO mIapy. PO3MMSHYTO BIUIMB XIMIiYHOI aKTHBHOCTI
MPOTU3HOIIYBAJIBHOI MPUCAIKN AMANKIIIUTIOPOCchAT IIMHKY Ta BYTJICBOJHEBUX KOMIIOHEHTIB 0a30BOi OCHOBU
TPaHCMICIHHUX ONWB Ha e(EeKTHBHICTH (pOpMYBaHHS IPaHMYHMX IUTIBOK. BH3HaueHO, 110 yTBOPEHHS CTIMKHX
TPaHWYHUX TUTIBOK MAacTWIBHOTO MaTepialy € BeAy4UM MPOIECOM II0JI0 MPOsIBY IX AeMI(YIOUNX BIaCTHBOCTEH
CTOCOBHO JIOKaJi3amii Ipy>KHO-TUTACTHYHOI edopmarii o rimoduHi Metay. [1pu hopMyBaHHI TpaHUYIHUX ILTIBOK
Ha 90-95% mormi KOHTAaKTy 3MiHa MIKPOCTPYKTYPH IPUIIOBEPXHEBUX IMIapiB (ikCyeThCs HA TIHOMHI 10 20 MKM,
npu (opmyBaHHI rpaHndHHX IUTiBOK Ha 20...50% ruromyi MOBEpXHI PO3MOBCIOUKEHHS NPYXKHO-TIACTHIHOT
nedopmanii mpu Tperi csarae rmmouHA A0 50 M. Kinetnka ¢opMyBaHHS TPaHUYHHX IUTIBOK MAacCTHJIBHUM
MarepiajoM Ta ITOKa3HHKH NMUTOMOI POOOTH TepTsS B KOHTAKTI KOPEIIOKOTh 3 IHTCHCHUBHICTIO 3HOLIYBAaHHSI
KOHTAKTHUX MMOBECPXOHb.

KarouoBi cioBa: 3HOC, MIKpOTBEpAICTh, NUTOMa poboTa TepTs, 3MallyBaHHs, Aedopmariis,
MIKpOCTPYKTYpa.



Problems of Tribology, V. 28, No 3/109-2023,56-63

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

E-mail: tribosenator@gmail.com

DOI: https://doi.org/10.31891/2079-1372-2023-109-3-56-63

Detection of changes in the characteristics and properties of friction zones
of parts of tribocoupling systems and machine assemblies based on the
entropy approach

V.V. Aulin, A.A. Tykhyi, O.V. Kuzyk, S.V. Lysenko, A.V. Hrynkiv, 1.V. Zhylova

Central Ukrainian National Technical University, Ukraine
E-mail: AulinvVV@gmail.com

Received: 05 September 2023: Revised:25 September 2023: Accept:30 September 2023

Abstract

The role of entropy in the processes of friction and wear of tribocoupling materials of moving parts is
clarified. The implementation of the effect of self-organization of materials depending on the production of entropy
is theoretically substantiated. The conditions of self-organization with negative entropy production were obtained.
The relationship between the rate of volumetric wear of tribocoupled parts and the production of excess entropy
and its flow is determined. Expressions for the intensity of wear of tribocoupling parts were obtained, taking into
account thermal processes in the friction zone. The trends of changes in the characteristics and properties of
tribocouplers of components, systems and machine aggregates with a change in entropy have been clarified.

Key words: entropy approach, tribocoupling of parts, self-organization, friction zone, property.

Introduction

The leading role in synergetics is attributed to the entropy approach [1,2], which consists in the fact that
the internal activity of tribocouples of parts, nodes, systems, and machine assemblies is opposed to the disordering
element of entropy. Under certain conditions, this leads to the orientation of self-organization of processes and
states in them.

At the same time, the processes and states of the materials of the parts must be irreversible, and the
tribocouplings of the parts is an open system and far from the state of thermodynamic equilibrium. It is
characteristic that entropy, which is produced in tribocouplings of parts, does not accumulate in them, but is
brought out. There is a flow of negentropy from the external environment. In non-equilibrium tribocouplings of
parts, fluctuations are accumulated and amplified and obey the principle of positive feedback.

