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Abstract

On the basis of the performed analysis of works devoted to the increase in the wear rate due to the
dynamic effect on the tribosystem, expressions were obtained for modeling the processes of friction and wear
when changing the external influence. Based on the assumption that the dynamic impact obeys the normal
distribution law, the coefficient of variation of the volumetric wear rate. The simulation of the change in the
coefficient of variation when changing the load and sliding speed on the tribosystem, as well as the number of
steps of changing the load and operating time at each stage.

It was found that in the absence of fluctuations in the load and sliding speed, the coefficient of variation
of the volumetric wear rate is 1. With an increase in the value of the standard deviation of the external action and
the number of steps of change in the action, the coefficient of variation of the volumetric wear rate increases to
values 2,59, those volumetric wear rate increases by 1,125 ... 2,59 times. This is confirmed by experimental
dependencies. The simulation results are adequate to the experimental results with a confidence level 0,9.
Calculated modeling error for each series of experiments, which does not exceed 11,03 %. It was found that
when changing the power of the bully tribosystem W}, which is defined as the product of the load and the sliding
speed, the coefficient of variation of the volumetric wear rate increases by 1,25 ... 4,68 times. Taking into
account the range of changes in the external impact and the operating time at each stage of change in the impact
will provide information in the form of a coefficient of increasing the wear rate.

Key words: tribosystem; dynamic processes; volumetric wear rate; load fluctuations; external influence
on the tribosystem; wear rate increase factor, modeling of processes of friction and wear.

Introduction

Most of the tribosystems of various machines and mechanisms during operation are under dynamic
loading (change in load and sliding speed in time), what affects the value of the wear rate. The reason for this is
the processes of secondary running-in in tribosystems and their adaptation to new external influences. The
processes of secondary running-in when changing the load and sliding speed cause an increase in the wear rate
during transient processes, which increases wear and leads to a reduction in the tribosystem resource during
operation. In work [1] obtained transient characteristics of tribosystem running-in, which allow to establish the
interconnection between the tribosystem construction, rational loading conditions, running-in time and wear for
running-in. The analysis of the given work allows us to conclude that changes in the external impact on the
tribosystem during operation will always be accompanied by an increase in the wear rate.

Taking into account the above, this paper considers the issues of taking into account the increase in the
volumetric wear rate of tribosystems in the presence of dynamic operating conditions, where the load and sliding
speed changes with time taking into account the number of loading steps and the duration of operation at each
loading step.

Literature review

The authors of the work [2] a three-dimensional finite element model has been developed to simulate
the change in the friction coefficient under dynamic load on the tribosystem. Correction factor obtained, which
can be used to correct the experimental data, which depends on the load fluctuation during the tribosystem
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operation. In work [3] the effect of increasing the load, as well as the duration of the tribosystem operation at
each stage of the load, on the wear resistance of steels was studied. The authors found that the duration of
operation at each stage is a significant factor affecting the wear resistance.

In work [4], on the basis of a mathematical model, various aspects of long-period oscillations of
tribological parameters in the process of wear of metals under heavy load are theoretically investigated. The
obtained dependence, which allows calculating the wear of the tribosystem by the parameters of load
fluctuations. In work [5] a correlation is also established between the bearing loading parameters (load and
sliding speed) and wear and tear resistance. It is concluded that when predicting the bearing life, the product of
the load and sliding speed should be included in the calculation formulas.

The authors of the work [6] it is concluded that load fluctuations during tribosystem tests and a step
change in load to the bully load, has a strong effect on wear resistance.

Based on the analysis of works devoted to the problem of wear under dynamic loading of tribosystems,
it can be argued that the process of friction and wear is stochastic, where during operation the load and sliding
speed change in time. Consideration of load fluctuations was carried out by the authors of the work [7], where,
using the probabilistic approach, the coefficient of increase in the wear rate was obtained, which is equal to
1,6...4,5, compared to steady-state operation. However, the obtained dependencies do not take into account the
time variable and even more the operating time at each load stage. In works [8, 9] the rationale for increasing the
wear of the tribosystem materials under dynamic load changes is given, what is taken into account by special
coefficients in the models. A similar approach is presented in the works [10 - 12], where loading conditions are
estimated by 3D models.

