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Abstract

The parametric identification of the tribosystem as an object of modeling the functioning of tribosystems
in the conditions of boundary lubrication is performed in the work. Using the analysis of the dimensions of
significant factors, expressions are obtained to calculate the gain and time constants.

It is established that the coefficient K takes into account the degree of influence of the load, sliding
speed, tribological characteristics of the lubricating medium on the quality factor of the tribosystem. It is shown
that the increase in the coefficient K, will have a positive effect on the processes inherent in tribosystems

during operation. Coefficient K, — characterizes the magnitude of the change in volumetric wear rate and
friction coefficient when changing the magnitude of the load, sliding speed, quality factor of the tribosystem.
Coefficient K, — characterizes the ability of the tribosystem to self-organize when changing the values of the
input parameters by rearranging the surface layers of materials from which the triboelements are made during
secondary running-in. It is shown that the value of the coefficient is large K, will contribute to the rapid change

in the roughness of the friction surfaces, the restructuring of the structure of the surface layers, the appearance of
oxidizing films on the friction surfaces (secondary structures).

It is proved that the time constant T, — this is the time required to change the roughness of the friction
surfaces and rearrange the structure of the materials of the surface layers when changing external conditions.
Time constant T, characterizes the time during which there is a stabilization of the temperature gradient by
volume of triboelements, taking into account the thermal conductivity of materials when changing external
conditions. Time constant T3 characterizes the time during which the tribosystem returns to a steady state of
operation after the cessation of the outrageous force, or the time to stabilize the parameters in the new mode of
operation. It is proved that the value T3 will be optimal for the process of self-organization. It is shown that one

of the factors that can control the value Ty, this is the sliding speed v .

Keywords: tribosystem; mathematical model; differential equations; parametric identification; coefficient
of gain; time constant; boundary lubrication; quality factor of the tribosystem; dissipation speed

Introduction

Analysis of the current state of mathematical models of friction and wear, as well as methods for
calculating wear and predicting the resource, shows the increasing attention of researchers to this problem. This
is due to high material costs in the design, testing and refinement of new models of equipment before they are
put into production. One of the ways to reduce material costs is to replace laboratory and bench tests with
mathematical modeling and resource prediction at the design stage.

w Copyright © 2021 A.V. Voitov. This is an open access article distributed under the Creative Commons Attribution License, which
b permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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For the development of mathematical models, both analytical and numerical methods are used. In this
case, the task is posed that mathematical models should be multifactorial and take into account the processes of
deformation and destruction of the surface layers of tribosystems, the formation of wear-resistant structures on
friction surfaces and the exchange of friction surfaces with matter and energy. Such multi-level and
multifactorial tasks are solved by various methods and different approaches, while they have one goal - resource
forecasting.

This work is a continuation of work [1], where a third-order differential equation is obtained for modeling
the boundaries of stable operation of tribosystems under boundary lubrication conditions. To use this approach,
it is necessary to obtain expressions for calculating all the coefficients and time constants that are included in the
left and right sides of the equation. The presence of such coefficients will make it possible to simulate the
processes of friction and wear in tribosystems.

Literature review

The authors of the work [2] studies on modeling the processes of friction and wear at the mesoscale
level. As a methodological approach, the authors use the finite element method, where surface roughness is
represented by the combined law of friction. In the developed model, the relations of wear of the friction
surfaces and the corresponding mechanisms of energy dissipation on the spots of actual contact are considered.
According to the authors, such a methodological approach makes it possible to simulate the wear process with
sufficient accuracy. A similar approach is used by the authors of the work [3]. The concepts developed in this
article are based on statistical analysis, which is based on the mechanisms of energy dissipation during friction of
contacting sliding surfaces.

In work [4] it is shown that the dynamics of the tribosystem is well reproduced by simplified models
obtained using the Markov process, even in the presence of several minima of the investigated functions. After
evaluating the parameters of the tribosystem by numerical simulation, the authors calculate the average wear rate
and friction losses when external forces and temperature change.

In work [5] the physical mechanisms of formation and transformation of corpuscular-vortex
perturbations in the contact of the tribosystem, which are based on the quantum-mechanical exchange
mechanism of interaction, are considered. The presence of a contact gap determines the generation of pairs of
quasiparticles-perturbations, stabilized by wavelength and frequency. It is established in the work that the
internal instability and collapse processes in such a system of perturbations lead to defect formation in the
material of the tribosystem and underlie the emergency modes of friction.

In the works [6, 7] performed analysis of the strength and durability of the surface layer material by
friction. The authors propose to take into account the presence of two areas of accumulation of damage and the
type of mechanism of destruction: the area of multicycle fatigue and a layer of debris. Methods for estimating the
parameters of the durability model for the region of multicycle fatigue are proposed. The connection between the
stress-strain state and the fatigue strength characteristics of the material with the characteristics of the material
fracture model is obtained. The analysis of the received relations showed that any physical action on a surface,
leads to decrease in structural inhomogeneity and prevents development of cracks, promotes increase of wear
resistance.

In work [8] the analysis of various methods for calculating wear and predicting the resource is given
and it is concluded that analytical methods do not allow taking into account the dynamics of changing the
operating modes of the contact, and numerical methods seem to be promising. The author of the work proposed
to describe wear by an array of probability vectors of wear values of discrete points of the surface, which are
modeled by non-stationary random functions of the Markov type, and wear is estimated by the mathematical
expectation of the probability of finding surface elements in a certain state.

In work [9] theoretical studies on the substantiation of the methodology for modeling stationary
processes of friction and wear in tribosystems under conditions of boundary lubrication are presented. The
authors have developed a technique for modeling the characteristics of the actual contact patch and a
mathematical model of the rate of dissipation in the tribosystem, which allow modeling the rate of volumetric
wear and the coefficient of friction in stationary modes.

The analysis of the above works shows the versatility in the approaches to the construction of
mathematical models of the processes of friction and wear in tribosystems. In our opinion, the most promising
are numerical methods based on differential equations, which make it possible to simulate the dynamics of the
transient process. Obtaining such models is associated with the stages of structural and parametric identification.
Structural identification of the tribosystem is carried out in the work [1], where the third-order differential
equation is obtained. The obtained equation can be used provided that all the parameters that are included in the
left and right sides of the equation are determined. Obtaining such expressions is called parametric identification
of a mathematical model.
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Purpose

The purpose of this work is to perform parametric identification of the tribosystem and obtain expressions
for the gains and time constants, which are included in the differential equation for modeling the processes of
friction and wear in tribosystems.

Methods

To substantiate the methodological approach in research, we use the equation of the dynamics of the
functioning of the tribosystem, which is given in [1]. The third-order differential equation is written in operator
form:

(TTT) PP+ (TT, + T T, +T,T,) p? +(T,+ T, + T, + K,K,T, ) p+

@
+K,K, +1=(K.K,T;) p+ K.K,.

p — adifferentiation operator that is equivalent to a record d/dt;
T,, T,, T, —time constants, dimension s;

K|, K,, K, — coefficients of gain, dimensionless quantities.
The right part of the differential equation (1) contains the first derivative of the input signal, which is
represented as the product of the coefficients K; K, and time constant T,. The dynamics of the tribosystem is

influenced not only by the magnitude of the values K, K,, T,, as well as the rate of change over time (the

first derivative).
The left side of the equation is the reaction of the tribosystem to the input signal. Time constants of the

tribosystem T, T,, T, have the dimension of time and characterize the inertia of the processes occurring in the

tribosystem, during running-in, or during changes in operating modes.

The purpose of parametric identification is to determine the expressions for the calculation of the above
coefficients and time constants, so that when substituting them in equation (1), the right and left parts differ the
least.

When solving the problems of friction and wear, a methodical approach to the theory of similarity and
modeling is often used, where dimensional analysis methods are used to obtain dimensionless criteria. Analyzing
the dimensional factors that affect the process, but do not depend on each other, you can get dimensionless
criteria (coefficients) that adequately describe the process in similar (different in size and design) physical
objects.

The procedure of parametric identification or finding expressions for calculation K- K, T,-T;, which
characterize the dynamics of the functioning of tribosystems, there is an experimental material that allows you to

choose the most significant factors.
Such factors include.

1. The diameter of the actual contact spot Cacs, m, the number of contact spots on the friction surface Nacs,
pc, and stress on the actual contact spots Gacs, Pa. Depends on the load on the tribosystem N, N, modulus of
elasticity and roughness of contact materials of triboelements. Calculated according to the formulas given in the
work [9].

2. Deformation rate in movable €moy and fixed &iix, triboelements, s*. Depends on the load N, N, sliding
speed Vs, m/s, modulus of elasticity and Poisson's ratio of contact materials of triboelements. Calculated
according to the formulas given in the work [9].

3. Tribosystem shape factor K, m, takes into account the areas of friction and the volumes located
under the areas of friction in the movable and fixed triboelements. Calculated by the formula [10].

4. Coefficient of thermal conductivity &, m?/s, takes into account the thermal conductivity of movable
materials amov and fixed asix triboelements. Reference value.

5. Tribological properties of the lubricating medium E,, J/m3, are determined on a four-ball friction

machine and take into account the anti-wear and anti-emergency properties of lubricants, calculated by the
formula [11].

6. Rheological properties of the structure of movable materials Omoy and fixed Orix triboelements,
dimension dB/m. Takes into account the internal friction of the material structure. The values of internal friction
for steels, cast irons, bronzes are presented in the paper [12].

7. Smaller area of friction of one of the triboelements, Fnin, m2.
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8. Volumes of material which are located under the areas of friction at the movable Vmoy, m® and fixed
Viix, m3 triboelements.
9. The volume of movable material Vamov and fixed Vgsix triboelements, m3, involved in the deformation

during friction, is calculated by formulas:
Vdmov =
Vi = F

min

F

max ! 'dmov’ m?, 2

Py M, ©)

where Fnax — large area of friction of one of the triboelements;
hamov and hasix — depth of propagation of deformation in movable and fixed triboelements, m.
In work [13] the proposed physical quantity is the quality factor of the tribosystem Q, and the

dependences of the change in the quality factor on the initial value are given Qo to the maximum value Qmax,
which increases during running-in.

Results

Coefficient of gain K, included in the differential equations and their solutions, in the theory of

identification of dynamic objects is called the coefficient that takes into account the degree of influence of the
input signal (load, sliding speed, tribological characteristics of the lubricating medium), the magnitude of the
output signal (quality of the tribosystem). Based on this physical concept and using the methods of
dimensionality of similarity theory and modeling, we obtain the expression:

K, :%—"ﬁx, (4)

where Qo and Qmax — the initial value of the quality factor of the tribosystem and the value of the quality
factor formed during the running-in of the tribosystem. Determined by the formulas given in the work [13].

As follows from expression (4), the ratio of the maximum value of the quality factor, which is
characteristic of the tribosystem after completion of running-in, to the quality factor of the tribosystem Qo before
starting, evaluates the possibility of the tribosystem to change the structure of the surface layers of the materials
of the triboelements under load. The increase in the quality factor of the tribosystem is based on the concept of

compatibility of materials in the tribosystem. Increasing the ratio K will have a positive effect on the processes
inherent in tribosystems during operation.
Coefficient K, — characterizes the magnitude of the change of the output parameters (volumetric wear

rate and friction coefficient) when changing the values of the input parameters (load, slip speed, quality factor of
the tribosystem).

Based on the analysis of dimensions, we write an expression to determine the coefficient K,:

W, K
K,=—""" (5)
2
erax'ag

where Wer — the rate of dissipation in the tribosystem, J/s, is calculated by the formulas given in the
work [9];

dg — the coefficient of thermal conductivity of materials of movable amov and fixed asix triboelements,
dimension m?/s, calculated by expression:

2-a  -a.
a, == Tmov Tix s, ()
amov—i_afix

The physical meaning of the coefficient K, — this is the sensitivity of the tribosystem to changes in

external influences (load, slip speed, quality factor of the tribosystem). Great value of the coefficient K, will
promote the appearance of fluctuations in wear rate and friction coefficient during the operation of the
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tribosystem, especially in transient modes. Conversely, small value K, will positively affect the operation of the
tribosystem.

From the analysis of formula (5) it is possible to develop recommendations for reducing the value of the
coefficient K,. To do this, increase the maximum value of the quality factor of the tribosystem and the value of

the coefficients of thermal conductivity of movable materials amov and fixed asix triboelements.

Coefficient K, — characterizes the ability of the tribosystem to self-organize when changing the values of
the input parameters (load, slip speed, quality factor of the tribosystem).

Based on the analysis of dimensions, we write an expression to determine the coefficient K;:

2
_ RSTS(TBX) a, | @

3

&g

where RSzsmaxy — maximum value of rheological properties of connected materials in the tribosystem after
completion of running-in, dimension m, is calculated by the formulas given in the work [12];

& — the value of the rate of deformation of the surface layers of the materials of movable and fixed
triboelements, the dimension s, is calculated by the formulas given in the work [9].

g, =——=, 1ls. (8)
8mov + 8ftx

Deformation rates in the surface layers of the movable £mey and fixed &six triboelements are determined by
the expressions given in the work [9]:
O -V

émo" = 75(1+“m0v)(0’86_l’ O5Mm0v)ﬁ , 1/s; (9)
S = 75(1+“ﬁX)(0'86_1’ OS“fix)%' s, (10)
fix acs

where [mov and Liix — Poisson's ratios of materials of movable and fixed triboelements, reference value;
Vs — sliding speed, m/s;

Enov and Efix — modulus of elasticity of materials of movable and fixed triboelements, Pa.

The physical meaning of the coefficient K, — it is the ability of the tribosystem to return to the

conditions of stable functioning after the cessation of action on the tribosystem of factors that outrage. According
to the principle of Le Chatelier - Brown, any physical system that was in equilibrium is exposed to an outrageous
factor, the equilibrium in the system is shifted so that the effect of this factor is weakened. Therefore, the inertial

link G in work [1] included in the scheme of the second block in the form of negative feedback and takes into

account the ability of the tribosystem to weaken the perturbing force, by rearranging the surface layers of
materials from which the triboelements are made during secondary running-in. Outrageous forces include load,
sliding speed, tribological characteristics of the lubricating medium, quality factor of the tribosystem.

Great value of the coefficient K, will contribute to the rapid change in the roughness of the friction
surfaces, the restructuring of the structure of the surface layers, the appearance of oxidizing films on the friction
surfaces (secondary structures). It can be assumed that the coefficient K, characterizes the structural
adaptability of materials in the tribosystem, or processes of self-organization during operation, especially in
transient modes. Conversely, small value K, will negatively affect the work of the tribosystem, the ability to

self-organize will be low.
From the analysis of formula (7) it is possible to develop recommendations for increasing the value of the

coefficient K,. This requires increasing the value of the rheological properties of the structure of the bonded

materials in the tribosystem RSrsmax), and the values of the coefficients of thermal conductivity of movable

materials amov and fixed asix triboelements and reduce the values of the deformation rate of the surface layers of
the materials of the movable and fixed triboelements.
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Time constant T, included in the differential equations of the dynamics of the tribosystem (1)
characterizes the inertia of increasing the values of the quality factor of the tribosystem when changing external
conditions (load, sliding speed, tribological properties of the lubricating medium).

The physical meaning of the time constant T, — this is the time required to change the roughness of the
friction surfaces and rearrange the structure of the materials of the surface layers when changing external
conditions, dimension - second.

Using the accumulated experience in running-in tribosystems, we write an expression for definition T, :
T, = t—g s (11)
1 3"

where tg — running-in time of the tribosystem, dimension - second.

Time constant T, , which is included in the left part of the differential equation (1), characterizes the time
during which there is a stabilization of the temperature gradient by volume of triboelements, taking into account
the thermal conductivity of materials when changing external conditions, dimension - second.

Using the methods of dimensional analysis, we write an expression to determine T, :

T,=—9% 5 (12)

where Vg — the given volume of material of a tribosystem is defined by expression:

— 2 'Vmov 'VfiX m3 (13)
’ Vmov +V

fix

where Vmov and Viix — volumes of materials of movable and immovable triboelements, which are
located under the working surfaces of friction, m3.

The diameter of the actual contact spot dacs and the number of contact spots on the friction surface Nacs
depends on the load N, the modulus of elasticity of the contacting materials and the roughness of the friction
surfaces. It is calculated according to the formulas given in the work [9].

The physical meaning of the time constant T, — this is the time of temperature equalization generated on

the spots of actual contact. Decrease in size T, will help reduce the time of temperature equalization. As follows

from expression (12) for this it is necessary:

- to reduce the volume of triboelements, for example, to execute them thin-walled or to apply a covering
or plates on friction surfaces;

- increase the thermal conductivity of triboelement materials.

Time constant T3, which is included in both the right and left part of the differential equation (1),

characterizes the time during which the return of the tribosystem to a stable mode of operation after the cessation
of the outrageous force, or the time to stabilize the parameters in the new mode of operation. Performed by
rearranging the surface layers when changing external conditions, dimension - second. This is the time during
which there is a change in the roughness of the surface layers, the processes of deformation and hardening of the
surface layers.

Using the methods of dimensional analysis, we write an expression to determine T3 :

Vd
T,=— 99 14
Pog,edin, 1)

acs ’ Cs

where Vg — the volume of deformed surface layers is given, m?, is determined by the expression:

dmov

V. = 2-V, Vdfix

dg '
V +Vdfix

dmov

mé. (15)
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The volume of movable material Vamov and fixed Vrix triboelements, m, involved in the deformation
during friction, is calculated by formulas (2) and (3). The depth of strain propagation is determined by the
expressions given in the paper [9]:

hdmov = O’Sdacs (1_ e_Dm ) ) (16)
where
6,5-10% -2
17— (17)
Emov : Eu
hdfix = O’Sdacs (l_ eiDﬁX) ) (18)
where
3 2
D, = M, (19)
Efix ’ Eu

where Doy and Drix — coefficients of deformation in movable and fixed triboelements, dimensionless
quantities.

Reducing the time constant T3 helps to reduce the time of self-organization of the tribosystem. As

follows from expression (11), to reduce T3 the following measures must be taken.

1. Reducing the depth of deformation in the surface layers. As follows from formulas (16) - (19) the depth
of deformation in the materials of triboelements is affected:

- the magnitude of the voltage at the spots of actual contact Gacs, which must be reduced;

- modulus of elasticity of triboelement materials Emov, Efix, Which must be increased;

- tribological properties of the lubricating medium £\, which need to be increased.

2. Increasing the rate of deformation in the surface layers of triboelements. Ways to increase €mov and &ix
follow from expressions (9) and (10).

Analysis of these expressions allows us to conclude that the values Gacs, Emov, Efix are in contradiction

with the conclusions made earlier. So the magnitude T3 will be optimal for the process of self-organization. One

of the parameters that can control the value T3 , this is the sliding speed vs1. Increasing the sliding speed leads to
an increase in the strain rate under pre-selected and constant conditions.
The expressions for determining the gain are obtained K- K, formulas (4) - (7), as well as time

constants Tl—TS, formulas (11) - (14), is the result of parametric identification of the mathematical model of
functioning of tribosystems in the conditions of extreme lubrication.

Conclusions

Parametric identification of the tribosystem as an object of modeling the functioning of tribosystems in
the conditions of boundary lubrication is performed. Using the analysis of the dimensions of significant factors,
expressions are obtained to calculate the gain and time constants.

It is established that the coefficient K takes into account the degree of influence of the load, sliding
speed, tribological characteristics of the lubricating medium on the quality factor of the tribosystem. It is shown
that the increase in the coefficient K, will have a positive effect on the processes inherent in tribosystems

during operation. Coefficient K, — characterizes the magnitude of the change in volumetric wear rate and
coefficient of friction when changing the magnitude of the load, sliding speed, quality factor of the tribosystem.
Coefficient K, — characterizes the ability of the tribosystem to self-organize when changing the values of the

input parameters by rearranging the surface layers of materials from which the triboelements are made during
secondary running-in. Outrageous forces include load, sliding speed, tribological characteristics of the

lubricating medium, quality factor of the tribosystem. It is shown that the value of the coefficient K is large,

will contribute to the rapid change in the roughness of the friction surfaces, the restructuring of the structure of
the surface layers, the appearance of oxidizing films on the friction surfaces (secondary structures).
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It is proved that the time constant T, — this is the time required to change the roughness of the friction
surfaces and rearrange the structure of the materials of the surface layers when changing external conditions.
Time constant T, characterizes the time during which there is a stabilization of the temperature gradient by
volume of triboelements, taking into account the thermal conductivity of materials when changing external
conditions. Time constant T, characterizes the time for which the tribosystem returns to a steady state of
operation after the cessation of the outrageous force, or the time to stabilize the parameters in the new mode of
operation. It is proved that the value T, will be optimal for the process of self-organization. One of the

parameters that can control the value T,, this is the sliding speed vs. Increasing the sliding speed leads to an
increase in the strain rate under pre-selected and constant conditions.
The expressions for determining the coefficients are obtained K - K,, as well as time constants T,-T;,

is the result of parametric identification of the mathematical model of functioning of tribosystems in the
conditions of extreme lubrication. The value of these coefficients will be used in modeling the processes of
friction and wear in tribosystems when changing design, technological and operational parameters, which will
allow to choose rational designs for specific conditions of their operation.
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BoiitoB A.B. [lapamerpuuHa inentudikawiss mMareMaTHyHol Mozxeni (QyHKLIIOHYBaHHS TPHUOOCHCTEM B
YMOBAaxX IPaHUYHOTO MaIlEHHS.