As a result of increased fluctuations, the tribocouplings of the materials of the parts becomes more unstable,
the previous order and structure are destroyed and qualitatively new ones arise when energy is dissipated in the
external environment.

The process of self-organization begins at the micro level in the local areas of the friction zone of the
materials of the parts and is accompanied by an increase in fluctuations under the influence of external influences.

The emergence of a new order in tribocoupled materials occurs spontaneously at the moment of extreme
instability, when the materials of the parts acquire significant coherence. Irreversibility, instability and imbalance
are the most fundamental properties of tribocouples of components, systems and machine assemblies than stability
and equilibrium.

The characteristics and properties of materials of tribocouplers of parts have a probabilistic nature and
randomness has a significant impact on their further development.

The development of tribo couplings of parts in operation is a non-linear process, and therefore can be
described by a non-linear differential equation.

According to the theory of non-equilibrium processes [1-4], the properties of tribocouples of parts far from
the equilibrium state become unstable and their return to the initial state is optional. At the same time, their
behavior is ambiguous, but there are effects of coordination, correction of the behavior of its elements at
macroscopic distances and time intervals [5]. Cooperatively coordinated behavior determines the processes of

Copyright © 2023 V.V. Aulin, A.A. Tykhyi, O.V. Kuzyk, S.V. Lysenko, A.V. Hrynkiv, 1.V. Zhylova. This is an open access article
@I}. distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in
[ any medium, provided the original work is properly cited.
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ordering, the emergence of certain structures from chaos, their transformation and complication [6]. The greater
the deviations from equilibrium, the greater the coverage of correlations and interrelationships, the higher the
coherence of processes characterized by nonlinearity and the presence of positive and negative feedback [ 6, 7],
and the possibilities of controlling influence on the tribocoupling of node parts, systems and units of machines.

The effectiveness of the implementation of the entropy approach to the evaluation of the properties of the
materials of the friction zones of the tribo-coupling parts of assemblies, systems, and machine assemblies increases
when using the fundamentals of physical mesomechanics [8]. The study of regularities of the processes of friction
and wear of the conjugations of parts and the development of new and improvement of known methods of
theoretical evaluation of tribotechnical characteristics and properties is definitely relevant. In this regard, the
introduction of the entropy approach to the assessment of tribotechnical characteristics and properties of the
friction zone of the couplings of parts and the detection of their changes due to the change in entropy deserves
attention.

Literature review

In the process of evolution, the external contribution to the total entropy of tribocoupling of parts can be
arbitrary, depending on the parameters of the external environment and the nature of the interaction of parts. At
the same time, two types of situations are possible:

— the total entropy decreases due to its return through the boundary surface of tribocoupling of parts:

ds/dt <0; (1)

— the total entropy is constant and maximal for the given conditions of operation of tribocouples of parts,
but less than the entropy of their equilibrium state:

Siax =CONSE<S ., e - )

If the flow of entropy is equal to its production, then the material of tribocoupling of parts is in a stable
steady state or a state of current equilibrium. With a positive change in entropy, energy processes in tribocouplings
of parts are always dissipative, that is, they are accompanied by a decrease and dissipation of energy. Dissipation
of energy is the main feature of the current equilibrium, but, in accordance with the principle of self-integrity of
equilibrium, the system cannot spontaneously leave it, and under external influence, the processes aimed at its
compensation intensify. This is similar to the manifestation of the phenomena of electromagnetic induction [9].
According to the principle of minimum entropy production, the laws of nature [10] assume several options for the
development process (organization), and the one that corresponds to the minimum dissipation of energy is realized.
At the same time, the driving force behind the processes of self-organization of materials of tribocouplers of parts
is phase transformations or their sequence, as a result of which there is a transition to a more ordered state
corresponding to lower symmetry [11].

