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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.
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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.
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MIBUAKICTh 3HOIIYBaHHS; KOE]ILIEHT TEPTs; 4ac NPHUIIPALIOBAHHS; 3HOC 3a IEPioJ NPUIIPALIOBAaHHS; BTpaTa
CTIKOCTI TPHUOOCHCTEMOIOCEPEIOBHUINA; PEOJIOTIYHI BJIACTUBOCTI  CIOJYYCHHX MaTepialliB; IIBHIKICTh
3HONIYBAHHS; KOC(DIMi€HT TEPTS