Bukonano mapamerpuyHy ineHTHU(]IKanil0 TpUOOCHUCTEMH, K 00'€KTa MOJENIOBAaHHS (YHKIIOHYBaHHS
TpHOOCHCTEM B YMOBaxX TPAHWYHOTO MAIIeHHS. 3a JOIIOMOTOI0 aHAJNi3y PO3MIpHOCTEH 3HAYMMHX (DaKTOpiB
OTPHMAaHO BHUPA3H VIS pO3PAXyHKY KOS(IIi€HTIB MiICHICHHS Ta MOCTIHNUX Yacy.

Beranosineno, mo koedinient K, BpaxoBye CTyNiHb BIUIMBY HABaHTaXCHHs, LIBHAKOCTI KOB3aHHS,
TPHOOJOTIYHIX XapaKTEPUCTHUK 3MAIIyBAJIBFHOTO CEpPElOBHINA HA BEIWYHHY JOOPOTHICTH TPHOOCHCTEMH.

Ilokasano, wo 30itbleHHs koediuienta K, OGyge NMO3MTHBHO BIUIMBATH Ha MPOLECH, sIKi NpUTAMaHHI

TpubocucTemMam mix yac excruryaranii. Koedinient K, — xapakrepusye BeanuuHy 3MiHH 00 €MHOI WIBHAKOCTI
3HOIIYBaHHSA i KoedillieHTa TepTs NpH 3MiHI BETMYWH HAaBAHTA)KEHHS, IIBHUAKOCTI KOB3aHHSA, JOOPOTHOCTI
tpuGocucremu. Koedimienr K, — xapakrepusye 3maTHiCTh TPHOOCHCTEMH 10 CaMOOpraHisalii mpu 3MiHi

BEIMYMH BXIIHUX IapaMeTpiB HUIAXOM Iepe0yJoBH TOBEPXHEBHX IIapiB MaTepiamiB 3 SKAX BHUTOTOBJICHI
TpUOOCIEMEHTH i/ Yac BTOPWHHOTO TpHIpamfoBaHHsA. [lo cui, mo oOyproloTh, BiTHOCATHCS HAaBaHTAKCHHS,
MIBUAKICT,  KOB3aHHS, TPUOOJIOTIYHI ~ XapaKTEPUCTUKW  3MallyBaJbHOTO  CEpENOBHINA, JOOPOTHICTH

Tpubocuctemu. [loka3aHo, 1O BeNMKE 3HAUCHHS KoedillieHTa K3 Oyne CHPUSITH IIBHIKOI 3MiHI BEJIWYHMH

HIOPCTKOCTI OBEPXOHb TEPTs, NepeOy0BI CTPYKTYPH HOBEPXHEBUX ILAPIB, MOSIBI OKUCHIOBAIBHHX IUIIBOK Ha
MOBEPXHAX TePTs (BTOPUHHUX CTPYKTYD).

JloBezeHo, o MOCTiHHOT Yacy |, — ue yac, sikuii HeoOXiJHO /IS 3MiHH LOPCTKOCTI IOBEPXOHb TEPTS Ta

nepeOyI0BH CTPYKTYpU MAaTepiaiiB MOBEPXHEBUX IIApiB IPU 3MiHi 30BHimHIX ymos. Ilocriiina wacy T,
XapakTepu3ye 4Yac, 3a KU BiAOyBaeThcs cTaOuTi3alil TpamieHTa TeMreparyp 3a 00'eMaMu TPUOOCIEMEHTIB 3
YPaxyBaHHsAM TEMIIEPAaTYPOIPOBIAHOCTI MaTepiamiB npu 3MiHi 30BHimHIX ymoB. IlocriliHa wacy T,

XapakTepu3ye 4ac, 3a sSKUil BiOyBa€ThCsl MOBEPHEHHs TPUOOCHCTEMH JIO CTAJOr0 PeXMMy (YHKIIOHYBaHHS
micias NpUIMHEHHs Aii cwiM, mo o0yproe, abo dyac 1o crabimizamii mapamMeTpiB Ha HOBOMY pPEXHMIi

¢dyHkionyBanHs. Jl0BEACHO, 10 BEIMYUHA T3 MaTHME ONTHMAJbHE 3HAUCHHS UIS MPOIIECY CaMOOPTaHi3iIIii.

JoBeneno, mo ogHuM 3 (aKTOPiB, SKUM MOXHA KEPYBATH BEIMYHHOIO T,, 1e mBUAKICTD KOB3aHHS Dyoq.

30UTPIICHAS MIBHIKOCTI KOB3aHHS MPU3BOAWUTH A0 30UIBIICHHS IIBHAKOCTI Aedopmarii mpu 3a3maneriab
00paHUX 1 HE3MIHHAX yMOBaX.

Orpumani Bupasu s BusHaueHHs koedimientis K- K,, a Ttakox mocriiiHux dacy T,-T;, €

pe3yIbTaTOM IMapaMeTpUIHOl ineHTH(IKaIii MaTeMaTHIHOI Mojeni (QYHKIIIOHYBaHHS TPHOOCHCTEM B yMOBax
TPaHUYHOTO MAIICHHS. 3HAUYCHHS IMX Koe]imieHTIB Oyae BHKOPHCTAHO IPH MOJEIIOBAHHI MPOIECIB TEPTS Ta
3HOIYBaHHS B TPHOOCHUCTEMH IPH 3MiHI KOHCTPYKTHUBHUX, TEXHOJIOTIYHHX Ta €KCIUTyaTalliiHuX MapamMeTpiB, M0
JIO3BOJIUTH OOMPATH PALliOHAJIBHI KOHCTPYKIIT JUISI KOHKPETHUX YMOB iX eKCIuTyaTarii.

KarouoBi ciaoBa: tpubocucrema; MareMaTH4YHa MOJEJb; OU(EpeHLidHI pIBHSHHS; NapaMeTphuyHa
ineHTH(IKalisT; KOe(DIIEHT MOCWIICHHS; MOCTilHA 4Yacy; rpaHMYHE 3MallleHHs; JOOPOTHICTh TPHOOCHCTEMHU;
MIBUJKICTH pOOOTH JUCHIIAIT
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Abstract

The system-structural approach in researches of processes of friction and wear at application of fullerene
compositions in lubricants is proved in the work. It is proposed to use a multilevel approach to study and model
the processes of deformation of the surface layers of movable and fixed triboelements and the formation on
energy-activated surfaces of wear-resistant structures containing fullerene molecules. The essence of the
approach is to use multi-scale research methods to build mathematical models within a single research structure.
Due to the fact that tribosystems differ in the integrity of the interconnected elements included in them, it is
assumed that all processes occur at three hierarchical levels. At this level, they interact with each other and
exchange energy and matter.

Input and output flows in studies of tribosystems are formulated. It is shown that the input streams
include design parameters of the tribosystem, technological parameters, operating parameters. These parameters
form the flow of matter, energy and information, which is the input effect on the tribosystem. The output flow
from the tribosystem are the parameters: volumetric wear rate |, dimension m3hour; friction losses, which are

estimated by the coefficient of friction f, dimensionless quantity. The output stream is the information flow of
the tribosystem. When solving contact problems, this allows to take into account not only the level of stresses,
but also the speed of deformation in the materials of the surface layers, as well as the depth of deformation,
which in the models will take into account the volume of deformed material.

Depending on the tasks and requirements for their solution, the use of different methodological
approaches for modeling is justified. It is shown that the application of mathematical models in the modeling of
tribological processes depends on the correct choice of technical constraints that determine the range of optimal
solutions.

Key words: fullerenes; fullerene solvent; fullerene compositions; tribosystem structure; dissipation
speed; electrostatic field of the friction surface; deformation rate; volumetric wear rate; coefficient of friction.

Introduction

Processes of friction and wear in various designs of tribosystems belong to dynamic processes and
develop according to the general laws of synergetics. A distinctive feature of such processes is the adaptation of
the surface layer of tribosystems to the conditions of friction, which is called B.l. Kostecki structural adaptation
of materials by friction, and then L.l. Bershadsky - adaptation, ability to learn and self-organization of
tribosystems.

Self-organization is a fundamental phenomenon of nature, which is manifested in various areas of
animate and inanimate nature. The essence of self-organization in tribosystems is that under the action of
external perturbation the tribosystem adapts (learns, changes) so that its response to external perturbations
maximally compensates for the cause of such perturbation, ie the ability of the tribosystem to return to stable
conditions after cessation on the tribosystem of outrageous factors.

The use of fullerenes as antiwear, extreme pressure and antifriction additives to technical liquid lubricants
gives an ambiguous answer about their effectiveness and limits of use. Such lubricants react to external

w Copyright © 2021 A.G. Kravtsov. This is an open access article distributed under the Creative Commons Attribution License, which
b permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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influences on the tribosystem and are able to change the structure of surface layers, adapting to operating
conditions. Controlling the process of formation of such structures will increase wear resistance and reduce
friction losses of machines and mechanisms, which will help to save energy resources during operation.

One of the ways to solve this problem is the development of a systematic approach in studying the
processes of friction and wear in the presence of fullerene compositions in lubricants and modeling of such
processes in structures formed on the friction surface. The simulation results will allow to substantiate the
composition and content of fullerene additives to lubricants for various purposes and groups of operation.

Literature review

In the last twenty years, a number of publications have appeared, where with the help of theoretical [1]
and experimental research [2], as well as computer simulation [3] new knowledge about the processes of friction
and wear of hard surfaces in the presence of an ultrathin film of liquid between them. In the given works it is
established that in the course of functioning of a tribosystem the lubricating film becomes more and more thin, at
first its physical properties change gradually, and then changes get sharply expressed character. Qualitative
changes are expressed in the non-Newtonian shift mechanism and, according to the authors, in the replacement
of ordinary melting - by glazing. However, the film continues to behave like a liquid.

In such films, phase transitions of the first kind to solid or liquid phases are possible, the existence of
which has been proved in [4], whose properties cannot be described by such a term as viscosity. These films are
characterized by a yield strength, which is a characteristic of fracture in solids and a large stress relaxation time.

In work [5] describes the dynamic properties of thin lubricating films by friction in the limit lubrication
mode. Experiments performed on smooth friction surfaces in the presence of surfactants have shown that such
phase transitions occur and are confirmed by other researchers [6]. Such processes cause stick-slip motion,
which is characteristic of friction without lubricant and is characterized by periodic transitions between two or
more dynamic states during the stationary process.

Since the intermittent motion is observed at a constant temperature of the friction surfaces, to explain it
by the authors [6, 7] the concept of "shear melting" is offered. According to this concept, first the oil is solid
(stick), then, when some critical stress value is exceeded, the oil abruptly turns into a liquid phase (slip) as a
result of loss of strength. Upon further movement, under the action of the load, the oil again becomes solid
(stick). According to the authors [8], such molecular rearrangement processes have a correlation in thin films at a
short distance from the friction surfaces.

According to the work [9] the liquid state of thin films is characterized by an effective viscosity, which is
many orders of magnitude higher than the viscosity for a bulk liquid and is non-Newtonian. This means that the
effective viscosity decreases with increasing sliding speed, ie the thin film reduces the shear stress [10]. Under
different conditions of sliding the authors of the work [11] it is established that the film changes the thickness
and structure. In addition, liquids containing multicomponent additives undergo dynamic phase transitions,
which is manifested in the appearance of intermittent modes of motion [12].

According to the experimental data presented in the work [13], oil on the friction surface is a very viscous
fluid that behaves like an amorphous solid and is characterized by a yield strength. Therefore, based on
rheological description of viscoelastic medium, which has a thermal conductivity in the [5] a system of kinetic
equations is obtained, which agree and determine the behavior of shear stresses and strains, as well as the
temperature in the thin film of oil on the friction surface [14]. The obtained rheological equations and the results
of modeling using equations, allowed the authors to conclude that the value of the effective viscosity is very
different from the value of the bulk viscosity and depends on the temperature. According to the authors [5] the
specified feedback between the magnitude of stresses, temperature and deformation means that the transition of
oil from solid to liquid state due to both heating and the effects of stresses created by solid friction surfaces. This
is consistent with the consideration of the instability of the solid phase in the representation of shear dynamic
melting in the absence of thermal fluctuations [15].

The results of the above analysis allow us to expand the existing understanding of the physics of
processes occurring on the friction surfaces of tribosystems operating in the mode of extreme lubrication. This is
especially true at the present stage of development of the science of tribology, when nanosized particles are used
in lubricants and the classical law of Amonton-Coulon is not fulfilled. This is the opinion of the authors of the
work [5]. The authors of this work argue that the melting of the ultrathin film of oil between the solid friction
surfaces, is presented as a result of shear stresses and rapid heating of a small local volume. The critical
temperature of the local volumes of the friction surface at which melting occurs increases with increasing
characteristic value of shear viscosity and decreases with increasing modulus of shear of the oil according to the
linear law. It is shown that the intermittent friction mode (stick-slip) is realized if the relaxation time of the
temperature in the oil is much higher than the time value for shear stresses and strains.

The results of studies of boundary friction in the framework of a synergetic model based on the idea that
the system is self-organizing are presented in work [16]. The paper describes the behavior of the limiting
lubricant during the mutual movement of the friction surfaces, in particular, the studied hysteresis phenomena
and fractal characteristics of time series of stresses. However, the author suggests that the properties of the oil
layer are the same both inside the layer and near the contact surface. According to the results of the study of
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spatially inhomogeneous systems, the behavior of the lubricant in the process of friction is non-trivial. For
example, at work [17] "vortex-like" movement of lubricant in the contact zone was detected. In addition, in [17]
it is shown that during dry friction of rough surfaces, between them, as a result of mechanical action, a quasi-
liquid layer is formed, as a result of which the coefficient of friction decreases with increasing shear rate. It is
established that in the course of evolution the system strives for a homogeneous state in which shear stresses are
realized in the whole region of contact, which have a constant value, which determines the relative speed of
friction blocks.

In works [18, 19] attention is focused on the practical features of the use of lubricants with functional
additives that provide a positive effect both in the manufacturing process and at the stage of operation of
tribosystem parts. At the same time, the mechanisms of action of lubricating compositions on operational factors
were not analyzed.

The analysis of the researches devoted to the thin-film object - the oil adsorbed on a friction surface
allows to state that in the course of interaction of friction surfaces, the lubricating film has some phases: solid-
like; rare and mixed. The phases, under the action of stress on the spots of actual contact and the rate of
deformation of the material of the surface layers on the spots of contact, pass into each other. The classical term
viscosity is not suitable for such phases, it is proposed to use the term - effective viscosity, the value of which is
several orders of magnitude greater than the viscosity in the volume of lubricant. The magnitude of the
roughness of the friction surface is a significant factor. The analysis also shows that the study of such thin-film
objects is better done using the basic principles of the science of rheology, using the rheological equations of
flow in such films. Based on the conclusions, we can put forward a working hypothesis that in the presence of
nanoparticles in the lubricant, which are included in the form of aggregates (clusters, micelles), the effective
viscosity in the volume of the thin-film object will act as a significant factor and determine wear resistance and
friction losses. Determining the value of the effective viscosity and the dependences of its change on the
magnitude of external influences, connected materials in the tribosystem, the design of the tribosystem and the
tribological properties of the basic lubricant will control the processes of friction and wear.

Summing up the analysis of works on the formation of lubricating films on friction surfaces and the
factors influencing this process, we can conclude that the aim of this study is to develop a system-structural
approach in the study of friction and wear in the application of fullerene compositions in lubricants and
theoretical studies of the formation of the lubricating film in the presence of such compositions. This task
requires the development of a mathematical model of the interaction of electrically active heterogeneous fine
systems at the interface friction surface - lubricating medium and modeling of such processes. The model should
take into account the generation of friction surfaces of the connected materials of the electrostatic field and the
influence of this force field on the electrically active units in the lubricating medium. As a result of such
interaction, a lubricating film of a certain thickness and structure is formed on the friction surfaces.

Purpose

The purpose of this work is to develop a systematic approach to studying the processes of friction and
wear in the presence of fullerene compositions in lubricants and to simulate such processes in structures formed
on the friction surface. The simulation results will allow to substantiate the composition and content of fullerene
additives to lubricants for various purposes and groups of operation.

Methods

The technical term tribosystem will mean a complex of at least four elements E and existing links
between them R, which form a single set and operate within a more complex system of which it is part, ie
S = (E, R). Each tribosystem can be divided into subsystems, while maintaining the existing connections
within the system, which allows you to consider the resulting subsystems separately. This division was first
performed by G. Chikhos, where the subsystems are called friction planes. A characteristic feature of systems
analysis is that when studying part of the population it is necessary to take into account the whole set of elements
and connections.

Under the input streams we will understand: design parameters of the tribosystem; technological
parameters; operating parameters.

The output flow from the tribosystem are the parameters: volumetric wear rate |, dimension m%hour;

friction losses, which are estimated by the coefficient of friction f, dimensionless quantity. The output stream is
the information flow of the tribosystem.

The task of this work is to study the processes of formation of surface structures of triboelements in the
presence of fullerene compositions in the lubricant and the mechanisms of influence of such structures on the
volumetric wear rate and friction coefficient. According to the formulated task is subject to change:

- concentration of fullerenes in the basic lubricant, dimension g/kg;

- concentration of fullerene compositions containing fullerene powder and vegetable oil as solvent of
fullerene powder, dimension g/kg;
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- tribological properties of the basic lubricant to which fullerenes or fullerene compositions are added,
dimension J/m3;

- coefficient of shape of the tribosystem, dimension m-;

- structure of connected materials in the tribosystem, which is taken into account by a complex parameter
- the internal friction of triboelement materials;

- load-speed range of operation or operation of the tribosystem, which is taken into account by the
product of load and sliding speed, dimension J/s.

Flows of materials and energy are integral components of the processes of formation on the friction
surface of wear-resistant structures, and the flow of materials reflects the object of influence, and the flow of
energy - a means of influence.

In the framework of this work it is proposed to use a multilevel approach to study and model the
processes of deformation of the surface layers of movable and fixed triboelements and the formation on energy-
activated surfaces of wear-resistant structures containing fullerene molecules. The essence of the approach is to
use multi-scale research methods and approaches to building mathematical models within a single research
structure.

Due to the fact that the tribosystem differs in the integrity of the interconnected elements included in it,
we assume that all processes occur at three hierarchical levels, fig. 1. At this level, they interact with each other
and exchange energy and matter.

Entrance Exit
Design Wear
parameters rate
Technological Friction
parameters losses
Operational Operating
parameters temperatiire

‘ 1 - level. Energetic ‘

‘ 2 - level. Structural
‘ 3 - level. Informative

Fig. 1. Hierarchy of levels of the tribosystem:
1 — movable triboelement;
2 — fixed triboelement;
3 — lubricating or working medium;
4 — environment

Results

The first level in the hierarchy of the tribosystem is the energetic level. In the study of processes of this
level, the input parameters are design, technological and operational factors, as shown in fig. 2.

The initial parameters are the speed of dissipation in the tribosystem — Wys, dimension J/s. The rate of
dissipation in the tribosystem is the part of the energy that goes to change the structure of the surface layers of
materials of movable and fixed triboelements.

The energy (power) that is supplied to the tribosystem can be determined by expression:

W:N-vs,;[N-m:i: } )
S S

where N — is the load on the tribosystem, N;
Vs — is the sliding speed, m/s.
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Fig. 2. Block diagram of the energy level of the tribosystem

The input parameters that affect the rate of dissipation in the tribosystem are:

1. Technological parameters - parameters of roughness of contacting friction surfaces:

- Ramov, Rasix — arithmetic mean deviation of points of profile of movable and fixed triboelements, m;

- Smimov, Smisix — average step of inequalities along the middle line of the profile of movable and fixed
triboelements, m.

Parameters Ra and Sm are determined in accordance with GOST 2789-73.