Based on the analysis of works devoted to increasing the wear rate under dynamic impact on the
tribosystem during operation, it can be concluded that to improve the accuracy of modeling the wear rate it is
necessary to take into account the range of changes in the external influence and the operating time at each stage
of the change in the influence. This approach will provide information in the form of a coefficient of increase in
the wear rate in relation to the steady state, which will increase the accuracy of modeling and determining the
resource of tribosystems in operation.

Purpose

The purpose of this study is to obtain a mathematical expression for modeling the processes of friction
and wear when changing the external impact on the tribosystem, carry out experimental studies and confirm the
reproducibility and adequacy of the obtained models to experimental data.

Methods

When developing a probabilistic model of increasing the volumetric wear rate during load fluctuations
and sliding speed during testing or operation, as well as the number of steps of change, as an input parameter we
will use the power that is supplied to the tribosystem and is determined by the expression:

W, =N, v [N-E:J/S:W} (1
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N

where N; — tribosystem load, N;

v; — sliding speed, m/s.

Based on the results of the experimental values, using the least squares method, regression equations in
natural values were obtained, which have the following form:

- for the volumetric wear rate of the tribosystem at steady state:
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where Wiy — speed of dissipation in the tribosystem, dimension J/s, determined according to work [7];

Ohmax — quality factor of the tribosystem after the completion of running-in, dimension J/m’, determined
according to work [8];

W, — power value of friction at which begins the accelerated wear or bully (loss of stability of
tribosystem), bully power, dimension W.

Applying a methodical approach to work [1], we write down the expression for the volumetric wear rate
when the external action on the tribosystem changes from W, i, to W; . In this case, we will accept the
assumption that the change in the external influence on the tribosystem obeys the normal distribution law:



Problems of Tribology 47

VVI' max W 1 - 7(%714/‘”)2

— ’ g 2

Ivar — [( i ) e 2oy dVVl, (3)
W Wy \2noy

i,min

where o — root-mean-square deviation of external influence on the tribosystem — W, defined by the
expression:

oy == > W -w,) > (4)

n — the number of changes in the external influence on the tribosystem during the test;
W,, — average value of external influence on the tribosystem during the test, W.
Given the expression (2) expression (3) can be written as follows:
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After the performed transformations, the expression (5) can be written as follows:

) M -exp ﬁ] . kvar , m3/h0ur, (6)
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where k., — coefficient of increase in the volumetric wear rate due to variations in external influences,
loads and sliding speeds (coefficient of variation of volumetric wear rate).

Results
The coefficient of variation of the volumetric wear rate is determined by the expression:
oy | W),

t l+oy /W,
kvar: 1+G_W' xp! me s (7)
W

st

where f.,, — total test (exploitation) time of the tribosystem, s;

t,; — test time (exploitation) tribosystems at one stage, when the external influence does not change, s.

(texpi / ty)=n — the number of steps of changing the external influence on the tribosystem during the tests.

Let us simulate the change in the coefficient of variation of the volumetric wear rate when changing the
load and sliding speed on the tribosystem, the formula (7), as well as the number of steps of change in the load n
and the operating time at each step ;.

From expression analysis (7) it follows that in the absence of fluctuations in the load and sliding speed
during the tests, the standard deviation of the external influence W; from average W,, equal to zero, this follows
from the expression (4). Therefore, for o= 0 coefficient of variation of volumetric wear rate k., , according to
expression (7), is equal to 1. With an increase in the value of the standard deviation of the external influence and
the number of steps of change in the influence, the coefficient of variation of the volumetric wear rate increases
to values 2,59, those volumetric wear rate increases by 1,125 ... 2,59 times. This is confirmed by the
dependences shown in fig. 1.