In such conditions, the processes of friction and wear are realized against the background of increased
gradient ratios of temperature, stresses, chemical potential, concentration of alloying elements and defects in the
crystal structure. A complex set of physico-mechanical, physico-chemical, tribological and rheological phenomena
is observed. Since friction and wear are non-equilibrium thermodynamic processes, self-organizing changes in the
tribocoupling of parts are inevitable and mandatory [1,2,12-14].

The internal manifestation of self-organization in the materials of tribocouplers of parts is:

— formation of secondary structures on the surfaces of parts with higher strength and wear resistance
compared to the initial structures;

— the development of equilibrium roughness, regardless of the initial microgeometry of friction surfaces;

— increasing the actual contact area due to the working wear and, as a result, reduction of contact loads;

— implementation of the effect of selective transfer, etc. [15-17].

The external manifestation of the self-organization of materials in the tribocoupling of parts is: reduction
and stabilization of energy, power and tribotechnical characteristics, in particular, the coefficient of friction,
temperature, moment of friction, intensity of wear. At the same time, it is advisable to analyze the general patterns
of self-organization from the standpoint of a system-oriented approach, dividing the materials of parts and the
working (technological) environment into subsystems of local areas of contact interaction, which are united by
mode, structural, geometric and other signs of affinity. Local areas, in turn, consist of subsystems — ensembles
[18-20], within which microstructural processes are implemented, including internal mass transfer [18-20].

Purpose

The purpose of this work is to use the entropy approach to theoretically substantiate the realization of the
state of self-organization of tribocoupling materials of components, systems and assemblies of machines and to
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identify the direction of the properties and characteristics of the materials of the friction zones from the change in
entropy.

Results

On the friction surfaces and in the surface layers of the materials of tribocoupled parts, a whole set of
various processes takes place at the same time, due to which the tribocoupled parts lose their thermodynamic
stability. Some of them are directly caused by friction, and others are indirectly related to it.

The first group of physical processes includes heat removal, mass transfer from the friction zone,
deformation of the surface layers of parts, etc. They are caused, as a rule, by gradients of temperature, chemical
potential, stress, concentration of defects, etc., which arose as a result of friction and preliminary strengthening or
modifying processing of the materials of the parts.

The second group of processes, according to the equilibrium diagrams of the state of materials of the parts,
takes place at the temperature of heating of the surface layers from the work of frictional forces. Basically, these
are phase transitions and chemical reactions. At the same time, heating conditions the kinetic possibility of
relaxation processes, the driving forces of which are not related to friction and do not depend on it, but exist both
in the friction zone and in the adjacent layers and are directed chaotically. It is also necessary to highlight the
processes that occur in the friction zone, but are caused not by friction, but by operating conditions. Examples of
such processes are processes in the tribocoupling of parts observed during friction with vibration, irradiation, and
other influences [22, 23].

The excess production of entropy during the realization of the self-organization effect must be negative and
agree with Lyapunov's theorem [1, 24]:

Ea(5 s)= Zax &, 3)

where X  and J , — thermodynamic forces and thermodynamlc flows, respectively.
If ZéX ,0J, <0, then the materials of tribocouples of parts lose stability and self-organization with the

formation of dissipative structures can be observed. If friction processes are significant , we have:

ds _ (f,, (v.t)Nv)*
dt  A,(vt)S, T

mp

(4)

where fmp (v,t), S, — coefficient and surface area of friction; N — load; v — relative speed of parts;
/IM (v,t), T — the coefficient of thermal conductivity and the temperature in the friction zone. If the speed of

movement is variable, and /”LM = const , then the excess production of entropy is:

2 2
i(525)- N (%+ fmpj (). 5)
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If A, #const and V # const, then we have:
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Analysis of equation (6) shows that when its positive right-hand side tribocoupling of parts does not lose
stability, and when it is negative, it does. With negative entropy production, we get the following conditions:

o, (v,t)/ov=0, oA, (v,t)/ov=0; @
of,, (v,t)/ov<0, oA, (v,t)/ov<0. (8)
Note that conditions (7) and (8) are sufficient for the realization of self-organization in the tribocoupling of

parts, in the presence of synergistic interaction of two or more processes in the friction zone. At the same time, the
material of the tribocoupling parts is complicated, new structures appear in the surface layer of the material and in
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the adjacent layers of the working (technological) environment.