2. Physico-mechanical properties of contact materials in the tribosystem:

- Emov, Etix — modulus of elasticity of materials of movable and fixed triboelements, Pa;

- Dmov, Vrix — Poisson's ratio of materials of movable and immovable triboelements.

3. Design parameters of the tribosystem:

- Fmin — smaller area of friction of one of the triboelements, m2.

- on= N/Fnin —rated voltage at contact of triboelements, Pa.

The rate of dissipation in the tribosystem, according to the work [20] is determined by the expression:

WTS :WTS,mov +WTS,fix ' (2)

where Wrsmor and Wrsse — is the speed of dissipation in movable and fixed triboelements,
dimension J/s.

The speed of dissipation in movable and fixed triboelements, according to the work [20] is determined by
the expression:

WTS,mov = Oacs” émov 'Vdmov N, Jls, 3)
Wi fix = Oacs * Erix Varix N I, (4)

Voltage at the actual contact spots (ACS) — Gacs, dimension Pa, and the number of contact spots n depends

on the load on the tribosystem N, N, modulus of elasticity and roughness of contact materials of triboelements
and is calculated by the formulas given in work [20].

The deformation rate of the material of the movable triboelement per unit ACS is calculated by
expression [20]:

&0 =T5(1+0

mov

)0.86 1,050, )2 Yl 1, (5)
E,,-d

mov acs

for the material of the fixed triboelement:

é =750+ 0y, )0,86 —1,o5uﬂx)gL’“S' s, 6)

fix " Yacs

The diameter of the actual contact spot Oas, m, calculated according to the formulas given in the
work [20].

The volume of movable material Vamov and fixed Varix triboelements, m3, which participates in
deformation in the process of friction, is calculated by the formulas given in the work [20]:

F _-h_.m @

mov — ' max dmov? )

Vs
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3

Vstix = Fin * Dggie M, (8)

min

where Fmax —is the large area of friction of one of the triboelements, m?2.

Depth of deformation of the surface layers of the movable material Ngmov and fixed hasix triboelements is
calculated by the formulas given in the work [20]:

hdmov = O'5dacs(1_ eiDm )' m, (9)
hy, = 0,50, (1— e ) m, (10)
where Dmov and Dsix — is the coefficients that take into account the ability of the material to deform

under the action of surfactants, for movable and fixed triboelements, respectively, dimensionless values.
Calculated on the basis of work [20]:

8 _2
D - 6,5-10°0, ’ (1)
Emov 'Eu
_ 65-10°7,
17 S — (12)
Efix'Eu

where E\, — is the tribological properties of the lubricating medium, J/m3, are determined on a four-ball
friction machine, take into account the anti-wear and anti-emergency properties of lubricants, are calculated by
the formula given in the work [21].

The processes that take place at the energy level are as follows. Under the action of load, sliding speed
and temperature gradient, the formation of equilibrium roughness on the friction surfaces. The diameter of the
actual contact spot changes Oacs in the direction of increase, which leads to a decrease in stress Gacs on the spot of
actual contact. It should be noted that during the running-in of the tribosystem, the diameter of the actual contact
spot increases slightly, not more than twice. However, the number of contact spots n increases by an order of
magnitude. After completion of the running-in process, the number of contact spots and their diameter are
stabilized near equilibrium [22].

Due to the decrease in stresses on the spots of actual contact and the simultaneous increase in the
diameter of the spots, the rate of deformation of the materials of the surface layers decreases, this follows from
the formulas (5) and (6). At the same time, the depth of deformation in the surface layers decreases, this follows
from the formulas (7) - (12).

As a result, after completion of running-in, the surface layers of the movable and fixed triboelements
form a certain structure of the material, which corresponds to the input effect on the tribosystem. When you
change the magnitude of the input action, all of the above processes will change, so the structure of the surface
layers will change.

The criterion that is a measure of such changes is the rate of dissipation in the tribosystem — Wrs,
dimension J/s. This criterion is a way out of the energy level of the tribosystem, fig. 2 and at the same time is the
entrance to the second level - the structural level of the tribosystem.

The block diagram of the second - structural level of the tribosystem is presented in fig. 3.

Wy, Jis T s

E % Ti'ef 8
Solvent, % Structural level De
E,,J/m’

h,om

Fig. 3. Block diagram of the structural level of the tribosystem

Under the action of energy, the value of which is estimated by the speed of dissipation, the surface layers
of movable and fixed triboelements act as a "generator of electrostatic force field". The force field of the friction
surfaces will affect the formation of a lubricating film on the friction surfaces in the presence of solutions of
fullerenes in the lubricant.

Adding electrically active heterogeneous fine systems of different concentrations to the basic lubricating
medium will create an electrostatic field in the volume of lubricant (liquid). The increase in the force field in the
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volume of the liquid is associated with a high value of the dipole moment of the fullerene molecule, which is
equal to 3,34:10% C-m. Fullerene molecules, in the field of electrostatic forces of friction surfaces, will form
clusters that actively interact with the “electrostatic field generator”. The result of this interaction is the
formation of wear-resistant structures on the friction surfaces.

Based on the analysis of work on the use of fullerenes, it is concluded that fullerenes are insoluble in
technical oils of petroleum, semi-synthetic or synthetic origin. Such systems are characterized by sedimentation
processes. In this paper, a working hypothesis is formulated that the use of "solvents™ of fullerenes significantly
increases the electrostatic field strength of the liquid. As solvents for fullerenes, you can use high-oleic vegetable
oils, such as rapeseed, which are well soluble in all types of technical oils. During the solution of fullerene
molecules in vegetable oil, micelles are actively formed, where the nucleus of the micelle is a fullerene
molecule, or several fullerene molecules. The application of such a technological approach as the preliminary
dissolution of fullerene molecules in vegetable oil, and then the addition of such a composition to base oils, will
significantly increase the strength of the electrostatic field of the liquid. This is due to the fact that the dipole
moment of the micelles based on fullerenes, which is equal to pn=9,04-10"%6 Cm, an order of magnitude greater
than the dipole moment of fullerene-based clusters, which is equal to pk=3,31-10%" C-m. This will create more
effective wear-resistant structures on the friction surfaces in comparison with technological approaches, where
there is no pre-dissolution of fullerenes.

In the process of functioning of the tribosystem due to the influence of temperature, as well as load and
sliding speed, the process of cluster and micelle formation, as well as their destruction, can occur
simultaneously, therefore, the total electrostatic field of the lubricating medium Ex defined as the sum:

En = Ex + En, VIm,

where Ex and En — is the voltage of the electrostatic field of the liquid due to the formation of clusters
and micelles, dimension V/m;

Working hypothesis on the formation of wear-resistant surface structures based on fullerene compositions
(vegetable oil + fullerenes), has rational limits of effective use. It is necessary to confirm theoretically and
experimentally that for tribosystems having a certain design and load-speed range of operation, there are optimal
modes of operation, when the friction surface generates the maximum value of electrostatic field strength, which
is the driving force for electrostatic field formation in the lubricating film volume.

The lubricating film formed on the friction surface can act as two structures, as an elastic solid, or as a
viscous non-Newtonian fluid. In such structures, the process of stress relaxation at the spots of actual contact will
take place in different ways, which requires the development of a mathematical model. The mathematical model
should consist of a macro-rheological and micro-rheological model of stress relaxation on the actual contact
spots in the presence of fullerene compositions in lubricants. The macroreological model can be represented in
the form of second-order differential equations and their solutions, the microreological model in the form of
expressions for determining the parameters included in the differential equations and their solutions. Solutions of
differential equations will allow modeling the process of stress relaxation on actual contact spots in the
tribosystem, which allows to determine the friction losses.

When planning research at the second - structural level, the following working hypothesis is formulated.
The formation of a lubricating film on the friction surface of tribosystems containing fullerene compositions, in
contrast to the known, must take into account the structural viscosity and structure of the formed film under the
action of the electrostatic field of the friction surface. The working hypothesis of formation of such structures is
offered, where films in the field of action of electrostatic forces acquire structure of gel, and out of action of
electrostatic forces - structure of sol. According to the hypothesis, a framework of "crosslinked” molecules of
fullerenes and oleic acid is formed on the friction surface, which absorbs stress. In the process of sliding, under
the action of stresses, the framework can collapse, and fullerene molecules make rotational movements between
the friction surfaces, which leads to a decrease in viscosity (the liquid acquires non-Newtonian properties). After
coming out of contact, the structure of the frame is restored under the action of electrostatic forces of the surface.
It is assumed that the structural viscosity of the lubricating film is influenced by the magnitude of the
electrostatic field of the friction surface, the orientation of the flocks to the friction surface and the concentration
of fullerenes in the lubricating film in the field of electrostatic forces.

The dependences of the change of the parameters of the rheological model of the stress relaxation process
on the actual contact spots, which confirm the working hypothesis, can be performed theoretically, based on the
developed rheological model. The dependences of the change in the stress relaxation time in the structure of the
lubricating film on the friction surface, as well as the magnitude of the delay time in the stress relaxation and the
Deborah number [23], will confirm the working hypothesis that the lubricating film acquires the properties of an
elastic solid.

When planning research, it is suggested that such physical quantities as the relaxation time of stresses in
the structure of the lubricating film and the Deborah number are a measure of the transition of the viscous
properties of the lubricating film into elastic and vice versa - elastic into viscous.
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Physical quantity - time of delay in distribution of stresses, characterizes inertia of structure of a
lubricating film and possibility of residual deformations in this structure after stress removal. The large value of
the delay time characterizes the presence of delays and the presence of residual deformations in the film structure
after stress relief. Factors influencing the value of the structural viscosity of the lubricating film formed on the
friction surface are to be established.

These processes of the second structural level are intended to formulate criteria for evaluating the elastic
or viscous properties of wear-resistant structures on friction surfaces. Such criteria may be the relaxation time of
the stresses at the spots of actual contact — Trel, delay time in stress relaxation — Tgel, Debory's number - De and

the thickness of the lubricating film h. These are the initial parameters from the second structural level of the
study, fig. 3. These initial values have a functional relationship with the values of the concentration of fullerenes,
the concentration of the solvent - vegetable oil and the tribological properties of the basic lubricant, to which are
added fullerene compositions. These are the input values of the second structural level of the study of this work.
The block diagram of the third - information level of the tribosystem is given on fig. 4.
The input factors of the third information level are: stress relaxation time on the spots of actual contact —
Trel, delay time in stress relaxation — Tger, Debory's number - De and the thickness of the lubricating film h. The

initial parameters are the volumetric wear rate 7, m*/hour and coefficient of friction.

2—;'9." 5
4 3
I w’ /hour
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Information level
De f
h,m

Fig. 4. Block diagram of the third information level of the tribosystem

The third level of information aims to calculate, using mathematical modeling, to determine the
volumetric wear rate and friction coefficient. When performing the simulation of the initial parameters, the
following assumption was made. Structures formed on friction surfaces, which have the properties of an elastic
body or a viscous fluid, have a certain thickness h. The thickness of this structure depends on the magnitude of
the voltage of the generated electrostatic field, which is affected by the magnitude of the rate of dissipation in the
tribosystem — Wrs. The structures formed on the friction surfaces change the roughness of the friction surfaces.
Such structures "align" the friction surface by reducing the magnitude Ra and increasing the magnitude Sm in
movable and fixed triboelements. This will reduce the rate of dissipation in the tribosystem, which is determined
by the formulas (2) - (12). Based on these values, a new value of the dissipation rate in the tribosystem is
determined — Wrg), which corresponds to the use of different concentrations of fullerene compositions in
lubricants with different tribological properties, and calculates the value of the volumetric wear rate by
expression [24]:

| =6-10 " exp| 0,795 -10'° L 7w , m*/hour, (13)
E S TS(F)
fix

u mov

where Omov and Orx — is the internal friction of the structure of materials of movable and fixed
triboelements, is calculated by the expressions given in the work [25].
The coefficient of friction, which determines the friction losses in the tribosystem, is calculated by [24]:

f o Wose) _ Wos ey mov +W

TS (F), fix ) (14)
w N -,

The third - the information level of processes in the tribosystem allows to theoretically obtain information
about the effectiveness of fullerenes or fullerene compositions in lubricants. Based on the results of the research
and mathematical modeling, the following practical questions can be answered:

- determine the design of tribosystems, where there is an optimal range of operation in terms of sliding
speed and load, which will provide a minimum of friction losses, and the maximum percentage of their reduction
compared to basic lubricants without fullerenes;

- determine the rational range of tribological properties of lubricants, the addition of which to fullerene
compositions will give the maximum effect of reducing the volumetric wear rate and friction coefficient;
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- to determine the influence of material compatibility in the tribosystem, which is determined by the
amount of internal friction of the structure of materials of triboelements, which increases the effect of reducing
the coefficient of friction from the use of fullerenes in basic lubricants.

The presented research structure demonstrates a multilevel approach within the scientific problem - the
formation of surface wear-resistant structures on the friction surfaces of various structures of tribosystems in the
presence of lubricants fullerene additives or fullerene compositions. This approach allows a more detailed and
comprehensive study of the dynamics of processes occurring on the surface of the contact spots during friction.
In particular, when solving contact problems, this allows to take into account not only the level of stresses, but
also the speed of deformation in the materials of the surface layers, as well as the depth of deformation, which in
the models will take into account the volume of deformed material.

In addition, the use of a multilevel approach allows you to develop models and model processes on the
friction surfaces that occur, dividing them into levels within a single scientific problem, which is fundamentally
important for the correct solution of dynamic problems of friction. It is shown that the application of
mathematical models in the modeling of tribological processes depends on the correct choice of technical
constraints that determine the range of optimal solutions. The search for optimal conditions for the use of
fullerenes or fullerene compositions as additives to lubricants should be carried out under the condition of
selected technical constraints arising from the operating conditions of tribosystems.

Conclusions

The system-structural approach in researches of processes of friction and wear at application of fullerene
compositions in lubricants is proved. It is proposed to use a multilevel approach to study and model the
processes of deformation of the surface layers of movable and immovable triboelements and the formation on
energy-activated surfaces of wear-resistant structures containing fullerene molecules. The essence of the
approach is to use multi-scale research methods to build mathematical models within a single research structure.
Due to the fact that the tribosystem differs in the integrity of the interconnected elements that are part of it, it is
assumed that all processes occur at three hierarchical levels. At this level, they interact with each other and
exchange energy and matter.

Input and output flows in studies of tribosystems are formulated. It is shown that the input streams
include design parameters of the tribosystem, technological parameters, operating parameters. These parameters
form the flow of matter, energy and information, which is the input effect on the tribosystem. The output flow
from the tribosystem are the parameters: volumetric wear rate |, dimension m3hour; friction losses, which are

estimated by the coefficient of friction f, dimensionless quantity. The output stream is the information flow of
the tribosystem. It is shown that this approach allows to study in more detail and comprehensively the dynamics
of processes occurring on the surface of contact spots during friction. In particular, when solving contact
problems, this allows to take into account not only the level of stresses, but also the speed of deformation in the
materials of the surface layers, as well as the depth of deformation, which in the models will take into account
the volume of deformed material.

Depending on the tasks and requirements for their solution, the use of different methodological
approaches for modeling is justified. It is shown that the application of mathematical models in the modeling of
tribological processes depends on the correct choice of technical constraints that determine the range of optimal
solutions. The search for optimal conditions for the use of fullerenes or fullerene compositions as additives to
lubricants should be carried out under the condition of selected technical constraints arising from the operating
conditions of tribosystems.
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KpaBuoB A.I'. CucremHuil aHami3 mpoueciB TepTs Ta 3HOIIYBAHHS NPU 3aCTOCYBAaHHI (yJIepeHOBUX
KOMITO3HMIi}l B MACTHIIBHUX MaTepiaiax.

B po6oTi 00rpyHTOBAaHO CHCTEMHO-CTPYKTYPHHH MiJIXiJ B JOCIIKEHHSX MPOLIECIB TEPTS Ta 3HOLIYBaHHS
IpU 3aCTOCYBaHHI (hyJIepeHOBHX KOMIIO3UILIH B MAaCTHJIBHUX Marepianax. 3alpornoHOBaHO BUKOPHCTOBYBATH
OaraTopiBHEBHH MiAXIM IS TOCTIDKEHHS 1 MOJEIIOBaHHS IpoleciB Aedopmaliii HOBEpPXHEBHX IIapiB PYyXOMOTO
i HepyxoMoro TpuOOEIEeMEeHTIB 1 (OpPMYBaHHS Ha EHEPreTHYHO AaKTHBOBAaHMX IOBEPXHSAX 3HOCOCTIMKHX
CTPYKTYp, SKi MicTsATh Monekyitn ¢ynepeniB. CyTh MiIXOLy MOJSra€ B BUKOPHUCTAHHI pPi3HOMAacIITaOHUX
METOAMK AOCITIIKCHHS 10 IMOOYZOBH MAaTeMaTHYHHX MOJENCH B paMKax €IWHOI CTPYKTYPH IOCIHiJKEHb. Y
3B'SI3KY 3 THM, IO TPUOOCHCTEMH BiPi3HAIOTHCS IUTICHICTIO B3a€MOTIOB'SI3aHUX €IEMEHTIB, IO BXOIATH 10 HHX,
NPUAHATO TIPUITYIIEHHS, IO BCi IPOIECH BimOyBalOThCSA HA TPHOX i€epapXidHuX piBHAX. IIpm mpomy piBHI
B3a€MOJIIIOTH MiXK COOO00 1 0OMIHIOIOTECSI €HEPTIEI0 i PEYOBHHOIO.

CopmympoBaHO BXiIHI Ta BUXiIHI OTOKH IIPH IOCIIIKEHHAX TpubocucteM. [lokazaHo, o 10 BXiTHUX
MOTOKIB BIJIHOCATBCS KOHCTPYKTHBHI IapaMeTpH TPUOOCHCTEMH, TEXHOJIOTIYHI MapameTpH, eKCIUTyaTalliiHi
napameTpu. IlepepaxoBani nmapamerpu (GopMyrOTh HOTIK MaTepii, eHeprii Ta iHpoOpMarii, KU € BXiTHUM
BIUIMBOM Ha TpuOocucTeMy. BHXiTHUM TOTOKOM 3 TpHUOOCHCTEMH € TapamMeTpu: o0'€eMHa LIBHIKICTb
3nomysanHs |, posmipuicts M3/rox; BTpatH Ha TepTd, SKi ouiHIOOThCA Koedimientom Tepts f, Gesposmipua
BeNMYMHA. BUXigHUi MOTIK € iHpopManifHIM MOTOKOM TpubocucTemu. [Ipu BUpIiNIeHHI KOHTAKTHUX 3a1ad I1ie
JIO3BOJISIE BPaXOBYBATH HE TUIBKM piBEHb HANPY)KEHb, a W IIBHAKICTh MOMIMPEHHS Aedopmariii B MaTepiamax
MOBEPXHEBHX IIAPiB, a TAKOXK TTHOMHY IMOIUpPEHHS nedopMalliil, o B MoAessx Oye BpaxoByBaTHCSA 00'eMOM
Je(OpMOBaHOTO MaTepiany.

B 3ayexHOCTI Bij IOCTaBIEHHUX 3aBJaHb 1 BUMOT JIO X BHUPIIIECHHS OOIPYHTOBAaHO 3aCTOCYBaHHS PI3HHX
METOIUYHHMX MiAXOMIB JUIs MojentoBaHHs. [lokazaHo, IO 3acTOCYBaHHS MaTeMaTHYHHMX MOJeNeil mnpu
MOJICTFOBaHHI TPUOOJOTIYHUX TIPOLECIB 3aJIeKUTh BiJ MPaBWILHOTO BUOOPY TEXHIYHUX OOMEKEHb, SKi
BU3HAYAIOTh 00J1aCTh iICHYBaHHS ONTUMAaJIbHUX PillIeHb.

KawuoBi ciaoBa: (Qynepern; po3unmHHUK (QyiepeHiB; (QylIepeHOBI KOMIIO3WIIi; CTPYKTypa
TPUOOCUCTEMH; IMIBUIKICTH POOOTH JUCHIIAII]; SNEKTPOCTaTHYHE TI0JIE MOBEPXHI TEPTS; MIBUIKICTE Aedopmarii;
00'eMHa IIBUIKICTh 3HOITYBaHHS; KOe(ili€HT TePTs
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Abstract

The subject of the experiments was the tribological properties of typical brake pads and disc
characteristics. For the experiment was used Grey Cast Iron brake disc and semi metallic, low steel quantity and
ceramic brake pads. The breaking process was imitated. The experiment was conducted at 0.75, 1.25 and
1.76 m/s sliding speed using 0.85 MPa contact pressure. The experiments lasted 10 minutes. The results of the
experiments showed that best tribological characteristics have ceramic brake pads, despite the fact that brake
disc temperature rapidly increase the with ceramic brake pads, but the friction coefficient (and braking torque)
was the best. Semi metallic and low steel braking pads had very similar friction coefficient values, but wear and
disc temperature values were more dissimilar.