When changing the bully power W, which is defined as the product of the load and the sliding speed, the
formula (1), the coefficient of variation of the volumetric wear rate increases by 1,25 ... 4,68 times. This is
confirmed by the dependences shown in fig. 2.

Bully power W, or the product of load and sliding speed, formula (1), at which begins accelerated wear
or bully, indirectly characterizes the combination of materials in the tribosystem with other factors unchanged.
For example, the quantity W#,=1000 W corresponds to the «ring-ring» tribosystem, K/=12,5 1/m, material
combination steel 40H+ steel 40H, E, = 3,64:10" J/m’. The quantity W,=1500 W corresponds to tribosystem
«ring-ring», Ky= 12,5 1/m, material combination steel 40H + SCh, E, = 3,64- 10" J/m’.

The quantity W), = 2000 W corresponds to tribosystem « ring-ring », K, = 12,5 1/m, material combination
steel 40H+Br.AZh 94, E, =3,64-10"* J/m’.
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Fig. 1. Dependences of the change in the coefficient of variation
of the volumetric rate of wear on the value of the standard deviation
of the external influence and the number of steps of the external influence
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Fig. 2. Dependences of the change in the coefficient of variation
of the volumetric wear rate on the magnitude
of the bully power and the number of steps of external influence

The obtained dependences of modeling the value of the coefficient of variation of the volumetric wear
rate, presented in fig. 1 and fig. 2, were tested experimentally in laboratory conditions on a friction machine
according to the scheme «ring - ring », Ky = 12,5 1/m, Fyi, = 0,00015 m?, Foax = 0,0003 m>.

The combination of materials in the tribosystems was chosen so as to provide different values of the bully
power. The experimental results were checked for reproducibility by the Cochran test and their adequacy to
theoretical curves by Fisher's test. The results of modeling the volumetric wear rate are adequate to the results of
the experiment with a confidence level 0,9. The simulation error is calculated for each series of experiments,
which does not exceed 11,03 %, which can be considered satisfactory when studying the processes of friction
and wear.

The obtained theoretical dependences are adequate to the experimental data and can be used to determine
the increase in the volumetric wear rate of tribosystems during testing or operation, when the load and sliding
speed change.

Conclusions

Expressions are obtained for modeling the processes of friction and wear when changing the external
influence on the tribosystem. Modeling of the change in the coefficient of variation of the volumetric wear rate
when changing the load and sliding speed on the tribosystem, as well as the number of stages of load change and
operating time at each stage. It was found that in the absence of fluctuations in the load and sliding speed, the
coefficient of variation of the volumetric wear rate is 1. With an increase in the value of the standard deviation of
the external action and the number of steps of change in the action, the coefficient of variation of the volumetric
wear rate increases to values 2,59, those volumetric wear rate increases by 1,125 ... 2,59 times. This is
confirmed by experimental dependencies. The simulation results are adequate to the experimental results with a
confidence level 0,9. The simulation error is calculated for each series of experiments, which does not exceed
11,03 %. It was found that when changing the bully power W, which is defined as the product of the load and
the sliding speed, the coefficient of variation of the volumetric wear rate increases by 1,25 ... 4,68 times.
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BoiitoB A.B. MonemoBanHss TpoleciB TepTs Ta 3HOMIYBaHHS IPH JUHAMIYHUX BIUIMBaX Ha
TpubOCHUCTEMY.