From the point of view of entropy production, the self-organization of the tribocoupling materials of parts
can create such conditions when the absolute value of the negative entropy associated with friction increases, but
the overall entropy production does not change [1, 2, 24]. This indicates that the tribocoupling of parts from the
outside can receive high-power energy without a significant change in the intensity of wear, and a significant part
of the work of friction forces will be spent on unbalanced processes. The analysis of the self-organization of the
materials of the tribocoupled parts and the working (technological) environment within the limits of nonlinear
thermodynamics [24-26] confirms that with strong excitation of the equilibrium tribocoupled parts, their behavior
becomes diverse and non-linear. In this regard, a more active and effective way of improving the tribocoupling of
parts is the combination of the Schrédinger approach and nonlinear thermodynamics [25, 26], and the powerful
and targeted excitation of the tribocoupling materials can be implemented by highly ordered energy flows (laser
radiation [1]) or substances that ensure their transition to a more organized and stable state.

The above makes it possible to formulate the main provisions of the entropy approach to changes in the
properties of the friction zones of tribocoupling parts of assemblies, systems and machine assemblies:

1. Tribocoupling of machine parts is an open thermodynamic system that exchanges energy and mass
between their elements and the environment. The entropy balance equation is used to describe their behavior:

d .
aJsolv =J(as ~divd,)dv ©

where o, JS — production and flow of entropy density, respectively; s is the volume density of entropy.

2. Friction is a process accompanied by fluctuations of fields, speed, pressure, and temperature, which are
not destroyed during the evolution of the state of tribocouples of parts and the development of their parameters
over time. When they fade, there is a transition to thermodynamic states with minimal entropy production, which
are bifurcation points with an optimal mode of operation, from the point of view of wear and manifestation of the
synergistic principle of self-organization.

3. In thermodynamics of open systems, including and in the tribocoupling of parts, the driving forces of the
processes are gradients of temperature, concentration, chemical and electrical potentials, which determine various
processes of transfer of heat flows, matter (diffusion and chemical reaction) and electrical charges.

The use of the entropy criterion of destruction and the equation of the entropy balance shows that the
process of wear of the materials of the tribocoupling parts with a volume of V is not responsible for the entire
density of entropy accumulated by it, but a part of it, that is, the coefficient ks — the entropy utilization coefficient.

In this case, the entropy balance equation has the form:

d .
T ['sdv :ksu (o, —dleS)dVJ. (10)

It should be noted that the entropy criterion of destruction acts as a measure of the workability of the
material of tribocoupler parts. At the same time, the effects of thermal, mechanical, chemical, electrical and
convective processes on the production and formation of the entropy flow are taken into account. The entropy
density accumulated by the material of the parts, in its physical essence, characterizes its wear resistance.

To evaluate the tribotechnical characteristics, the dynamic development of the processes in the materials of
the tribocouplers of the parts, due to various mechano-physical and chemical-physical reasons, should be
considered. This is taken into account primarily in the production of excess thermal entropy on the spots of actual
contact of the tribocoupler parts.