Key words: brake system, pads, disc, material, coefficient of friction, wear.
Introduction

According to the data of the Department of Statistics of the Republic of Lithuania, the total number of
vehicles is increasing by ~ 5 % annually, which affects traffic safety and environmental pollution [1]. More than
1.5 million vehicles are registered in Lithuania. The volumes of mobile construction and agricultural machinery
are constantly increasing.

Vehicles pollute the environment not only with exhaust gases but also with wear products on the road
surface, tires and brake system. Brake pads are one of the most wearing and polluting parts of a car [2, 3]. Brake
system wear products can cause for as much as 90 % of vehicle pollution, and about 35 % of wear products are
potentially released into the environment.

The main function of the braking system is to decelerate and / or stop the vehicle. When braking, the
kinetic energy of the mobile machine is converted into heat. The intensity of heat release depends on the weight
of the mobile machine, the speed of movement, the intensity of braking.

The brake system is one of the key safety features of a car [4]. During braking, there is friction, which
results in active wear of the friction and disc surfaces of the brake pads [5]. When the brake discs and pads are
heated, the coefficient of friction changes, which affects the stability of the braking system.

Literature review

The brake discs absorb most of the heat generated by the braking and their temperature rises from 20 to
700 °C in a few seconds. The material of the brake discs must be such as to withstand not only the normal
mechanical load produced during braking but also the operating temperature. The following types of brake discs
are distinguished according to their predominant composition [2].

1. Carbon fiber discs. These are discs with excellent thermal and mechanical properties, but due to their
high cost they are not practical for everyday use (used in aviation, sports).

2. Aluminium alloy discs are extremely light, such as Aluminium-Copper alloy (Al-Cu), but their thermal
conductivity is too low, so their use is limited.

w Copyright © 2021 V. Jankauskas, D. Kairitinas. This is an open access article distributed under the Creative Commons Attribution
= License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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3. Cast iron brake discs are most popular in mobile machines due to their good physical-mechanical
properties, good price-quality ratio, such as Gray Cast Iron (GCI).

The main requirements for "friction-disc" brake friction pairs are: constant friction coefficient, low wear
rate (possibly lower particulate emissions), quiet operation [6]. Brake element manufacturers do not provide
material information (except for an indication of the material group to which the product belongs). The
manufacturer shall specify only the vehicle model for which this item is intended.

Friction material is the most important element influencing the performance of the brake friction pair.
Brake pads are divided into Organic / Low Steel Quantity / Non Asbestos Organic, Semi-Metallic and Ceramic
according to the composition of the friction material [3]. There are many requirements for friction material. It
must have the following characteristics [4]: stable coefficient of friction (little influence on speed and
temperature); high operating temperature and resistance to abrasion, cracks; tribologically matched to metal
parts; work quietly (without vibrations); adequate resistance to compressive and shear loads and to water, oil,
salts or dirt; "Environmentally friendly"; inexpensive and technological.

The low metal quantity brake lining contains 5 - 35 % non-ferrous metals. The coefficient of friction is in
the range of 0.38 - 0.50. They are ideal for high speed operation [7]. Organic brake pads are made of a mixture
of common materials like rubber, carbon, glass / fiberglass and others, binded by resin.

Semi-metallic models consist of between 30 and 65 % metal.

Ceramic brake pads are free of metals and are made of metal oxides and carbides [8]. The coefficient of
friction is in the range of 0.33 - 0.40 [7]. The blocks are made of ceramic fibers and fillers of a similar type, these
blocks are more wear resistant, creates less noise and last longer. An important drawback is that it only works
effectively when warmed up to operating temperature.

The actual contact loads in passenger car brake systems are up to 150 N / cm? [9].

The composition, microstructure and wear parameters of brake discs are analyzed in the work [10]. The
microstructure and composition of gray cast iron are shown in Figure 1.

Fig. 1. Typical microstructure of gray cast iron disc brake
(composition C 3.54%, Si 2.08% Mn 0.856% S 0.14% P 0.18%) [10]

Purpose

The aim of the study was to investigate the tribological characteristics of friction pairs (brake disc - brake
pad) - the influence of different friction pad materials and load on brake disc heating, friction coefficient and
wear.

Materials and Methods

Experimental research was performed in the Tribology Laboratory of the Department of Mechanical,
Energy and Biotechnology Engineering of Vytautas Magnus University.

Three brake pads of different materials were selected for the study: Semi metallic (hereinafter No. 1),
Low Steel Quantity (hereinafter No. 2) and Ceramic (hereinafter No. 3) and cast-iron brake discs. The latter is
made of AUDI A8 original cast iron brake discs (Gray Cast Iron). The dimensions of the discs are 865 x g16 X
15 mm (Fig. 2). The weight of the discs is ~ 275 grams.

Laboratory tests of friction pairs were performed on a modernized tribological research machine CMI-2,
in which two friction pads are symmetrically mounted symmetrically compress to the brake disc. This prevents
the brake disc from bending and the axial load on the friction machine shaft.

The coefficient of friction p is calculated by the expression:

nw= M/ (2 “F2 * laverage). 1)
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here Faverage — distance from the centre of the brake lining to the axis of rotation of the brake
disc, m;

F, — force of pressure of friction blocks to the disc, N;

M — is the registered braking torque of the test machine, Nm.

Fig. 2. Friction pads 14 x 14 x 20 mm (cut from brake pads)
and gray cast iron blanks (670 x 15 mm discs)
for the manufacture of brake discs

The difference in friction surface areas was up to 3% (block No. 1 area 196 mm?, No. 2 - 189 mm?,
No. 3 - 189 mm?). The weight of the blocks is ~ 12 grams. To determine the wear of the friction pairs, the discs
and pads were weighed before and after the test with a KERN EG420 scale to the nearest 1 mg. The tests were
repeated three times.

The tests were performed at sliding speeds of 0.75, 1.25 and 1.76 m/s. A contact load of 0.85 MPa brake
lining was used in the study. The temperature of the brake disc was measured with a non-contact thermometer
G900IR before and during the test (measured every 2 min intervals). The test duration of test was 10 min, chosen
due to the relatively low mass of the disc (heat capacity).

Results

The wear results of the brake discs and pads are shown in the diagram (Figure 3). The higher the speed at
which the brake pads of different materials operate, the greater and more uniform their wear (from 0.093 to
0.103 g at a sliding speed of 1.76 m/s). Ceramic blocks wear loss at 0.75 m/s is lower by 47% compared to semi
metallic blocks, but wear loss at 1176 m/s and higher by 11 %. The main advantage of ceramic blocks is seen at
a sliding speed of 1.25 m/s, at which these blocks wear loss is 0.045 g, and blocks of other materials varied in the
range of 0.082-0.095 g.

At all working speeds, cast iron brake discs used with ceramic pads showed greater wear resistance (up to
3.8 times less) than discs used with pads of other tested materials (Fig. 3).

The temperature change of the brake discs during the test is shown in Figure 4.
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Fig. 3. Brake pad and disc wear during test
(0.85 MPa contact pressure)
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The slowest increasing of the temperature appeared in the friction pair of brake discs with semi-metallic
(No. 1) and low steel quantity (No. 2) blocks. The fastest increasing of the temperature appeared where brake
disc was in the pair with ceramic pads No. 3 (Fig. 4).

The temperature difference of the discs used with ceramic and semi-metal and low steel quantity pads
becomes apparent after 4 min of operation. Meanwhile, the temperature difference of discs working with semi-
metal and low-metal blocks becomes noticeable after 6 min of sliding. During 10 min of sliding, the temperature
of the discs tested with different friction materials varied up to 40 °C (Fig. 4).
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Fig. 4 Temperature of the brake discs during
the testing of the pads of varied materials
(sliding speed 1.75 m/s and contact pressure 0.85 MPa)

During the tests, the fixed braking torque of the friction machine was converted to the coefficient of
friction according to formula (1). The coefficient of friction variation shown in Fig. 5.

The maximum values of the coefficient of friction (braking torque) are 0.345-0.435, recorded when the
brake disc is working with ceramic brake pads No. 3 (Fig. 5). The results showed that semi metallic brake pads
No. 1 worked unstable: the values of the coefficient of friction increased, and in the working range of 2.5-3.0
min, the coefficient of friction drastically reduce, occurred vibration. This phenomenon stabilized within one
minute, but the work of the friction pair was not stable.

When the brake disc is working with low steel quantity pads No. 2, the value of the coefficient of friction
increased to 4 min. The values of the friction coefficients of all investigated friction pairs started to decrease
after 4-5 min of sliding time. The most likely cause is because of the increased temperature in the friction pair.
The values of the coefficient of friction of low steel and semi metallic friction blocks are equal at the end of the
test (0.31-0.32). Ceramic blocks have a higher coefficient of friction by 0.1 at the all testing time (Figure 5).
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Fig. 5 Variation of the coefficient
of friction during testing (1.75 m/s)

The average friction coefficients of the brake friction pairs are given in Table 1.
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Table 1
Average values of coefficients of friction of brake friction pairs
Average coefficient of friction at slip speed
Brake pad number 0.75mis | 1.26mis 1.76 m/s
Semi metallic pad (No. 1) 0.23 0.33 0.31
Low steel quantity pad (No. 2) 0.27 0.32 0.32
Ceramic pad (No. 3) 0.34 0.41 0.41

A significant increase in the coefficient of friction of all friction pairs is seen with an increase of sliding
speed from 0.75 to 1.26 m/s (from 18.5 to 43 %). Increasing the sliding speed in the friction pairs (No.1 and
No. 3) from 1.26 to 1.76 m/s, the average coefficients of friction did not change, while friction pairs with semi
metallic pads (No. 2) has lower coefficient of friction by 6.1%.

Conclusions

As a result of our research, can be concluded:

1. Increasing the working speed of friction pairs from 0.75 to 1.25 m/s increases the wear of blocks by
5.0-8.6 times; the biggest advantage of the ceramic block is at a sliding speed of 1.25 m/s due to 2 times lower
wear loss;

2. The semi metallic pads (No. 1) operated brake disc wears most intensively, while the disc worked with
ceramic pads (No. 3) showed the lowest wear loss result;

3. The analysis of the dependences of the coefficient of friction and the temperature of the discs shows
that with the increase of the temperature of working surface to 105-120 °C, the coefficient of friction increases,
but when these values are exceeded, it starts to decrease;

4. The highest temperature of brake disc appear when working with ceramic brake pads, as well as the
highest coefficient of friction is achieved when the disc worked with ceramic brake pads;

5. Ceramic brake pads provide about 0.1 higher coefficient of friction (0.41) compared to semi metallic
and low steel quantity pads and gray cast iron brake disc (coefficients of friction in the range of 0.31-0.33).
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Abstract

One of the modern and effective methods of hardening metals is nitriding in a glow discharge in ammonia
or in an anhydrous medium (nitrogen + argon) - BATR. This paper presents the results of experimental studies
comparing the results of tribological and physicochemical properties of hardened surfaces obtained by nitriding
with autonomous and interconnected BATR modes. The complex of traditionally fixed values of operating
parameters (temperature, composition of the gas mixture, pressure and saturation time) without taking into
account energy characteristics (voltage, current density and specific discharge power) significantly reduces the
technological capabilities of BATR to achieve the necessary physicochemical properties of metal surfaces
specified by conditions exploitation. Taking into account the energy characteristics of BATR, a significant
reduction in the energy consumption of the nitriding process is achieved. The energy levels of the main
subprocesses are significantly different: the formation of nitrides occurs at low energies, surface sputtering
occurs at high voltage values, and nitrogen diffusion occurs at increased current density values. In cases where
the energy of the flow is insufficient, either a glow discharge may not occur at all, or with a lack of voltage, the
nitride ball on the surface is not sprayed and it acts as a barrier that prevents the diffusion process into the inner
layers of the metal, which leads to low physicochemical and, correspondingly, tribological indicators of nitrided
balls. The gquantitative ratio between them and the required operational properties of the metal, respectively, can
be achieved only through an independent combination of the energy and operating characteristics of BATR.

Key words: non-hydrogen nitriding in a glow discharge (BATR); wear resistance of nitrided balls; phase
composition; voltage; current density; specific power of the discharge.

Introduction

One of the modern and effective methods of hardening metals is nitriding in a glow discharge in ammonia
or in an anhydrous medium (nitrogen + argon) - BATR. Nitriding in a hydrogen-free environment excludes the
possibility of explosion of the installation and hydrogen embrittlement of surfaces due to the diffusion of
hydrogen formed during the decomposition of ammonia into the depth of the metal. In addition, the BATR
process is absolutely environmentally friendly. Also, at present, most studies are devoted to nitriding processes
with interdependent parameters, i.e., each combination of operating parameters (temperature, composition of the
gas mixture and its pressure) automatically corresponds to a combination of energy (voltage, current density), as
a result of which the latter are not considered as controlled. process factors [1].

Among all the operating characteristics of the process, the most significant parameter is the preset surface
temperature, since to achieve and maintain it throughout the entire nitriding time, a certain specific combination
of voltage and current density is required. Providing a given surface temperature due to factors alternative to a
glow discharge allows changing the energy parameters of BATR in a wider range. In world practice, ensuring
the independence of temperature from the energy characteristics of BATR is achieved by using chambers with
"hot walls" [2]. Providing a given surface temperature due to factors alternative to a glow discharge allows not
only to reduce the nitriding time, but also opens up fundamentally new possibilities for improving the
controllability of the BATR process and obtaining the properties of surfaces of metallic materials specified by

Copyright © 2021 N.M. Stechishina, M.S. Stechishin, A.V. Martynyuk, N.V. Lukianyuk, V.V. Lyukhovets, Yu.M. Bilyk. This is an
w open access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
© reproduction in any medium, provided the original work is properly cited.
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operating conditions, depending on the conditions of their operation. Despite the obvious new capabilities of
BATR with independent energy parameters, it has not actually been investigated in practical and experimental
terms. This paper presents the results of experimental studies comparing the results of tribological and
physicochemical properties of hardened surfaces obtained by nitriding with autonomous and interconnected
BATR modes.

Purpose of work — study of the influence of energy parameters on the tribological and physicochemical
properties of the diffusion layers of steel 40X at BATR with interdependent and autonomous saturation
parameters.

Materials and methods of testing

Nitriding was carried out on the UATR-1 unit designed and manufactured at the Podolsk Scientific
Physics and Technology Center (PNFTTSs) of the Khmelnitsky National University. The installation belongs to a
diode-type model with direct current and was additionally equipped with heating elements placed in the gas-
discharge chamber, which made it possible to arbitrarily change the voltage value U, and the value of the current
density j was determined as the ratio of the current strength to the total area of the parts (samples) of the cage
and suspension (j = 1/S, A/m?). The design features of the installation for carrying out BATR processes with
interdependent and autonomous nitriding modes are described in detail in [3].

Nitriding modes

The influence on the structure, phase composition and, accordingly, on the physicochemical properties of
the surface nitrided layers of temperature, composition of the gaseous medium, its pressure and saturation time
has been comprehensively studied, for example, in [1 ... 4]. Therefore, saturation was carried out in a mixture of
80 % N (nitrogen) and 20 % Ar (argon) at a temperature of T = 833 K for an hour. The voltage and current
strength were chosen arbitrarily, based on the experience of preliminary studies. Technological modes of
carrying out BATR processes are given in Table 1.

Table 1
Characteristics of BATR modes

Modes Experiment serial number

e | 2 | 3 | 4axa [ 5 | 6 | 77 | 8 [ 9
Pressure P, torr (Pa) 0,4 (53,2) 0,8 (106,4) 1,2 (159,6)
Voltage U, V 1100/680 | 820 | 515 | 840/610 | 515 | 300 | 700/540 | 515 | 300
gur_re;‘/ts‘;ens'tyj’“ M2 | 111153 |72 |32 |132/164 |72 |28 |158172 |128 72
Specific power of the glow | > 4104 1 59 | 1,65 | 11,1/100 | 37 | 0,84 | 11,193 |66 |22
discharge W, kW / m2 ’ ' ’ ’ ’ ' ' ’ e ‘ ‘

* — modes with interdependent parameters; ** — also, but with a modified suspension shape

The specific power of the glow discharge was determined by the formula:
W =UI/S=Uj,

where S — is the total area of parts (samples) and suspension (cathode area).

Experiments 1*, 4*, 7* were carried out under interdependent nitriding regimes (the first series of
experiments), i.e. each pressure of the mixture corresponded to the corresponding value of voltage and current
density. The second series of experiments (1**, 4**, 7**) was carried out under the same conditions but with a
changed shape of the suspension and, therefore, with a different cathode surface area. Experiments 2, 3, 5, 6, 8,
and 9 correspond to the autonomous modes of the BATR. At the same time, modes 3, 5 and 8 were carried out at

U =5158 = const, and modes 2, 5and 9 at j = 7, 2A/m® = const .

Metallographic studies were carried out on a MIM-10 microscope after etching microsections with a
3 % alcohol solution of nitric acid. The microhardness was determined with a PMT-3 microhardness tester at a
loading of 0.98N with fixing the hardness values on the surface and at a distance of 25, 50, 100, 200, 500 pm.

For X-ray phase analysis, a DRON-3 diffractometer was used in the range of angles 0 from 20° to 100°
with a scanning step 0,1° and an exposure time of 10 s.
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Tribological studies of the samples for wear resistance were carried out on a universal machine model
2168UMT according to the disk-finger friction scheme; friction without lubricant (dry); counterbody material -

steel I11X15 with hardness HRC61; pressure in the contact zone p = 16 MPa; controlled linear wear h, which
was determined by the change in the linear size of the sample measured along the normal to the friction surface
after passing the section of the friction path L in accordance with the accepted measurement step | (Table 2).

Table 2
Frequency of measurement of the results of tribological studies

Friction path section,m | 0-50 | 50-200 | 200 -400 | 400 - 1000 | more 1000
Measurement step, m 5 10 25 50 100

Research results and their discussion

The dependence of the wear resistance of the modified surfaces on the energy parameters of the discharge
was confirmed by tribological studies. As a result of the experiments, it was found that under dry friction
conditions for surfaces modified at higher energy values, the wear rate (Fig. 1, a) and the running-in period
(Fig. 1, b) decrease, and the period of stable wear increases, and, with an increase in the content of alloying
elements in steel, this pattern becomes more pronounced.

Of course, under other experimental conditions (for example, when studying the obtained samples for
corrosion resistance), the dependence of the tribological properties of nitrided surfaces on the current density and
voltage on the chamber electrodes may acquire a different character, but the very existence of such a dependence
is beyond doubt, which refutes the provisions given in [5], according to which the energy characteristics of the
discharge do not have a significant effect on the results of ATR.

Fig. 1, a— wear curves of steel;
b — running-in area of wear curves of nitrided steel 40 Kh

The data presented allow us to draw a completely obvious conclusion about the effect of voltage and
current density on the characteristics of the modified layer determine the wear resistance of nitrided steels in a
glow discharge - but not just essential, but decisive. Moreover, in the field of the energy parameters of the
regime, there is a certain limit below which the ATR process generally loses its meaning, since it leads to
unacceptable results, and this is despite the fact that the values of the regime remain constant.
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This means, in particular, that the set of traditionally fixed operating parameters (temperature, pressure,
composition of the gas mixture and the duration of the process) does not give an unambiguous idea of the
conditions for carrying out the ATR process, and therefore cannot serve as a basis for predicting its results.

This fact has been repeatedly confirmed when technological processes carried out at similar values of
operating parameters, but in different installations (or even in one installation, but using a different suspension),
led to completely different results.

This is due to the fact that the factors that determine the effectiveness of the nitriding process in a glow
discharge are not only the parameters of the mode, but also such indicators as the cathode distance, the shape and
size of the suspension and the test sample (or part), the presence of local exceptions on its surface, and many
other factors.

The list of factors that are decisive for ATP, given by the American researcher David Pye in [6],
including thirteen items.

Of course, direct consideration of all these indicators would lead to incredible complications in the
management of the APR process. However, they can be taken into account indirectly, since the influence of all
the listed factors reflect the energy parameters of the process.

It is known that the depth and phase composition of the nitride zone of the surface layer of steel determine
its physicochemical properties. Thus, the nitride zone, which consists only of a phase, is characterized by a rather
high plasticity, and the zone containing the phase has a lower plasticity, but a higher corrosion resistance [7, 8, 9].

The layer without a nitride zone has the highest plasticity [9, 10]. In general, the thinner the nitride zone,
the more plastic the nitrided layer, but the lower its resistance to abrasive and corrosion-mechanical wear.