Ha migcraBi BUKOHAHOrO aHaiizy poOIT, NPHUCBSYEHUX 30LIBLICHHS NIBHKOCTI 3HOIIYBAHHS uepes
JIMHAMIYHOTO BIUIMBY Ha TPUOOCHCTEM, OTPUMaHi BUPA3H JIJIsl MOJICTFOBAHHSI TIPOLIECIB TEPTS 1 3HOIIYBAHHS IIPH
3MiHI 30BHIIIHBOIO BILIMBY. Ha mmifcTaBi NPUHHATOrO JOMYIIEHHS, 1[0 AUHAMIYHUH BIUIMB IiANOPSIKOBYETHCS
HOPMAJIbHOMY 3aKOHY pO3IOIiTY, OTpUMaHMi Koe(ilieHT Bapiamii 00'€éMHOI INBHUIKOCTI 3HOIIYBAaHHI.
Bukonano MojenroBaHHs 3MiHM KoedillieHTa Bapiamii NMpu 3MiHI HABaHTKEHHS 1 HIBHIKOCTI KOB3aHHs Ha
TPUOOCHCTEM, a TAKOXK KiJIBKOCTI CTYINEHIB 3MIHM HaABaHTa)XEHHS 1 4acy poOOTH Ha KOXXHOMY CTYIICHI.

BcraHoBiIeHO, 10 MPH BiJICYTHOCTI KOJIMBAaHb HABAHTAXKCHHS 1 IIBUAKOCTI KOB3aHHS KOe(iIliEHT Bapiamii
00'eMHOI IIBUIKOCTI 3HOIIYBaHHS AOPIBHIOE 1. 3 30UIbIICHHS BETMYHHHU CEPEIHbOKBAIPATUYHOTO BiIXHMICHHS
30BHIIIHBOI'O BIUIMBY 1 KUIBKOCTI CTYNEHIB 3MiHM BIUIUBY, KoedillieHT Bapiamii 00'€éMHOI IIBHIKOCTI
3HOUTYBaHHS 30UTBLIYEThCS O 3HAaYeHb 2,59, ToOTO 00'eMHa WIBHAKICTH 3HOUIYBAHHS 30UIBIIYETHCS B
1,125 ... 2,59 pa3. lle miaTBepIKECHO CKCICPHUMCHTAILHUMH 3aJICKHOCTSIMU. Pe3yapTaTd MOICITIOBAHHS
aJIeKBaTHI pe3yJbTaTaMH EKCIIEPUMEHTY 3 JIOBip4oro iiMoBipHicTio 0,9. Po3paxoBaHa noxmuOka MOJIEITIOBaHHS 110
KOXKHIH cepii ekcnepuMeHTiB, ska He nepeBuinye 11,03 %. BcraHoBieHo, 110 mpu 3MiHI IOTYXXHOCTI 3aJupa
W40, fKa BU3HAYAETHCS SIK JOOYTOK HABaHTA)KCHHS Ha INBUIKICTH KOB3aHHSA, KoeilieHT Bapiamii 00'eMHOI
LIBHIKOCTI 3HOLTYBaHHS 301nbIIyeThes B 1,25 ... 4,68 pa3. O06mik Aiana3oHy 3MiHH 30BHIITHBOTO BIUIUBY 1 4acy
pobOTH Ha KOXXHOMY CTYIEHI 3MiHM BIUTUBY JO03BOJHTH OTPUMATH iH(pOpMAI0 y BUIIAAl KoedilieHTa
30UIBIIEHHS IIBUJIKOCTI 3HOIIYBaHHS. OTpHMaHi TEOPETHYHI 3AISKHOCTI a/IeKBaTHI eKCIIEPUMEHTAILHUM JIaHHM.

KirouoBi cioBa: TpubocucrteMa; NUHAMIYHI MPOIECH; 00'€MHA IIBUAKICTH 3HOIIYBAHHS, KOJUBAHHS
HABaHTA)KEHHS; 30BHINIHIA BIUIMB Ha TpuOocucreM; Koe(ilieHT 301IbIIEHHS NIBHAKOCTI 3HOIIYBAaHHS;
MOJICTTFOBaHHSI IIPOLIECIB TEPTS Ta 3HOLTYBAHHSI.