After integrating equation (10) over the investigated time interval (0,t), we have:

VLI
de I - dle (11)

0

At the same time, the rate of volume wear of the material is equal to:

k —divd. ) dVv
dVU S \_/" (O-S IV S )
= : (12)
dt S

Considering the contact area Sy, we have:
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Vu
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dt S

At the nominal contact area S, , the volumetric wear rate is equal to:

nk?
u

kS [ (o7, —divd, Jx

dV s~ nk
== 0 : (14)
dt S,
where S; is the limiting entropy density of the part material.
By definition, the intensity of wear of tribocoupling parts is equal to:
dv, 1 . dv,, 1
TG S,y T Tt S,v =
1Kk " mp 2k “mp
where v,,, — the relative speed of movement of the part.
Considering (14) in expressions (15), we have:
ul u2
k, [ (o, —divd, Jdx k, [ (o, —divd, )dx
l,=—2 gy, =—2 (16)
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Considering the significant contribution to friction and wear of thermal processes, it can be assumed that

cn

T
k. = T where T., — the flash point, T — the temperature of the working surface of the part. At the same time,

S

the entropy density in the worn material of the parts has two components: the standard (zero) value and the addition
from the influence of thermal effects:

S, =S +].&dT 17)
u 0 !
Ty T

where Cp — the heat capacity of the surface layer of the part material.

If the components of thermal processes, including oxidizing ones, are taken into account, then the
cumulative production of entropy of the materials of tribocoupler parts is added to the expression in brackets of
expressions (16):

K du 1 du. 1
O-T:iZﬂ:Gnd_tlnn?:iZ:l‘,(HTi _Tsn) dth 777,-?7 (18)

where Gri, Hriand Sti— the Gibbs potential, enthalpy and entropy, i — a component of thermal processes;

du.,
the formation of the i -th grade oxide; d_tTl — wear rate.

Taking into account the predominant role of thermal processes in material wear and dependence (18), we
finally have:

I dT 1) dT 1 : du,, 1T
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u

(19)

From the last dependence, it follows that to reduce the intensity of wear, it is necessary to reduce the contact
temperature T in various ways, including the use of triborecovery technologies to form coatings of the optimal
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composition, reducing the parameter ks, increasing the entropy of the material of the part S, and the entropy of

the component thermal processes ST,. .

In thermodynamics and statistical physics, entropy is a function of the state of the system. It is included in
the mathematical expression of the second principle of thermodynamics:

TdS =dU +dA, (20)

where T — the thermodynamic temperature, dU — the change in internal energy; dA — a change in the
work of internal forces. If a certain amount of heat is introduced into the thermodynamic system (tribocoupling of

parts) dQ, then the entropy change dS in the reverse process is equal to dS =dQ/T . Note that thermal

entropy, in contrast to configurational entropy, is related to processes in the crystal lattice of the material of the
tribocoupler parts.
Due to the fact that the tribocoupling of parts functions under conditions of intense heat generation,

depending on the assessment of the intensity of wear and tear, I, value S, has the content of specific thermal

entropy. Entropy — the most important thermodynamic characteristic of the material of the elements of
tribocoupling of parts, which determines the speed and direction of the chemical reaction, the magnitude of the
Gibbs and Helmholtz potentials, etc.

The theoretical justification of the experimental results revealed a number of generalized patterns of change
in the entropy of materials of tribocoupling of parts:

— the complication of the composition of the materials of parts leads to an increase in its entropy;

— the harder the material of the part, the lower the entropy;

- the value of the standard specific entropy of an element S, depends on its serial number z in the. table.

D.I Mendeleev and changes in a certain direction, having a minimum point;

— in the amorphous state, the materials of the surface state of parts have an entropy greater than in the
crystalline state;

— entropy is sensitive to the degree of dispersion of the material: as the grain size decreases, entropy
increases;

— the greater the density of the substance, the material of the part, the lower its entropy, there is an inverse

linear relationship between these values: p, ~1/s.

Existing materials for tribocoupling parts are mainly multi-component materials with a heterogeneous
structure, which mainly consist of two phases: hard alloys — carbides and metal bond, alloyed cementite, martensite
and residual austenite. The components of materials differ in mechanical and physicochemical characteristics and
properties. It is known from the thermodynamics of non-equilibrium processes that for multicomponent systems,
if they are considered as ideal solid solutions, all thermodynamic potentials — Gibbs, Helmholtz, enthalpy and
entropy - have the property of additivity. It follows that the entropy density of a hard alloy can be calculated as the
sum of products of the molar fraction of each component by the value of its standard entropy density:

Sij =ThS; +17,55, (21)

where 17, +1, =1, n,and 77, — the corresponding molar fraction of the component, and S;,S; —the

entropy density of each component.