Thus, according to [11], for parts that are operated in corrosive environments and for wear at low contact
voltages, the BATR should be carried out at the maximum possible voltage and current density, which
contributes to the formation of a phase and, accordingly, we have a high corrosion resistance, as well as good
running-in of friction surfaces. In this case, in order to avoid the transition of a glow discharge to an electrospark
one, the condition W < Wxg should be observed, i.e. the specific power of a glow discharge should not exceed
the critical specific power of the occurrence of an electric arc discharge.

A decrease in voltage and current density leads to an increase in the phase fraction, which contributes to
an increase in the fatigue strength of parts operating under conditions of corrosion-mechanical wear (CMC) in
corrosive environments [12].

The dependence of the wear resistance of the nitrided surfaces of steel 40Kh on the energy parameters of
the discharge is confirmed by the results of testing samples with dry friction (Fig. 1, a, b) nitrided according to
modes 6, 9, 3, and 5, which were nitrided at low values of U and j. in wear resistance than samples nitrided at

higher values of U and j (7*, 1*, 8, 4* and 2, see Table 1). These samples (6, 9, 3, and 5) are characterized by
small running-in periods at a constant wear rate and a high wear rate, determined by the tangent of the tangent to
a point in the wear curve section.

The data of X-ray structural analyzes s,y/ — (Fig. 2) and microdurometric measurements (Table 3)
confirm and explain the results of tribological experiments (Fig. 1, a, b). So, at BATR according to mode 7*
(Table 1), a nitride ball of the greatest thickness (Table 3), consisting of phases (Fig. 2, a), is formed on the
surface. A decrease in the values of U and j (Table 1) for mode 8 contributes to a decrease in both the thickness
of the nitride zone N (Fig. 2, b) and the thickness of the diffusion layer h (Table 3), which were identified by
measuring the microhardness along the depth of the layer. The phase composition of the nitride and diffusion
layers remains practically unchanged.
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Fig. 2. Diffraction patterns and microsections of 40X steel samples:
a - nitriding according to mode 7;
b — according to mode 5;
¢ —according to mode 9

Table 3

Thickness of nitride hN, diffusion layers h and surface microhardness HV0.1

Ne regime | 1* 2 3 4* 5 6 7* 8 9
hN micron | 588 | 242 |0 364132 |0 8,76 166 |0
h, micron {400 | 300 | 75 [300 | 200 |0 300 | 250 | O
HVO0,1 796 | 676 | 412 | 647 | 444 | 230 | 842 | 625 | 238

Nitriding according to mode 9 corresponds to the case when W << Wgp, i.e. the specific power of the
discharge is much less than the required one and the glow discharge does not occur and, accordingly,
h = hN =0 (Fig. 2, ¢). We have similar cases when nitriding in modes 6, 3 and partly 5, which have low wear
resistance.

Thus, it has been established that under conditions of dry friction for surfaces of steel 40Kh nitrided at
high energy values, the wear rate and the running-in period decrease (Fig. 1), the latter refutes the statement of
K. Keller [13] that the energy characteristics of BATR do not have a significant influence on the results of
nitriding. On the contrary, the above BATR results allow one to draw completely obvious conclusions about the
significant effect of voltage and current density on the physicochemical and tribological properties of nitrided
layers. In addition, there is a certain limit of energy parameters below which (modes 9, 6, 3) carrying out BATR
processes does not make sense at all, since it leads to negative results, and this despite the fact that the values of
operating characteristics (temperature, composition of the gas mixture, its pressure, etc.) nitriding time) remain
unchanged. Thus, the set of traditionally fixed operating parameters of the BATR cannot unambiguously
characterize the conditions of the nitriding process and be the main one for predicting its results. This fact is
confirmed by the fact that at similar values of the operating parameters, the change of the suspension led to
completely different results of nitriding, which is explained by the change in the energy characteristics of the
BATR process (Fig. 3).
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Fig. 3. Dependences of the specific power of the discharge w
on the pressure of the gas mixture at interdependent BATR modes:
I — modes 1*, 4* and 7*;
11 — also when changing the shape of the suspension (modes 1**, 4** and 7**)

In addition to comparing the physicochemical and tribological properties of nitrided balls of steel 40Kh at
BATR with interdependent and autonomous energy modes of processes, the purpose of the work was also to
check the effect of the specific power of the glow discharge w, which in [5] was called the plasma energy density
(PEP) and where it is stated, that the dependence of the pressure of the gas mixture on the specific power of the
discharge has an extreme character: i.e. the pressure of the gas mixture, which corresponds to the maximum w,
ensures the production of a nitrided sphere of the greatest depth [5]. However, studies [3] and the results of our
experiments (Fig. 3) do not confirm the existence of such an extreme dependence.

Changing the shape of the suspension led to a change in the values of w (curves | and Il in Fig. 3), and in
the second case, we have significantly lower energy costs for the nitriding process. However, this is not the main
advantage of nitriding, but the main factor is the physicochemical properties of the hardened layers, which
provide the specified performance characteristics of the hardened surfaces of parts. So, in works [6, 7, 11, 12]
doubts are expressed about the legitimacy of the use of specific power as the only energy criterion due to the
possibility of arbitrary combination of its values with different values of voltage and current density at a constant
pressure of the gas mixture. The studies given by us have shown that it is more expedient to assess the changes
in voltage and current density. The specific power of the discharge can only serve as an estimate of the transition
from a "dark" to a glow or to an electric arc discharge.

The study of current-voltage characteristics of BATR with interdependent (without heating) parameters
showed their significant difference when changing the shape and size of the suspension (Fig. 4).
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Fig. 4. Current-voltage characteristics of the BATR process
at autonomous (interdependent) saturation modes
(I and 11 are different forms of suspensions)

So the change of the suspension led to a shift of the current-voltage characteristic of the process to the
left: a decrease in voltage values led to an increase in the current density with a simultaneous decrease in W
(Fig. 3). At the same time, the operating parameters (pressure, temperature, mixture composition and nitriding
time), as indicated above, remained unchanged. An increase in the mixture pressure also leads to a decrease in
voltage with a simultaneous increase in the current density (Fig. 4). Since the increase in the value of the
absolute value of the current is much less in comparison with the absolute value of the voltage (Table 1), the
result is a decrease in the value of the specific power of the energy flow W (Fig. 3).

According to [3, 5], at a constant composition of the gas mixture in the pressure range of 100 - 120 Pa, a
minimum of the active power of the discharge is observed. In our experiments, this dependence is not traced
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(Fig. 3). Obviously, due to the fixation of not the active power of the energy flow acting on the metal surface and

determined by the speed of electrons, but the electric power (W = Uj), which is 35 % - 300 % [3], may be less
active.

According to the energy theory, the following main subprocesses occur during BATR: the formation of
nitrides, sputtering of the surface, and diffusion of nitrogen into the depth of the metal [3]. The energy conditions
for the main subprocesses are significantly different. Thus, the formation of nitrides occurs at low energies and,
on the contrary, the surface sputtering process is activated at high voltage values. The higher the current density,
the more intensively the diffusion of nitrogen sputtered on the surface occurs deep into the metal with the
formation of nitride and diffusion layers [3, 6, 11]. Each of the above processes is primarily implemented in
those cases that are energetically most favorable under the given conditions [3]. In our studies, with a constant
composition of the gas mixture and its pressure for each batch of samples of a series of experiments, the nitriding
time, the main factors influencing the results of BATR are the current-voltage characteristics of the process. In
fig. 5 illustrates the results of the dependence of the depths of diffusion h and nitride balls hN on the values of
voltage U and current density j under interdependent nitriding modes.

With an increase in the mixture pressure (points 1*, 4* and 7*), the voltage U automatically decreases
and the depth of the diffusion layer h decreases (Fig. 5, a) With a changed shape of the suspension (points 1**, 4
** and 7**) on the contrary, with increasing pressure the values of h increase (Fig. 5, a, curve Il). However, at
the same time, at a pressure p = 106.4 Pa (points 4** and 4*) there is a minimum of the depth of diffusion h and
nitride layers hN (Fig. 3, a; curve Il and curve | in Fig. 5, b). On the contrary, with an increase in the mixture
pressure (1* / 1**, 4* | 4** 7* | 7**), the depth of the nitride zone hN increases and, accordingly, the stress
decreases (Fig. 5, b). The sharp difference between curves | and 11, as well as the presence of minima on curves |
and 11 at points 4* and 4** (Fig. 5, a, b; curve II) indicates the dependence of the BATR processes on the shape,
configuration of the suspension, and placement on it. parts, the presence of sharp edges, grooves, holes and the
like on the parts. The list of factors that influence the results of BATR is given in [6] and includes 13 items. The
presence of a minimum on the curve | (point 4* in Fig. 3, b), in addition to the listed factors, can be justified by a

minimum of active (consumed) power at a pressure of P = 106.4 Pa [3, 6].
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Fig. 5. Dependences of the depths of the diffusion sphere h (a)
and the nitride zone (b) on the voltage value U;
also (c, d) on the value of the current density j
(I and 11 are different forms of suspensions)
with the interdependent characteristics of the BATR
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With an increase in the pressure of the gas mixture, the current density j increases and the value of h
decreases (curve | in Fig. 5, c). At the same time, the depth of the nitride zone hN increases (curve | in Fig. 5, d).

Here, too, at a pressure of p = 106.4 Pa, we have a minimum point (point 4*, curve | in Fig. 5, d).

With a change in the shape of the suspension, j increases with increasing pressure, and also increases,
according to the dependences close to a straight line, h and hN (straight lines 11 in Fig. 5, ¢ and d), which once
again indicates the particular importance of taking into account the influence of additional factors on BATR

results when designing a suspension, taking into account its shape and surface area, placing parts on the
suspension, the presence of grooves, sharp edges on parts, etc.

In autonomous modes of BATR with increasing pressure at U = 515 V = const (points 3, 5 and 8 in Fig.
6), the specific discharge power increases, and at j = 7.2A / m2 = const (points 2, 5 and 9 in Fig. 6) decreases.
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Fig. 6. Dependence of the specific power w on the Fig. 7. Dependences of current-voltage
pressure of the gas mixture p at BATR characteristics of BATR
with autonomous saturation modes on the pressure of the gas mixture

(curve I — nitriding at U = 515B = const
and curve Il — nitriding at j = 7.2A / m? = const)

The results of X-ray structural analysis also indicate that the structure and phase composition of steel
40Kh depend on the energy characteristics of the discharge. The energy conditions for the main subprocesses
(formation of nitrides, surface sputtering, and nitrogen diffusion), as mentioned above, differ significantly.

Consideration of the current-voltage characteristics shows (Fig. 7) that with increasing pressure pi1, pz,
P3, the values of U and j increase. The indicated dependencies are straightforward. However, in all cases, the

values of U and j for modes with interdependent parameters are higher than for stand-alone modes. In this case,
with an increase in pressure, the voltage decreases, however, to ensure a glow discharge in the chamber, the
value of the specific current density j rises automatically (points 1*, 4* and 7* in Fig. 7).

In the autonomous mode of the BATR, with decreasing pressure P, the values of U and j decrease, and at
p = 159.6 Pa (point 9 in Fig. 8, aand b) h = hN = 0. At a pressure p = 106.4 Pa U =515V, and j = 7.2 A/m?
and, accordingly, we obtain the maximum value of hN (Fig. 8, b; point 5).
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Fig. 8 Dependences of the depth of the diffusion layer h (a)
and the nitride layer hN (b) on the voltage at j = 7.2 A/ m? = const;
also ¢ and d on the current density j at U = 515B = const

In the case of a fixed value U = 515 V, with an increase in pressure and current density j, the values of h
and hN increase, practically along a straight-line relationship (Fig. 8, ¢ and d). In this case, at p = 53.2 Pa and
J =3.2 A/m?, there is no nitride layer at all, hN = 0 (point 3 in Fig. 8, d). The latter is explained by the low value

of W = 1.65 kW/m? and, as a consequence, the absence of a glow discharge.

The ratio of the intensity of the main subprocesses determines the structure and phase composition of the
nitrided layers. Depending on the flow combination of energy parameters, the formation of the nitrided layer can
occur in different directions. The intensity of the formation of one or another phase can be different not only in
magnitude, but also behind the sign, since the previously formed phase can disappear. Thus, the nitride phase
hN, due to further diffusion of nitrogen into the depth of the metal, disappears and a zone of internal nitriding is
formed - a nitrogenous solid solution Me [N] (mode 9, a and b), or the nitride layer consists of a small amount of
the (Fe4N) phase (mode 3 on Fig. 2, c and d).

According to the results of X-ray structural analysis, at the maximum values of the energy parameters (all
modes with interdependent parameters 1*/1**, 4*/4** 7*[7** mode 8 and partly 5 with autonomous saturation
parameters), a nitrided layer is formed, which consists of (Fe2N), (Fe4N) and (Me [N]) - phases (Fig. 2, mode 7).
A decrease in voltage and current density leads to an increase in the phase fraction in the nitride zone of the
nitrided layer and, accordingly, to a decrease in the phase (Fig. 2, modes 7, 8). At minimum values of the energy
characteristics, a nitride layer does not form on the surface and it consists only of a phase (Fig. 2, mode 9).

Thus, it has been established that under conditions of dry friction for the surfaces of 40Kh steel nitrided at
high energy indicators, the wear rate and the running-in period decrease (Fig. 1, b), the latter refutes the
statement of K. Keller [13] that the energy characteristics of BATR do not have significant influence on the
results of nitriding. On the contrary, the above BATR results allow one to draw completely obvious conclusions
about the significant effect of voltage and current density on the physicochemical and tribological properties of
nitrided layers. In addition, there is a certain limit of energy parameters below which (modes 9, 6, 3) carrying out
BATR processes does not make sense at all, since it leads to negative results, and this despite the fact that the
values of operating characteristics (temperature, composition of the gas mixture, its pressure, etc.) nitriding time)
remain unchanged. Thus, the set of traditionally fixed operating parameters of the BATR cannot unambiguously
characterize the conditions of the nitriding process and be the main one for predicting its results. This fact is also
confirmed by the fact that at similar values of the operating parameters, the change of the suspension led to
completely different results of nitriding, which is explained by the change in the energy characteristics of the
BATR process (Fig. 3 ... 8).

Conclusion

1. The complex of traditionally fixed values of operating parameters (temperature, composition of the gas
mixture, pressure and saturation time) without taking into account energy characteristics (voltage, current density
and specific discharge power) significantly reduces the technological capabilities of BATR to achieve the
necessary physicochemical properties of metal surfaces specified by conditions exploitation. Taking into account
the energy characteristics of BATR, a significant reduction in the energy consumption of the nitriding process is
achieved.

2. The energy levels of the main subprocesses are significantly different: the formation of nitrides occurs
at low energies, surface sputtering occurs at high voltage values, and nitrogen diffusion occurs at increased
current density values. In cases where the energy of the flow is insufficient, either a glow discharge may not
occur at all, or with a lack of voltage, the nitride ball on the surface is not sprayed and it acts as a barrier that
prevents the diffusion process into the inner layers of the metal, which leads to low physicochemical and,
correspondingly, tribological indicators of nitrided balls.
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3. The priority in the formation of this or that phase (8, y'ua), the quantitative ratio between them and

the required operational properties of the metal, respectively, can be achieved only through an independent
combination of the energy and operating characteristics of BATR.

Designations

BATR hydrogen-free nitriding in a glow discharge; p — pressure; U is the voltage; j is the current
density; W is the specific power of the glow discharge; S is the total area of parts (samples) and suspension
(cathode area); h is the depth of the diffusion layer; hN is the depth of the nitride zone; HV 0.1 — surface
microhardness; KMZ — corrosion-mechanical wear; phases of the nitrided layer: (Fe2N), (Fe4N) and (Me [N]).

Literature

1. Kaplun V. G. lonic nitriding in hydrogen-free media: monograph / V. G. Kaplun, P. V. Kaplun. -
Khmelnitsky: KhNU, 2015.

2. Steel Heat Treatment. Metallurgy and Technologies / edited by G. E. Totten. - Portland, Oregon, USA:
Taylor & Francis Group, 2006.

3. Pastukh IM Theory and practice of anhydrous nitriding in a glow discharge / IM Pastukh. - Kharkov:
NSC KIPT, 2006.

4. Stechyshyn M.S. Influence of the lonic Nitriding of Steels in Glow Discharge on the Structure and
Properties of the Coatings / Stechyshyn, M.S., Martynyuk, A.V., Bilyk, Y.M., Oleksandrenko, V.P.,
Stechyshyna, N.M. // Materials Science. - 2017 .-- 53 (3). - pp. 343 - 349.

5. lonic chemical-thermal treatment of alloys / BN Arzamasov, AG Bratukhin, Yu.S. Eliseev, TA
Panayoti. - M.: Publishing house of MSTU im. N.E.Bauman, 1999.

6. Pye D. Practical Nitriding and Ferritic Nitrocarburizing / D. Pye. - Ohio - ASM International, 2003.

7. Sokolova GM Energetic aspects of the model of nitrogen gas in the light / GM Sokolova. Sokolova, I.
M. Pastukh // Physical and chemical mechanics of materials. - 2017. - T. 53, No. 3. - P. 71-75.

8. Skiba M.€. Pre-treatment of the processes of waterless nitrogen treatment in a glowing discharge /
M.€. Skiba, M.S. Stechishin, V.P. Oleksandrenko, V.S. Kurskaya, A.V. Martinyuk // Problems of tribology. -
Khmelnitsky. - 2018. - No. 2. - S.6-16.

9. Lakhtin Yu.M., Kogan Ya.D. Structure and strength of nitrided alloys. - M .: Metallurgy, 1982.

10. Stechyshyn, M. S., Stechyshyna, N. M., Martynyuk, A. V., Luk'yanyuk, M. M. Strength and Plasticity
of the Surface Layers of Metals Nitrided in Glow Discharge. (2018) Materials Science,. Article in Press.

11. M. S. Stechyshyn, N. M. Stechyshyna, V. S. Kurskoi. Corrosion and Electrochemical Characteristics
of the Metal Surfaces (Nitrided in Glow Discharge) in Model Acid MediaMarch 2018, Volume 53, Issue 5, pp
724-731.

12. Stechishin MS Vtomna vitrival_nitovannyh spheres in the corrosive-active centers of grub
wyrobnitstv / M.S. Stechishin, M.€. Skiba, Yu.G. Sukhenko, M.I. Tsepenyuk // FHMM: Lviv. - 2019. - T.55. -
No. 1. - S. 125-129.

13 Keller K. Schichtaufbau glimmnitrierten Eisen Werkstoffe / K. Keller // Harterei-Technische
Mitteilung. - 1971. - Bd. 26, No. 2. - S. 120-128.



Problems of Tribology 41

Creyummna H.M., Creyumnn M.C., MapTuniok A.B., Jlykpanwk M.B., Jlioxoseus B.B., Biink
FO.M. BrmimB napameTpiB BOJHIO a30Ty a30Ty Yy TIIIOYOMY po3psii Ha TpuOosoriuni Ta (iznko-XimiuHi
Bi1acTHBOCTI craii 40X.