One of the methods of managing performance indicators of tribocoupler parts made of hard alloy is to
improve the structure of the material in the broadest sense of the word. The effect is also taken into account that
with the reduction of the size of the initial components of the alloy to the nanolevel, as well as the optimization of
the phase components of the carbide and binder phases, the entropy of the material of the parts decreases, and the
wear resistance increases.

This determines the implementation of the improvement of the structure and composition of materials of
tribocoupler parts and the reduction of their entropy in the following ways:

— change in the composition of the carbide phase;

— development of new hard alloys;

— change in the composition of the binding phase;

— reducing the size of the carbide phase from 2.0...2.5 um to nanosize, ensuring an increase in the density,
strength of the alloy and the corresponding wear resistance of the parts and their tribocoupling as a whole.

Conclusions

1. The implementation of the self-organization effect associated with excess entropy production is
theoretically substantiated.
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2. The relationship between the tribotechnical characteristics of the friction zone and the rate of change of
entropy in the tribocouplings of parts was obtained.

3. With the negative production of the entropy of tribocoupling of parts, the conditions for realizing self-
organization are obtained.

4. The main provisions of the entropy approach to changes in the properties of the friction zones of parts of
tribocouplings of assemblies, systems and machine assemblies are formulated.

5. Derived expressions for estimating the intensity of wear of tribocoupling parts. They were refined taking
into account the predominant role of thermal processes in the wear of parts materials.

6. Based on the experimental results, the directions of changes in the characteristics and properties of
materials of tribocoupling parts from the change in entropy based on the entropy approach are substantiated.
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Aynin B.B., Tuxwnii A.A., Ky3uk O.B., Jlucenko C.B., I'punbkiB A.B., ’Kuiosa I.B. BusBieuns 3min
XapaKTEepUCTHK 1 BIIACTUBOCTEH 30H TEPTS AeTaleidl TpHOOCHpPsDKEHb CHUCTEM 1 arperariB MallMH Ha OCHOBI
SHTPOIIHHOTO MiAX0TY

3'1coBaHO pOJb EHTPOIIl B Ipolecax TepTs 1 3HOIIYBAaHHA MaTepialiB TPUOOCHPSHKEHHS PYyXOMHX
neraneil. TeopeTMyHO OOIPYHTOBAaHO peanizalilo edeKkTy caMoopraHizalii MarepiayliB B 3aJeXHOCTI Bif
BUPOOHMITBA eHTponii. OTpUMaHO YMOBH caMOOpraHi3auii mpyu Bia'€eMHOMY BHPOOHUITBI eHTponii. BusHaueHo
3B'SI30K IIBUIKOCTI 00'€MHOTO 3HOIIYBAaHHS TPUOOCIPSKEHHS JIeTaeil Bil BAPOOHMITBA Ha/UIMIIKOBOI €HTPOIIIi
i i moToky. OTpuMaHO BHpa3W I IHTCHCHBHOCTI 3HOIIYBaHHA JleTajiell TPUOOCTIPSDKEHHS 3 ypaxyBaHHIM
TEIUIOBHX TPOIIECiB B 30HI TepTA. 3'ICOBAHO TEHACHIII 3MiHM XapaKTEPUCTHK 1 BIACTHBOCTEH TPHOOCHPSKECHD
JIeTajel By3IliB, CHCTEM 1 arperaTiB MaIluH 31 3MiHOIO €HTPOTIii
Keywords: enrpormifinumii minxix, TpUOOCTIPSIKEHHS JeTaneif, caMoopraHisaimisi, 30Ha TepTH,
BIIACTUBICTb.
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