OpmHuM i3 cydacHHX Ta €(EeKTHBHUX METOIIB 3MIITHEHHS METANIB € a30TyBaHHS Yy TIIIOUOMY pO3psIi B
amiaky ab6o B Oe3BomHOMY cepemoBuii (asor + aproH) - BATP. V miii craTri mpencrtaBieHi pe3yabTaTh
eKCIEPUMEHTANBHUX JOCIIIKEHb, y SKUX TOPIBHIOIOTBCA PE3yNbTaTH TPHOONOTIYHHUX Ta (i3WKO -XIMIYHHX
BJIACTHBOCTEH 3aTBEPALINX IIOBEPXOHb, OTPUMaHi a30TYBaHHIM 3 aBTOHOMHHMH Ta B3a€EMOIIOB'SI3aHIMH MOJaMH
BATR. Kommekc TpanumiitHo ¢ikcoBaHUX 3HA4E€Hb poOOUYNX MapaMeTpiB (TeMIeparypa, CKIaJ ra3oBoi CyMini,
THCK 1 9ac HaCHYEHH:) 0e3 ypaxyBaHHS CHEPTeTUIHUX XapaKTEPUCTHK (HAIPYTH, MIITBHOCTI CTPYMY Ta MMATOMOL
MOTY>KHOCTI PO3PsY) 3HAYHO 3HIKYE TECXHOJOTIUHI MOXIUBOCTI BATP miis mocsarHeHHs HEOOXiMHUX (i3UKO -
XIMIYHI BJIaCTMBOCTI METaJIeBHX ITOBEPXOHb, BH3HAUCHI YMOBAaMH eKCIulyaTamii. BpaxoByloum eHepreTHuHi
xapakrepuctuku BATP, nocsraeTbcsi 3HauHEe CKOPOYEHHS CHOXKHMBAHHS €HEprii B mpolieci a3oTyBaHHs. PiBHi
eHeprii OCHOBHMX HiJINPOLECIB ICTOTHO BiJPI3HSIOTHCS: YTBOPEHHS HITPUAIB BiAOYBA€ThCS NMPU HU3BKUX
SHEeprisiX, IMOBEPXHEBE PO3MWICHHS BiIOYBAa€ThCS INPH BUCOKUX 3HAYEHHSX HANpyru, a audysis asory
BiZI0OYBA€THCS NpU 30UIBIIEHUX 3HAUYEHHSX MIUIBHOCTI CTPyMy. Y BHIIaJKaX, KOJW €HEepris NOTOKY HEeJOCTaTHS,
abo Tiirounii po3pAn MOXKe B3arajli He BUHHKATH, a00 MpH HecTadi HampyrH HITpUAHA KylbKa Ha MOBEPXHI HE
PO30pH3KYEThCs, 1 BOHA Ji€ K Oap’ep, M0 MEPEIIKOIKAE Tporecy OUQy3ii B BHYTPINIHIX IIapiB MeTaly, II0
MPU3BOANTE O HHU3BKHX (DI3WKO -XIMIYHHX i, BIIMOBiTHO, TPHOOJOTIYHMX IMOKA3HHKIB a30TOBAHHUX KYIBOK.
KinmpkicHe CIiBBiZHOMIEHHAS MK HIMH Ta HEOOXITHUMH SKCIUTyaTaI[ifHIMHU BIACTHBOCTSIMH METAy BiATIOBITHO
MO)ke OyTH JOCSTHYTO JIMIIE IUIIXOM HE3AJISKHOTO MOEJHAHHS CHEPreTUYHHX Ta POOOYMX XapaKTePHCTHK
BATR.

Kawuosi cinoBa: Ge3BomHeBe a30TyBaHHs y Tiirouomy po3psiai (BATP); 3HOCOCTIHKICTh a30TOBaHUX
KyJIbOK; (ha30BHii CKJIa/I; HANpyra; T'yCTHHA CTPYMY; IUTOMA IIOTYXHICTb PO3PSIY.
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Abstract

A method for evaluation of the lubricating and rheological properties of hydraulic oils in tribological
contacts has been developed, which consists in online studying samples of commercial batches of oils on a
software and hardware complex with visual evaluation of the kinetics of changes in the main tribological
indicators of friction contact. Using a roller analogy, the operation of gears in the conditions of rolling with 30%
sliding is simulated. Samples of AMG-10 oil from two producers are analyzed. It is established that with
increasing temperature of lubricant for Sample 2 (‘“Kvalitet-Avia” AMG-10), a long-term restoration of
protective boundary films of oil is observed and the period of their formation increases by 2.5 times, causing the
implementation of a semidry mode of lubrication at start-up. The total thickness of the lubricating layer is 1.27
times less as compared with Sample 1 ("Bora B" AMG-10 oil), regardless of the lubricant temperature. Also, the
rheological properties of the oils have been determined. Sample 1 exhibits low shear stresses at the level of 9.4
MPa and high effective viscosity, 4249 and 5039 Pa‘s, at a volumetric oil temperature of 20 and 100 °C,
respectively. For Sample 2, with increasing oil temperature to 100 °C shear stress increases by 1.15 times and the
effective viscosity in contact decreases by 1.53 times. Additives present in Sample 1 are characterized by more
effective antiwear properties and thus increase the wear resistance of contact surfaces in the conditions of rolling
with sliding thanks to strengthening of the surface metal layers during operation, while Sample 2 undergoes
strengthening-softening processes which reduce the wear resistance of friction pairs.

Key words: aviation oils, lubricating layer, lubrication mode, effective viscosity, microhardness.
Introduction

Routes to increase the wear resistance of triboconjuction elements are based on modification of contact
surfaces via selecting lubricant compositions and finding optimal operating modes for friction pairs. An
important factor in ensuring a high efficiency of friction units is a high-quality choice of lubricants with high
lubricating, antifriction and antiwear characteristics. Among various producers of commercial oil batches, it is
important to choose a lubricant that meets not only required physical and chemical characteristics, but also has
effective tribological properties. However, tribological indicators have not yet been standardized for a wide
range of lubricants. Therefore, the development of methods for evaluating the quality of lubricants in tribological
contact is an important area of research, the results of which can make it possible to provide valuable
recommendations on oil workabiity in certain operation modes.

Literature review

The aviation hydraulic system is designed to control the mechanisms and systems responsible for flight
safety. Its durability, operational survivability and reliability provide perfection of the design of units. Aviation
hydraulic systems include forced hydraulic pumps. Ensuring their efficiency requires a high level of tribological
properties of oils.

Copyright © 2021 T.A. llina, 0.0. Mikosianchyk, R.H. Mnatsakanov, O.Ye. Yakobchuk. This is an open access article distributed
w under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
b provided the original work is properly cited.
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In particular, oils for aviation hydraulic systems must have an optimal level of viscosity, high viscosity-
temperature properties in a wide temperature range and resistance to oxidation and foam formation. Oils must
also have a sufficient level of tribological characteristics and be compatible with the structural and sealing
materials of the components and units of the hydraulic system. A reduced viscosity of hydraulic oils causes the
most intense manifestation of fatigue wear of the contacting parts of the hydraulic system. An increased viscosity
significantly increases the mechanical losses of the drive, complicates the relative movement of pump parts and
valves as well as makes it impossible for hydraulic systems to operate at low temperatures.

In [1], physicochemical and operational properties of optimized oil samples have been studied in an
extended range of qualification test methods. The performance properties of new oils were compared with
regular counterparts using a system of comparative evaluation of oil quality. All the results of computational and
experimental studies of the properties of prototypes were included in the electronic database, on the basis of
which valuable recommendations were developed for the introduction of new oils.

Many aircrafts use the hydraulic aviation oil AMG-10 in their hydraulic systems. Its lubricity is quite
sufficient to prevent wear of hydraulic devices. To ensure stability over a long service life (2 - 3 years),
unsaturated hydrocarbons are removed from the AMG-10 oil base and an antioxidant additive is added. The
main disadvantage of AMG-10 oil is its low fire safety ("flash point in an open crucible" does not exceed 90 °C).
In addition, during the operation of hydraulic systems with AMG-10 oil there observed a decrease in its viscosity
due to the gradual destruction of the thickening additive. This leads to too rough operation of the mechanisms,
oil overflow inside the hydraulic devices or to an external leak [2].

To improve the performance of oils for hydraulic systems, they are prepared from highly refined oil
fractions with a viscosity index of not below 85 from low-sulfur and sulfur oils, which have undergone an acid-
base or selective purification [3].

In [4], change in viscosity of AMG-10 oil in the temperature range 20 - 80 °C at a constant flow rate
gradient has been analyzed. This fluid was established to change its rheological properties: at a temperature
below 50 °C it is a Newtonian fluid, while at higher temperatures it becomes an Oswald de Ville fluid.

Analysis of publications on lubricating and rheological characteristics of oils for hydraulic systems has
revealed that no comprehensive research in this direction has not been carried out yet. Therefore, study of the
effective viscosity stability under mechanodynamic loads is of considerable interest.

Purpose

The purpose of the work is to develop a method for evaluating the lubricating and rheological properties
of hydraulic oils in tribological contacts.

Objects of research and experimental conditions

Oils to be studied:

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

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

Sample 1 was developed to organize work on avoiding oil import and overcome the critical dependence
of the defense industry of Ukraine on import supplies of AMG-10 oil. The study of the samples was carried out
on a software-hardware complex to evaluate the tribological characteristics of triboelements (Fig. 1), for which a
special software had been developed for stepper motor control and online visual evaluation of the kinetics of
changes in the main tribological parameters of tribocontact [5].

Fig. 1. Device for evaluation of tribological characteristics of triboelements

Work of gears in the conditions of rolling with sliding was modeled using the software-hardware complex
by means of a roller analogy. Lubrication properties (hydrodynamic and non-hydrodynamic components of the
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lubricating film thickness) were determined by the method of voltage drop in the mode of normal glow
discharge. Rheological characteristics of the lubricant (shear rate gradient, shear stress of lubricating layers,
effective viscosity in contact) were evaluated by the kinetics of changes in the lubricating layer thickness,
rotation speed of the leading and lagging surfaces and temperature of the lubricating layer.

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

Testing was conducted in nonstationary conditions, which provide for the cyclicity of repetition in the
start-up — stationary operation — braking — stop mode (Fig. 2). The total duration of the cycle was 80 s.

| e

FHSR e

Fig. 2. Interface of subprogram for data processing during tribosystem operation
in nonstationary friction conditions

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

Analysis of the main results

The investigated oil “Bora B” AMG-10 (Sample 1) is characterized by effective lubricating properties
both during start-up and at the maximum rotation speed (Fig. 3). With increasing temperature in the tribological
contact there is observed a decrease in the thickness of boundary adsorption layers due to changes in their nature:
boundary layers of predominantly physical nature are replaced by boundary layers of chemical nature
characterized by more effective antiwear properties. No failure of the lubricating layer during start-up and direct
metal contact of the friction surfaces has been established. A semidry lubrication mode was only revealed for a
short time, namely during the periods of running-in and initial temperature rise.

[
(=]

9
8
7
6
5
4
3
2
1
0

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 8% 93 97 101

Cycles

hb (Bora) eyt QT (BOra) = sessee hb (Kvalitet) « « @ » = ht (Kvalitet)

Fig. 3. The kinetics of change in the thickness
of the boundary adsorption layers (hy) and the total thickness
of the lubricating layer (ht) in the contact in the course of operation

At start-up, a mixed lubrication mode dominates regardless of the lubricant temperature, which indicates
the effective starting properties of Sample 1 (Fig. 4).
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Fig. 4. The kinetics of change in lubrication modes in tribological contact
(Classification of lubrication modes by A:
semidry (A =0 ... 1); boundary (A=1... 1.5); mixed (A =1.5 ... 3);
elastic-hydrodynamic (contact-hydrodynamic) (A=3 ... 4); hydrodynamic (A > 4))

At maximum rotation speeds of the samples studied, the hydrodynamic mode of lubrication dominates,
regardless of the oil temperature, which indicates effective separation of the contact surfaces due to formation of
a lubricating layer.

Sample 2 (oil Kvalitet AMG-10) is characterized by effective lubricating properties at the maximum
investigated rotation speeds, but during start-up its lubricating properties decrease (Fig. 3). At volumetric oil
temperatures of 20 and 100 °C, the boundary adsorption layer thickness is 0.88 and 0.95 pm, respectively, which
is, on average, 1.44 times less than that for Sample 1. This leads to deterioration of the lubrication mode in
contact during start-up and to dominance of the boundary lubrication mode in 25 % of the operating cycles. With
increasing lubricant temperature, a long recovery of the protective boundary oil films takes place, the time of
their formation increases by 2.5 times as compared with Sample 1, thus causing the implementation of a semidry
mode of lubrication at start-up.

At maximum rotation speeds of the samples, a hydrodynamic mode of lubrication dominates, regardless
of the oil temperature, which indicates the effective separation of the contact surfaces due to the formation of a
lubricating layer. The total lubricating layer thickness, which includes hydrodynamic and non-hydrodynamic
components, is 1.27 times less compared with Sample 1, regardless of the lubricant temperature.

Let us analyze the kinetics of changes in the rheological characteristics of the oils studied.
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Fig. 5. The kinetics of change in the effective viscosity () of oils in the contact

The “Bora B” AMG-10 oil is characterized by effective rheological properties. Ensuring the
hydrodynamic mode of lubrication at maximum speeds of the cycle, in the conditions of rolling with 30% sliding
is due to the high bearing capacity of the lubricant and formation of hydrodynamic and non-hydrodynamic
components of the lubricating layer thickness which are characterized by low shear stress, on average, 9.4 MPa
regardless of oil temperature.

Despite the high shear rate gradients in the contact lubricating layer, from 5.63-10° to 5.73-10° s, which
occur at a maximum sliding speed of 0.71 m/s in the conditions of rolling with sliding, the lubricant is
characterized by effective viscosity, on average, 4249 and 5039 Pa-s at a volumetric oil temperature of 20 and
100 °C, respectively (Fig. 5). This indicates good resistance of the oil components to destruction under
conditions of increasing shear rate gradient. The greatest reduction in effective viscosity to 105 ... 250 Pa-s
occurs in the conditions of initial increase in oil temperature (45 - 49 test cycles). This is due to change in the
nature of the boundary adsorption layers characterized by effective adaptation in a wide range of temperatures.



46 Problems of Tribology

Sample 2 (Kvalitet AMG-10 oil), similar to Sample 1, is characterized by effective rheological properties.
The shear stress of the lubricating layers is, on average, 9.4 MPa at an oil temperature of 20 °C, which is close to
that of Sample 1. When the oil temperature rises to 100 °C, this parameter increases to 10.82 MPa, which is
slightly, by 1.15 times, higher than that for Sample 1.

As compared with Sample 1, the effective viscosity in contact is reduced, on average, by 1.53 times at an
oil temperature of both 20 °C and 100 °C and is equal to 2764 Pa-s and 3309 Pa-s, respectively. With increasing
temperature during 45 - 50 cycles of operation, a sharp decrease in this parameter to 78...240 Pa‘s was
established, which is due to adaptation of the lubricant boundary layers to the temperature change in the friction
contact.

The range of change in the shear rate gradient of the lubricating layer (y) in contact at a maximum sliding
speed of 0.71 m/s in the conditions of rolling with sliding for Samples 1 and 2 is from 4.5-10% to 5.73-10%s%.

The formation of boundary films of lubricant with structural adaptability of the triboconjuction elements
can lead to mechanical, physical and chemical changes in the surface layers of the metal, which can significantly
affect the wear resistance of the contact surfaces. Analysis of changes in microhardness of the surface layers of
steel 30KhHSA after 100 cycles revealed the dependence of this parameter on the type of test material. When
using Sample 1 as a lubricant, strengthening of both leading and lagging surfaces was fixed. In particular,
microhardness of the surface layers of the metal was increased by 512 and 517 MPa for the leading and lagging
surfaces, respectively. In the case of using Sample 2, the leading surface of the metal was softened (decrease in
microhardness upon testing was 696 MPa), while the lagging surface was strengthened (increase in
microhardness was 444 MPa).

According to the data of the producers of Samples 1 and 2, they have the same base (mineral oil on the
basis of deeply dearomatized low-solidificated fraction, which is obtained from hydrocracking products of a
mixture of paraffinic oils and consists of naphthenic and isoparaffinic hydrocarbons). That is why it is active
components of additives to Samples 1 and 2 that affect the kinetics of changes in microhardness of surface layers
activated under friction. The additives present in Sample 1 are characterized by more effective antiwear
properties and thus increase the wear resistance of contact surfaces in the conditions of rolling with sliding.

Conclusions

Sample 1 of oil "Bora B" AMG-10 (production: LLC "Bora B", TU U 19.2-38474081-010: 2016 with
change 1) is characterized by more effective lubricating and rheological characteristics in nonstationary
conditions of friction in the rolling with 30% sliding mode as compared to Sample 2 of AMG-10 oil
(production: LLC NPP Kvalitet, GOST 6794-75 with changesl - 5) according to the following criteria.

1. With Sample 1, there was not fixed any failure of the lubricating layer during start-up and direct metal
contact of the friction surfaces. A semidry lubrication mode was only for a short time, during the periods of
running-in and initial temperature rise. At start-up, regardless of the temperature of the lubricant, a mixed
lubrication mode dominates, while at the maximum rotation speeds of the investigated samples a hydrodynamic
lubrication mode dominates.

2. At a volumetric oil temperature of 20 and 100 °C, the thickness of boundary adsorption layers is 1.44
times that for Sample 2.

3. Sample 1 is characterized by low shear stresses, on average 9.4 MPa, regardless of oil temperature, and
high effective viscosity, on average, 4249 and 5039 Pa's at volumetric oil temperature 20 and 100 °C,
respectively.

4. Additives present in “Bora B” AMG-10 oil (Sample 1) are characterized by more effective antiwear
properties and increase wear resistance of contact surfaces in the conditions of rolling with sliding due to
strengthening of surface layers of metal during operation, while in Sample 2 hardening-softening processes have
been established, which cause a decrease in wear resistance of friction pairs.
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Lnpina O. A., Mikocsaunk O. O., MuanakanoB P.I'., SIko6uyk O.€. Po3poOka METOMKH OLIHKH SKOCTI
3MallyBalbHUAX BIACTUBOCTEH TifpaBIivyHUX aBialliiHUX OJIUB.

Po3po0iieHo METOAMKY OLIHKHM 3MAalllyBaJbHUX Ta PEOJIOTIYHUX BJIACTUBOCTEH TiPaBIIYHHUX OJIMB B
TPUOOTEXHIYHOMY KOHTAKTi, sIKa TOJATaE B JOCHIIKEHHI 3pa3KiB TOBApHHUX MapTiii OJNMB Ha MPOTPaMHO-
amapaTHOMY KOMIUIEKCI 3 Bi3yallbHOIO OIIHKOI KIHETHKH 3MiHH OCHOBHUX TPHOOTEXHIYHMX MOKAa3HHKIB
(hpUKIIfHOTO KOHTAKTY B pekuMi on-line. 3a JOIIOMOT0I0 POJIMKOBOI aHAJIOTi1 MOJENOEThCS poOoTa 3y0UacTux
mepenad B yMOBax KOYEHHs 3 MpokoB3yBaHHAM 30%. IlpoanamizoBano 3pasku omuBu AMI-10 nBox
BUpOOHWKIB. BcTaHOBIEHO, IO TpHM 3pOCTaHHI TeMIEpaTypd MACTHIBHOTO Martepiany s 3paska Ne 2
BiOyBa€THCS TpUBAJIE BiIHOBICHHSA 3aXHUCHUX IPAaHUYHUX IUTIBOK OJIMBH, MepioX iX (GopMyBaHHS 301IBIIYETHCS
B 2,5 pa3u, oOyMOBIIOIOYM peasi3alil0 HamiBCYXOro pPEXHMY MallleHHS NpH MYyCKy. 3arajibHa TOBIIMHA
MacTWIbHOTO 1apy B 1,27 pa3iB MeHIIe, B IOpiBHAHHI 3 onuBoio «bopa b» AMI'-10 (3pasok Nel), HezanexHo
BiJl TEeMIlepaTypy MacTHJIBHOT'O MaTepiary. Bu3HaueHo peosoriuHi BIaCTHBOCTI OJIMB Ta BCTAHOBIICHI JJISl OJTUBH
«bopa b» AMI'-10 Hu3bKi Hanpy>keHHs 3CyBY Ha piBHI 9,4 MIla Ta BHcoka edekTHBHA B'A3KicTh - 4249 Ta 5039
[Ta-c npu o6'emuiii Temneparypi onusu 20 ta 100 °C BinnosigHo. st 3paska Ne 2 npu 3pOCTaHHI TeMIepaTypu
omuBH 10 100 °C HampyxeHHs 3cyBY 30inbIryeTbes B 1,15 pa3iB, edexTiBHa B'SI3KICT B KOHTAKTi 3HWKYETHCS B
1,53 pasu. Ilpucankm, nmasBHi B ommBi «bopa b» AMI-10, xapakTepu3yroTbcs OiTbII ePEKTHBHUMH
MPOTU3HOIIYBAIbHUMH BJIACTUBOCTSAMH Ta OOYMOBIIIOIOTH IiIBUIICHHS 3HOCOCTIHKOCTI KOHTAKTHHX MOBEPXOHb
B YMOBAaX KOYEHHS 3 IPOKOB3YBAaHHAM 32 PAaXyHOK 3MIIIHCHHS OBEPXHEBUX IApiB METATy IIPH HAIPAaIIOBAHHS,
Jutst 3pa3zka Ne 2 BCTaHOBIIEHI NPOIIECH 3MIIHEHHS — 3HEMIITHEHHS, 1110 00YMOBIIIOIOTH 3HIKEHHSI 3HOCOCTIHKOCTI
map Teprsi.

KoarouoBi ciioBa: aBiamiiiHi OJIMBM, 3MallyBaIbHHN IIAp, PEKUM MAIICHHS, €(QEKTHBHA B'S3KICTh,
MIKpOTBEPIICTb.
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The article is dedicated to the study of the influence of the surface hardness of the auger on its wear
during dehydration of solid waste in the garbage truck. Using the method of regression analysis, the logarithmic
dependencies of auger wear depending on the hardness of its surface for different values of the friction path are
determined. Graphical dependences of augur wear depending on the hardness of its surface for different values
of the friction path are made up, and it confirms sufficient convergence of the obtained dependencies. Carried
out additional regression analysis allowed to obtain the dependence of wear of the auger depending on the
hardness of its surface and the friction path, which showed that during two weeks of operation and wear of the
auger during dehydration of solid waste in the garbage truck increasing the surface hardness of the auger from
2310 MPa to 10050 MPa reducing the rate of growth of energy consumption of solid waste dehydration from
16.7 % to 1.5 %, and, consequently, to reduce the cost of the process of their dehydration in the garbage truck.
The graphical dependence of the reduction of energy consumption of dehydration of solid household waste due
to the increase in the hardness of the auger surface during its two-week wear is presented. It was established the
expediency of further research to determine the rational material of the auger and ways to increase its wear
resistance.

Key words: wear, surface hardness, auger press, garbage truck, dehydration, solid waste, regression
analysis.

Introduction

In mechanical engineering, one of the main tasks is to increase the wear resistance and reliability of
machine parts [1, 2]. A promising technology for primary processing of municipal solid waste (MSW), aimed at
reducing both the cost of transportation of solid waste and the negative impact on the environment is their
dehydration, accompanied by pre-compaction and partial grinding, during loading into the garbage truck.
Dehydration of solid waste in the garbage truck is performed using a conical screw, the surface of which due to
the existing friction wears out intensively. This is due to the fact that solid waste contains, in particular,
components such as metal, glass, ceramics, stones, bones, polymeric materials, which can be attributed to
abrasive materials because they have different shapes, sizes and hardness, and the presence of moisture
39 - 92 % by weight in MSW creates an aggressive corrosive environment. Therefore, the study of the influence
of the hardness of the auger surface on its wear during dehydration of solid waste in the garbage truck is a topical
task. Dehydration of solid waste in the garbage truck is performed using a conical auger, the surface of which
due to the existing friction wears out intensively. This is due to the fact that solid waste contains, in particular,
such components as metal, glass, ceramics, stones, bones, polymeric materials, which can be attributed to
abrasive materials because they have different shapes, sizes and hardness, and the presence of moisture
39 - 92 % by weight in solid wastes creates an aggressive corrosive environment. Therefore, the study of the
influence of the hardness of the auger surface on its wear during dehydration of solid waste in the garbage truck
is an urgent task.

Copyright © 2021 O.V. Bereziuk, V.I. Savulyak, V.O. Kharzhevskyi. This is an open access article distributed under the Creative
w Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
[ work is properly cited.
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Literary review

The article [3] presents the results of experimental studies of wear resistance of different auger materials
with different thermal and chemical-thermal treatment in a corrosive-abrasive environment on special friction
machines that simulated the operating conditions of extruders in the processing of feed grain with saponite
mineral impurities. The authors found that the wear resistance of materials in a corrosive-abrasive environment
at elevated temperatures depends not only on the hardness of the friction surface, but also on its structure and
phase composition and changes in the hardness gradient along the depth of the hardened layer. To ensure high
wear resistance of extruders in the manufacture of animal compound feed with impurities of the mineral
saponite, it is recommended to use for the manufacture of parts of the extrusion unit steel X12, hardened by
nitro-hardening technology.

The author of [4] found that the intensity of abrasive wear of the screw surface of the auger, and wear
resistance mainly depends on the hardness, surface roughness, the volume of abrasive particles involved in
friction and the area of their contact with the surface

In the article [5], a mathematical model for calculating the wear rate of triboelements in a tribosystem
operating in conditions of corrosion and abrasive wear was developed. The input factors were: active acidity,
abrasiveness, roughness, load and sliding speed. Theoretically, the degree of influence of the above factors on
the wear rate is established. It was found that abrasiveness is the most important factor, followed by the degree
of decline - the level of active acidity and load.

A new design of the auger with a sectional elastic surface, which is designed to reduce the degree of
damage to the grain material during its transportation is presented in the article [6]. The theoretical calculation of
the interaction of the grain with the elastic section of the auger is carried out. A dynamic model has been
developed to determine the influence of structural, kinematic and technological parameters of the elastic auger
on the time and path of free movement of bulk material particles during their movement between sections, as
well as to exclude the possibility of grain material interaction with the non-working surface of the auger working
body.

In the article [7] it was determined that restoration of the auger requires surfacing or spraying a layer of a
certain thickness on the end part of the coil of the auger, while the width of the restored layer is usually a few
millimeters. An algorithm for selecting the optimal composite powder material for plasma spraying in order to
increase the wear resistance of the working surfaces of machine parts, in particular the auger, is described.
According to the authors, plasma spraying of composite powder materials will increase the durability of the
auger by 2 - 3 times, which will reduce repair costs by tens of times.

In the article [8] the influence of geometrical parameters on productivity and design of the briquetting
machine using the model of pressure based on the theory of piston flow is investigated. An analytical model that
uses a pressure model was also developed based on Archard wear law to study the wear of augers of biomass
briquetting machines. The developed model satisfactorily predicted the wear of the auger and showed that the
greatest influence on it have the speed of rotation and the choice of material. The amount of wear increases
exponentially to the end of the auger, where the pressure is the highest. Changing the design of the auger to
select the optimal geometry and speed with the appropriate choice of material can increase the life of the auger
and the productivity of the machine for briquetting biomass.

The work [9] is devoted to the analysis of the process of screw briquetting of plant materials into fuel and
feed. Regularities of this process are the basis for determining the rational parameters of the working bodies.
When designing briquette presses it is necessary to consider deformation of biomass taking into account change
of physical and rheological properties at the moment of interaction with the auger mechanism

In the article [10] the wear of a twin-auger extruder of rigid PVC resins is investigated. The pressures
around the cylinder when extruding two rigid PVC resins in a laboratory extruder with a diameter of 55 mm
were measured and the forces acting on the auger core were determined. Numerical simulation of the flow was
performed using the power parameters of the viscosity of the resins.

In the work [11] the process of pressing wood chips in auger machines was investigated. The processes
occurring in different parts of the auger are established, formulas are defined that allow to calculate the loads
acting on the auger coils, as well as to determine the power required for pressing. The specific energy
consumption and the degree of heating of raw materials during pressing are determined.

The results of experimental studies of the process of solid dehydration based on the planning of the
experiment by the Box-Wilson method are shown in the article [12]. Quadratic regression equations with the 1%
order interaction effects were obtained using rotatable central composite planning for such objective functions as
humidity and density of pre-compacted and dehydrated MSW, maximum drive motor power, energy
consumption of solid waste dehydration. This allowed to determine the optimal parameters of equipment for
dehydration by the criterion of minimizing the energy consumption of the process (auger speed, the ratio of the
radial gap between the auger and the body, and the ratio of the auger core diameter to the outer diameter of the
auger on the last coil) for both mixed and “wet”.

In the article [13] the improved mathematical model of work of the dehydration drive of MSW in the
garbage truck is suggested that takes into account wear of the auger. It allowed to research numerically the
dynamics of this drive during the start-up, and to define that with the increase of wear of the auger pressure of
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working liquid on the speed of the auger it is significantly reduced. The power regularities of change of the
nominal values of pressures at the inlet of the hydraulic motor, angular speed and frequency of rotation of the
auger from values of its wear are defined, the last of which describes detuning from optimum frequency of
rotation of the auger in the course of its wear. It is established that the wear of the auger by 1000 um leads to an
increase in the energy consumption of solid dehydration by 11.6 %, and, consequently, to an increase in the cost
of the process of their dehydration in the garbage truck and accelerate the wear process.

Purpose

Researching the influence of auger surface hardness on its wear during dehydration of solid waste in a
garbage truck.

Methods

Determination of paired dependencies of auger wear from the hardness of its surface was performed by
regression analysis [14]. Regressions were determined on the basis of literalizing transformations, which allow
to reduce the nonlinear dependence to the linear one. The coefficients of regression equations were determined
by the method of least squares using the developed computer program "RegAnaliz", which is protected by a
copyright registration certificate, and is described in the article [15].

The following dependencies were used to determine the energy consumption of solid dehydration taking
into account the auger wear [13]:

E =1504 -15.92w, +0.3214p, —1.069n(u) - 2061(A,,, +u)/ (D, —2u) -

-1947(d,,, —2u)/(D,,, —2u) +9.118-10*w,p, +0.002142w,n(u) +
+18.12w;, (A, +U) / (Dyy, —2u) —2.115w,(d ;, —2u) / (D, —2u) +4.392 10 p,n(u) - 0
—2.005p, (A, +U)/ (D, —2u) +0.3361 p, (d,;, —2u) / (D, —2u) +
+0.09031w; —7.923-107*pg +0.008241n(u)* +104172[(A,,, +u)/ (D, —2u)[* +
+1318[(d,,;, —2u)/ (D, — 2u)]* [KWhtons];

n=52.43-1.276-10"°u"* [rpm], @

where E — is the energy consumption of solid waste dehydration, kW -h/tons;
po — initial density of solid waste, kg/m?;

Wp — initial relative humidity of solid waste, %;

N — the nominal speed of the auger, rpm;

U — auger wear, m;

Aaug — radial clearance between auger and housing, m;

Omin — outer diameter of the auger on the last coil, m;

Dumin — is the diameter of the auger core on the last coil, m.

Results

The values of auger wear for different values of hardness of its surface and friction path are given in
Table 1 [3].

As a result of regression analysis of the data in Table 1, is was determined the logarithmic dependencies
of wear of the auger depending on the hardness of its surface for different values of the friction path:

Ug_3000 =334—-34.07InH; -
Ug_g000 = 676.6 —69.69In H ; @
Ug_go00 = 999.8—-103InH ; o
Ug_1o000 =1295-132.7InH , ©

where U — wear, um;
H — hardness of auger surface, MPa;
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S — friction path, m.

Fig. 1 shows graphical dependences of auger wear depending on the hardness of its surface for different
values of the friction path, made up using the dependences (3 - 6), which confirmed the sufficient convergence
of the obtained dependencies compared with the data in the Table 1

Table 1

Screw wear values for different values of surface hardness and friction path [3]

Ne | Surface hardness, MPa Wear, pm for friction path, m
j ' 3000 | 6000 | 9000 | 12000
1 2310 68 132 195 258
2 5180 53 103 153 203
3 6500 48 91 134 177
4 6510 43 80 116 152
5 6700 39 72 105 138
6 10050 25 43 63 88
7 5450 26 47 70 98
8 7860 24 43 64 90
9 8600 22 39 58 82
10 6950 28 52 78 108
11 8100 15 25 38 55
u, LLm u, Lm
60
40
20
0 2000 4000 8000 8000 10000 MPa o 2000 4000 E000 000 10000 MPa
a b
u, jm u, Jam
Zm_
240
160
120 160
80
80
404 o)
0 2000 4000  BOOO 8000 10000 MPa 0 2000 4000  BOOD 800 10000 MPa
c d

Fig.1. The wear of the auger depending on the hardness of its surface
for different values of the friction path:
a—5=3000 m;
b —s=6000 m;
c—5=9000 m;
d—-s=12000 m;
actual o, theoretical —
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Dependences (3 - 6) for different values of the friction path can be written in general as follows:
u=A(s)—B(s)InH, )

where A(S), B(S) — regression coefficients that depend on the path of friction.
After the additional regression analysis, the regression coefficients which depend on the friction path can
be described by power laws:

A(s) =0.5796s°% —-112.8; (®)
B(s) =0.08049s*® —14.71. 9)
Table 2

The results of regression analysis of the dependence of the wear of the auger depending on the hardness
of its surface for different values of the friction path

. Correlation coefficient R for paired regressions
Ne | Type of regression

Us=3000 = f(H) |Us=s000 = f(H) | Us=e000 = f(H) |Us=12000= f(H)| A =1(S) | B =1(5)
1 y=a+ bx 0.81439 0.82376 0.82898 0.83452 0.99945 0.99918
2 |y=1/(a+bx) 0.66421 0.65974 0.67435 0.68887 0.92263 0.92049
3 y=a+ b/Xx 0.78654 0.79114 0.79630 0.80646 0.93981 0.94199
4 y =X / (a + bx) 0.81920 0.80115 0.81299 0.82996 0.75583 0.59710
S |y= ab* 0.75553 0.76285 0.77229 0.78180 0.97494 0.97347
6 y= e 0.75553 0.76285 0.77229 0.78180 0.97494 0.97347
7 [y=a 10% 0.75553 076285 | 0.77229 | 0.78180 | 097494 | 0.97347
8 y=1 / (a + be'x) 0.66421 0.65974 0.67435 0.68887 0.92263 0.92049
9 |y=ax 0.73813 0.74002 0.74896 0.76165 0.99969 0.99950
10 [y=a+blgx 0.82369 0.83066 0.83603 0.84439 0.98598 0.98706
11 y=a+ bIn x 0.82370 0.83067 0.83604 0.84440 0.98598 0.98706
12 ly=a/(b+x) 0.66421 0.65974 0.67435 0.68887 0.92263 0.92049
13 y = ax / (b + X) 0.56134 0.54627 0.55756 0.57539 0.99987 0.99976
14 |y = ae”/* 0.68071 0.67801 0.68615 0.70077 0.98768 0.98864
15 y=a -100/x 0.68071 0.67801 0.68615 0.70077 0.98768 0.98864
16 [y=a+bx" 0.75806 0.76923 0.77404 0.77662 0.99998 0.99996

A B

1200 120

800 80

400 40
0 2000 4000 6000 8000 10000 120005, 0 2000 4000 ©000 8000 10000 12000s,m

a b

Fig. 2. Dependences of regression coefficients on the friction path a — A = f(s); b — B = (s);
actualo, theoretical —

The results of the regression analysis are shown in Table 2, where the cells with the maximum values of
the correlation coefficient R for each of the paired regressions are marked in gray. Figure 2 shows the graphical
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dependences of the regression coefficients on the path of friction, constructed using the dependences (8,9),
which confirm the sufficient convergence of the obtained dependencies.

After substituting the laws (8, 9) into the dependence (7), we obtain the law of wear of the auger
depending on the hardness of its surface and the friction path:

U =0.57965"* ~112.8—(0.08049s°° ~14.71)InH . (10)

Fig. 3 shows a graphical dependence of the wear of the auger in the plane of the parameters of influence:
the hardness of its surface and the friction path.

U, im

H.MPa

Fig. 3. The dependence of the wear of the auger u
in the plane of the parameters of influence: the hardness
of its surface H and the friction path s

Determine the path of friction for the surface of the auger dehydration of solid waste after its two-week
operation:

~md Nty Ko, 3.14-0.0775-52.43-855.6- 290 - 28
26-60 26-60

=56850, m

where day — the average diameter of the auger on the last coil, m;

teycle — the duration of the operating cycle of dehydration of one solid waste container, sec;

Keycle — annual number of working cycles of the garbage truck taking into account dehydration of solid
waste, pcs;

Nc — the number of solid waste containers loaded into the body of the garbage truck in one cycle, taking
into account dehydration, pcs.

Figure 4 shows the graphical dependence of the influence of the hardness of the working surfaces of the

auger of the mechanism of dehydration of solid waste on the energy consumption of the process (S = 56850 m),
made up using dependencies (1, 2, 10).

E. kWh'tons
279 \\
274 N
269 S

264 \
259 RN

254 -,

249

2000 3000 4000 5000 6000 7000 8000 9000 10000 H,MPa

Fig. 4. The influence of increasing the hardness
of the working surface of the auger to reduce the growth rate of energy consumption
of the dehydration process after its two-week operation and wear (s = 56850 m)
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Fig. 4 shows that after two weeks of operation and wear of the auger during dehydration of solid waste in
the garbage truck the increase of the working surface hardness of the auger from 2310 MPa to 10050 MPa leads
to a decrease in energy consumption of solid dehydration from 16.7 % to 1.5 %, and therefore it reduces the cost
of the process of dehydration of solid waste in the garbage truck. Thus, the determination of the rational material
of the friction surfaces of the auger and the ways to increase its wear resistance require further research.

Conclusions

The logarithmic dependence of auger wear depending on the hardness of its surface for different values of
the friction path are determined. Carrying out additional regression analysis allowed to obtain the dependence of
wear of the auger depending on the hardness of its surface and the friction path, which showed that during two
weeks of operation and wear of the auger during dehydration of solid waste in the garbage truck increasing the
surface hardness of the auger from 2310 MPa to 10050 MPa reducing the rate of growth of energy consumption
of solid waste dehydration from 16.7 % to 1.5 %, and, consequently, it allowed to reduce the cost of the process
of their dehydration in the garbage truck. Therefore, determining the rational material of the auger and ways to
increase its wear resistance require further research.
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Bepesok O.B., CaByask B.I., Xap:keBcbknii B.O. Perpeciiinuii anani3z BIUIMBY TBEPJIOCTI IMOBEPXHI
IIHEKa Ha HOTo 3HOC Mi/l 4ac 3HEBOJHEHHS TBEPAUX MOOYTOBHUX BIAXOMIB y CMITTEBO3I.

CrarTs NpHCBSYEHA MOCH/DKCHHIO BIUIMBY TBEPAOCTI MOBEpXHI IHEKa Ha HOro 3HOC MiJ dYac
3HEBOJHEHHS TBEPIUX MOOYTOBUX BIIXO/IB Y CMITTEBO3I. 3a JOIOMOIOI0 BUKOPHCTaHHSI METO/IY PErpeciiHoro
aHaJi3y BH3HAYCHO JIOTAPHU(PMIUHI 3aKOHOMIPHOCTI 3HOCY IITHEKa 3aJIe)KHO Bil TBEPAOCTI MOTO MOBEPXHI IS
pi3HUX 3Ha4YeHb HULIXY TepTs. [loOymoBaHO rpadivHi 3aIeKHOCTI 3HOCY ITHEKA 3aJIeKHO BiJ TBEPAOCTI HOro
MOBEPXHI I PI3HUX 3HA4YeHb NULIXY TEPTA, IO MIiATBEPUKYIOTh JOCTATHIO 30DKHICTH OTPUMaHHX
3akoHOMipHOCTEeH. I[IpoBemeHHS IOZATKOBOTO PErpecifHOTO aHaji3y MO3BOJMIO OTPHMATH 3aKOHOMIpHICTH
3HOCY IITHEKa 3aJIeKHO BiJl TBEPAOCTI HOro MOBEPXHI Ta NUIAXY TEPTs, 38 JOIIOMOTOIO SKOi BCTAHOBJICHO, 1[0 IIPH
IBOTI)KHEBIM eKCIUTyaTalrlii Ta 3HOIIYBaHHI ITHEKAa IIJl Yac 3HEBOJHEHHA TBEPIUX MOOYTOBHX BiOXOHiB Y
CMITTEBO31 301bIIEHHS TBEpAOCTi moBepxHi mHeka 3 2310 MIla mo 10050 MIla npu3BoANTH A0 3HWKEHHS
TEMIIIB 3POCTaHHs €HEPrOEMHOCTI 3HEBOJHEHHS TBEPIUX MOOYTOBHX BimxofiB 3 16,7% mo 1,5%, a, omxke, 1 10
3JICIIEBICHHS] NPOLleCY IXHBOTO 3HEBOAHEHHS y cMiTTeBo3i. [IpeacraBnena rpadiyHa 3aieXHICTh 3HHKEHHS
€HEeProEMHOCTI 3HEBOJHEHHS TBEPAUX MOOYTOBUX BIIXO/IB BHACHIZOK 301IbLIEHHS TBEPIOCTI MOBEPXHI ITHEKA
npyu HOro JBOTM)KHEBOMY 3HOINYBaHHI. BUSBIEHO MOWINBHICTD NPOBEACHHS IMOAANBIIMX JOCTIUKEHb 3
BU3HAYCHHS PalliOHAILHOTO MaTepialy LIHEKa Ta UISAXiB IiIBUIEHHS HOr0 3HOCOCTIHKOCTI.

KarouoBi ciioBa: 3HOC, TBEpAiCTh MOBEPXHi, ITHEKOBHI MPEC, CMITTEBO3, 3HEBOAHEHHSI, TBEP/Ii MOOYTOBI
BiJIXOJIH, peTpeciiHmiA aHai3.
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Annotation

Oil filter is a part of a gasoline or diesel engine lubrication system designed to clean the engine oil.

Depending on where it is installed, the oil filtration system, they are divided into three types:

- through-flow filter, which passes through all the oil that the pump feeds into the engine. A pressure
regulating by-pass valve is installed upstream of the filter to protect the gaskets with oil seals. If the filter
element is too dirty, the valve directs oil flow past the filter, preventing oil starvation of the bearings. Keeps
engine from failing due to lack of lubrication;

- a partial-flow filter is mounted parallel to the main oil line and cleans only a portion of the oil that enters
the engine. Gradually the whole volume of oil passes through the filter element, giving a fairly high cleaning
efficiency. However, this method does not provide absolute protection of parts from chips and other abrasives;

- the combination filter combines a full-flow and a partial-flow cleaning principle. It consists of two filter
elements, one mounted parallel to the oil line and the other cut into it. This ensures maximum cleaning efficiency
and long filter life. The filter elements are divided into two types according to their efficiency in removing fine
impurities: coarse filters, which remove coarse impurities, and fine filters, which remove fine impurities.
According to the design of the housing and the possibility of replacing the filter element, filters are divided into
multiple (collapsible) and disposable (non-collapsible). Modern engines may use filters in the form of a
cartridge, which is inserted into a special compartment.

During operation, the oil is first routed to the filter and then through the oil channels to the interacting
parts in the engine. This principle is used on all standard passenger cars. A settling filter (gravity filter) is a tank
with a filter element and a settling tank in which impurities are deposited by gravity. The centrifugal filter
operates similarly to the gravity filter, only dirt settles in it under the action of centrifugal force resulting from
the rotation of the body.

Key words: filter, oil, thickness of lubricating layer, friction coefficient.
Introduction

The popular design of the oil filter includes a metal housing in which a corrugated porous paper filter
element is installed and a spring-loaded bypass (overflow) valve.

A backflow (overflow) valve is installed at the inlet of the housing to prevent oil leakage after the engine
is stopped. This allows oil to be stored in the oil passages and ensures nominal pressure immediately after the
engine is started. The tightness of the housing connection to the oil channel is ensured by a rubber gasket. The
oil, which is supplied by the oil pump, passes through a paper filter and is sent to the engine channel. If the filter
is dirty or the oil is very viscous and does not flow well through the filter element, excess pressure opens the
bypass valve which directly starts the oil in the engine.

Copyright © 2021 M.F. Dmitrichenko, A.N. Savchuk, Yu.O. Turitsa, A.A. Milanenko. This is an open access article distributed
w under the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium,
b provided the original work is properly cited.
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Design of the oil filter
Analysis of recent research and publications

The influence of the degree of oil contamination by mechanical impurities on tribotechnical properties of
lubricating materials is investigated by many scientists: Wenzel E.S. [1], Garkunov D.N., Dmitrichenko M.F.,
Mnatsakanov R.G., Mikosyanchik O.O., Bilyakovich O.M., Zhuravel D.P. [2, 3], and others. The paper [4]
raises the question and analyzes the experimental data on the possibility of using synthetic porous-fiber
polypropylene as a filtering material instead of the existing ones. The quality of oil filtration determines the
service life of the engine. In [5] the possibility of using crystalline urea for the process of purification of waste
mineral engine oils from acidic aging products was considered. Preference should be given to well-known
manufacturers: Bosch; Mahle; Mann; Fram. You should also pay attention to the filters that are recommended by
the car manufacturer. Visually determine the degree of contamination of the oil filter is impossible. Therefore, it
is necessary to follow the manufacturer's recommendations for its replacement. Replace the filter when changing
the engine oil. Depending on the oil brand and peculiarities of the car design, replacement is performed after 8-
15 thousand kilometers of mileage. What happens, if the oil filter is removed. If the filter element of the
lubrication system is removed, abrasive particles, especially metal filings, will get on the sliding bearing shells.
This will accelerate the wear of the metal, which in turn will also enter the lubrication system. As a result, an
avalanche-like process will begin, which will end with an overhaul or replacement of the engine. If the filter is
not changed in time, it will get clogged and the crude oil will start circulating through the bypass valve. This will
also lead to engine failure [6].

Statement of the problem

To establish the effect of contamination of engine oil during operation it is necessary to analyze the
formation of the thickness of the lubricating film in tribosystems.

Basic research and presentation of scientific results

Laboratory methods of identifying wear particles. Solid particles of suspension in the filtration process
can not only be trapped on the surface of the filter partition, but also penetrate into its pores. Penetration of solid
particles into the pores of the partition is undesirable because it leads to a sharp increase in its resistance, which
is more difficult to reduce by subsequent washing than by placing solid particles on the surface of the partition.
Therefore, when separating such suspensions, it is advisable to prevent the penetration of solids into the pores of
the bulkhead and retain them on its surface.

Spectral analysis of oil samples taken from the engine lubrication system by monitoring the concentration
of metals and other impurities in the oil in grams per ton is widely used in engine operation. In most cases, iron
and copper concentrations are monitored. Oil samples are taken 15 ... 40 minutes after the engine is stopped
while the wear particles are in suspension. Frequency of sampling is set depending on the predicted intensity of
wear and maintenance intensity, as a rule, at least after 200 hours of operation. If the content of wear products in
the oil increases, sampling is performed more frequently.

Normal curve of the law of metal content change is shown in Fig. 1.

The 1st area - running-in period of the engine components. The graph first shows growth and then
decrease of metal content at the end of running-in period up to the value characterizing normal metal content.
There is an individual value of metal concentration for each engine within permissible limits, depending on the
engine operation modes (the time of operation in different modes).
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Fig.1. The normal law of change in the content of metals
in the oil in the course of engine operation. PC - increased concentration,
at achievement of which the engine is allowed to operate under **special control™.
MPC - maximum permissible concentration,
reaching which the engine is to be withdrawn from operation

The 2nd area - a period of normal wear. There may be a slow growth of metal concentration as the engine
runtime increases.

The 3rd area - the period of intensive wear. This period precedes the destruction of the engine unit (or is
associated with partial destruction). Intensity of concentration increase is higher, than on site 2.

The normal law of change of metal content in oil is realized only if the engine is in the process of wiping
surfaces with the release into the oil of wear particles not more than 15 ... 30 um. It is a size that most modern
instruments are capable of accounting for.

One of the most common and dangerous types of wear is pitting. It is fatigue pitting of contact surfaces
[7]. The beginning of the pitting process is the plastic deformation of the surface and the formation of fatigue
microcracks on the friction surfaces. Up to the appearance of the first cavern of fatigue pitting the only kind of
wear particles formed in oil are spherical particles of 3... 5 microns, the weight contribution of which to the total
mass of particles formed during normal wear is a few percent, coinciding with the error of the spectrometer
measurements.

Further wear releases large particles, which are not taken into account in the spectral analysis until
significant damage occurs with the release of a large number of both large and small particles. Changes of metal
content in oil during fatigue damage of parts are shown in Fig. 2.
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Fig. 2. Change of metal content in oil during fatigue damage of rubbing surfaces

There are technologies of spectral analysis, in which all particles in the sample are taken into account.
This is achieved by dissolving wear products in an acid solution and then analyzing them on a special
spectrometer.

The pherographic analysis is used to detect fatigue damage processes. As a rule, part of an oil sample is
used for spectral analysis. The ferogram is examined under a microscope where the shape, size and number of
particles are determined.

Laboratory examination of oils using a mesh filter element

The formation of an oil film between two parts which are in contact and move relative to each other
depends on the speed of reciprocal movement. In such cases, we speak of a hydrodynamic friction regime, when
the oil film is drawn into the gap between the interacting parts, separating the parts. The film is drawn into the
gap more effectively (the film becomes thicker) with increasing velocity. But an increase in velocity results in an
increase in the amount of heat generated by friction. The temperature of the oil rises and it becomes more fluid.
This leads to a reduction in film thickness as a result of oil rarefaction. The friction coefficient depends on the
roughness and accuracy of the geometry of the contacting surfaces and the presence of foreign particles in the oil
(surface irregularities, foreign particles, disrupt the integrity of the film, which leads to the appearance of zones
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operating in semi-dry friction mode). The friction force value is proportional to the load, and it is at a constant
friction coefficient. Sometimes the integrity of the oil film can be broken, and the coefficient of friction begins to
grow. Then, even if the load is constant, the torque increases and conditions are created for the sliding bearings
to rotate. The increased load reduces the thickness of the oil film, increasing the risk of its destruction [8]. In this
case, more heat is released and leads to an increase in local temperatures in the friction zone. Oil liquefaction
occurs, which leads to a further decrease in the thickness of the oil film and increases the probability of
occurrence of sticking in the friction zone.

These factors have a particularly strong effect during the initial period of machine operation, during the
running-in period of the parts. During this period of operation, micro-irregularities are triggered, destroying the
oil film. At this moment the rubbing pairs are the most sensitive to overloading.

When performing this experimental study, the aim was to establish the mechanism of formation of the
lubricating layer thickness in the contact, to determine the dynamics of wear of tribocoupling elements
depending on the material of the contact surfaces, antifriction and rheological characteristics of the engine oil. At
research was used the used (operating time 15 thousand km in the gasoline engine) motor synthetic oil
Mobil-1 0w-40 in two states:

1) directly drained from the internal combustion engine;

2) filtered with Champion C102 filter.

The studies were carried out on the SMTs-2 unit, in the start-up (4.5 sec) - stop mode (3 sec). Number of
cycles in the experiment was N = 1750, which corresponds to 4 hours of continuous operation of the installation,
following one another, without interruption. In the friction pair was reproduced rolling mode at a relative slip of
18 %. As samples were used cylindrical rollers (d = 50 mm) made of Steel 40KH (HRC = 43) and Steel
SHKH15 (HRC = 58). The maximum Hertz contact load was 570 MPa, and the volumetric temperature of the oil
during the experiment was 70 °C.

The specified Mobil-1 0w-40 oil provides reliable protection for a wide range of both gasoline and diesel
engine models, including turbocharged engines, intercooled charge air systems, as well as advanced direct-
injection diesel (DI type) engines operating in any severity conditions.

Regularities of formation of the lubricating film thickness at start-up, depending on the use of different
steel grades and used and filtered oils are shown in Fig. 3.
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Fig. 3. Formation of the lubricating film thickness
in contact with used samples of Mobil-1 Ow-40 engine oil depending
on the hardness of the surface material

Regardless of the hardness of the contact surfaces, it was found that during N < 100 cycles, according to
the calculated parameter A, the boundary regime of lubrication dominates, during 100 < N <150 cycles the
elastohydrodynamic regime in the contact, the subsequent operating time up to N = 1750 cycles is characterized
by the realization of the hydrodynamic regime in the contact. Only during the initial break-in period, which
corresponds to N < 200 cycles, a high carrying capacity of the lubricating layer formed on the contact surfaces of
steel 40KH is observed; during operating time 200 < N <1750 cycles a general trend is observed for the growth
of the lubricating layer thickness during break-in - for the two studied steel grades this parameter averages
8.2-10 um.
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Since the experiments were conducted under nonstationary operating conditions, there is a high
probability of the lubricating layer breaking off at stopping, which leads to direct contact between the surfaces.
Under these lubrication conditions, the formation of boundary adsorption films on the elements of the
tribocoupling is of great importance.

To establish patterns in the kinetics of formation of adsorption boundary films, we measured the thickness
of the lubricating film at the stop (Fig. 4).
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Fig. 4. Kinetics of changes in the thickness of the boundary adsorption films

For the Steels 40X and the SHKH15 after the running-in phase, which corresponds to N < 450 cycles, it

was found that there is no sagging of the lubricating film thickness. With further operating time up to N = 1750
cycles, the breakdown of the lubricating film for these steel grades was only 3 %. We assume that this is
associated with the ability of chromium to reach the contact surface [1], which increases the adsorption force of
the interaction of the surface films of the metal in the polar-active components of the lubricant, manifested in an
increase in the thickness of the non-hydrodynamic component of the lubricating film to the end of operating
time, which is 1.7 um and 2.5 pm for the Steel 40X and the SHKHI15 , respectively. At the same time, a clear
pattern in the formation of the boundary adsorption films is observed depending on the condition of the oils,
namely: in the filtered oil sample a lower value of the studied index by 6 % compared to the used oil is observed.
This can be explained by the presence of less content of mechanical impurities and fuel combustion products.
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When studying the friction coefficient (Fig. 5) for rollers made of the Steel 40KH in the initial period
of running-in up to N < 200 cycles value of this parameter is less - 0,028, and for filtered oil 0,026 that is
explained by the greatest value of a hydrodynamic component of greasing film thickness at the start-up, further
at 250 < N < 950 cycles value of friction factor is established almost the same for the Steel SHKH15 and varies

within 0,028-0,026; At N > 1000 the highest value of the studied parameter when using the Steel 40KH for the
used oil - 0,031 - 0,029, which is associated with a smaller thickness of the non-hydrodynamic component of the
lubricating film. Also the decrease of antifriction properties at the final stage of workover is determined for the
samples of the Steel 40KH with use of filtered oil. This decrease is caused by the highest values of the oil film
displacement stress in the contact due to the increase of the oil effective viscosity, namely, for the Steel 40X:
Nef = 10,19 — 10% Pa - s, for the SHKHI15 the ratio is respectively (1 : 0,745) (fig. 5). At the same time, for the
filtered oil, the improvement of antifriction properties with both steels under study is found, explained by the
highest values of the non-hydrodynamic component of the lubricating layer thickness.

So, the kinetics of friction coefficient change in the contact is influenced by the rheological properties of
the lubricant. In our opinion, the mechanism of this process is as follows. At initial formation of boundary
adsorption films there is structure of lubricant components on the friction-activated contact surface, which leads
to increase of shear stresses of oil film and correlation growth of friction coefficient. As the boundary films adapt
to dynamic load conditions, the displacement stresses of adapted adsorption films decrease, which also causes
increase of antifriction properties. So, at N > 1000 cycles of operating time boundary films with thickness of
2,5 microns, stable to mechanical and thermal destruction, which are characterized by the most effective
antifriction properties, in comparison with another type of lubricant, are formed on the surfaces from the Steel
SHKH15 using filtered oil.
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Amutpuyenko M.®., CaBuyk A.M., Typums 10.0., Minanenko O.A. Brims ¢inbrpyrounx
€JIEMEHTIB Ha poOOTY TPMOOMEXaHIYHIX CUCTEM.

MacasHuit GineTp — 1e IeTansb CHCTEMH MallleHHS OEH3MHOBOro abo JAM3ENIFHOTO JBUI'YHA, IIPH3HAa4YEHa
IUISL OYMIIEHHS MOTOPHOT OJIBH.

B 3anexHOCTI Bi MiCIIsI MOHTaXy, CHCTEMH (iNbTparlii OJMBU BOHH JUIATHCS HA TPH THUIIH:

- MOBHONOTOYHMH (iNbTp, IO MPOMyCKae Kpi3b cede BCIO ONHBY, Ky HAacoc MoAae€ B IBUTYH. Jlis
3aXUCTy MPOKJIAJIOK 3 CalbHUKAMH Tepel (GLIbTPOM BCTAHOBIIOETHCS MEPEITyCKHUN KIIAIlaH, 0 PETyIIIOE THUCK.
IIpu HamMmipHOMY 3a0pyAHEHHI (ITBPTPYOUOro eleMeHTa KJalaH HampaBisie IOTIK ONWBU TOB3 (QiIbTpa,
3armofiraroun MaciiiHe TOJIONYBaHHSA MiMIIWNHUKIB. lle He mae ABUryHy BHIMTH 3 JNangy depe3 BiICYTHICTP
MaIleHHSI.

- YaCTKOBOMOTOYHHUH (DIIBTP MOHTYEThCS IapalieIbHO TOJIOBHOMY OJIMBOIPOBONY 1 OYMILAE JIMIIE
YaCTHHY OJIMBH, IO HAAXOAWUTH y JIBUTYH. IlocTymoBo Bech OOCST OJMBHM NPOXOIUTH uepe3 (UIbTpyroUHid
CJIEMEHT, IO Ja€ OCUTh BUCOKY e(heKTUBHICTh oumieHHs. OMHaK Takuil crocid He 3abe3mnedye abCOTOTHOTO
3aXHCTY JIeTaleH BiJl CTPY>KKH Ta iHIINX aOpa3uBiB.

- KOMOiIHOBaHMU (UIBTP TOEIHYE MOBHOMOTOYHUN 1 YaCTKOBOIOTOYHHUI MTPUHIUII OYUINCHHS. BiH
BKITIOYA€ IBa QUIBTPYBAIBHIX EIEMEHTH, MEPIINN 3 IKUX BCTAHOBIIOETHCS MapalelbHO MaclsHIN MaricTpaiti, a
Ipyruil BpisaeThcs B Hei. Lle 3abe3meuye MakcuMaidbHYy €(QEKTHBHICTh OUHIICHHS i JOBTHH TEPMiH CIYXOH
¢inpTpiB. Ilo edexTHBHOCTI BHOANCHHS OPiOHMX AOMIMIOK (UIBTPYIOUl €IEeMEHTH AIIATbCS Ha JBa BHIH:
GinbTpu TpyOOTO OUMIICHHS, IPU3HAYCHI VI BUIAJICHHS BEJMKUX BKIIOYCHB; (IIBTPU TOHKOTO OYUILECHHS, IO
BUAANAIOTh MUIKO(paKiiiHi BKIfoYeHHA. [1o KOHCTPYKIi KOPIyCy i MOXKIMBOCTI 3aMiHH (QiIBTPYHOUOTO
eneMenTa (GimTBTpU HiNMATHCS Ha OaraTopa3oBi (po30ipHi) i omHOpa3oBi (Hepo3OipHi). Y CydacHHX IBUTYHax
MOJKYTh 3aCTOCOBYBATHUCS (PIIBTPU y BUTIISIII KAPTPHUKA, SIKAI BCTABIISIETHCSI B CHICIIaIbHUN BICIK.

[Tin yac poOOTH 0JMBa CHOYATKY MOJNAEThCS A0 (iIbTpa, a TOTIM MO MACISHUM KaHajiaM [0
B3a€EMOJIIIOUNX JeTajell B ABUTyHi. Lleil MpUHIMII 3aCTOCOBYEThCS Ha BCIX CEPIMHMX JIETKOBHX aBTOMOOIISX.
OinbTp-BiAcTIiHUK (TpaBiTALiifHUI) MpeCcTaBIsie COO0I0 EMHICTB 3 (DIIBTPYIOYMM €JIEMEHTOM i BiICTIHHUKOM, B
SIKOMY JOMIIIIKK OCIJIaf0Th IIiJ JIi€to rpaBitauii. BinuenTpoBuil GinbTp, 1110 Npalioe aHaIOTvHO rpaBiTaliiHOMY,
TUTBKH Opyn ocimae B HBOMY IIiJ Mi€I0 BIAIGHTPOBOI CHJIM, IO BHHUKAE B pe3yiabTaTi 0OepTaHHS
xopiycy. [Iponiec yTBOpeHHS MacisiHOI IUTIBKA MK JBOMAa KOHTAKTYFOUMMH i PYXOMHMH BiTHOCHO OJTHA OJHO{
JETasIMU 3QJISKUTh BiJl IIBUIKOCTI B3a€EMHOTO MEPEMIIICHHSL.

[Ipy BUKOHAHHI JaHOTO EKCIICPUMEHTAIBLHOIO JOCIIDKCHHS METOIO SIBJISIIOCS BCTAHOBJICHHS MEXaHI3MY
(dopMyBaHHS TOBIIMHHM MACTHJBHOTO IIapy B KOHTAKTi, BH3HAYCHHS IMHAMIKH 3HOINYBAHHS CJCMCHTIB
TPUOOCHIPSDKCHHST 3aJIeKHO Bil MaTepially KOHTAKTHHX IIOBEPXOHb, AHTHPPUKLIIHHUX Ta PEOTOTIYHIX
XapaKTepUCTUK MOTOPHOT OJIMBH.

KuarouoBi ciioBa: ¢inbTp, 0n1Ba, TOBIIMHA MACTWIILHOTO LIAPY, KOS(DIIIEHT TEPTSL.
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Abstract

The analysis of tribological researches on the most perspective way of restoration of a primary resource
of engines by means of a gas-dynamic spraying is resulted in article. It was found that to reduce the coefficient
of friction and increase the wear resistance of the coating is theoretically justified the use of copper-zinc powders
brand C-01-11, applied by gas-dynamic spraying. It is established that the physical and mechanical properties of
the coatings (roughness, microhardness, friction coefficient) on the restored turbocharger meet the requirements
of the manufacturer. The coefficient of friction in the connection, the rotor shaft (reduced powder with copper
and zinc), with a plain bearing (made of tin-lead bronze Bros - 10 - 10) is 20 % less than in the connection where
the rotor shaft is made of steel 40. The total wear in the bearing assembly with the restored gas-dynamic sprayed
rotor shaft is 20 % lower than in the assembly where the rotor shaft is restored by the basic technology. The
technology of restoration of a surface of a shaft of a rotor of the turbocompressor, under the bearing of sliding
(gas-dynamic spraying) which increases its resource by 23 % in comparison with basic technology of repair of a
shaft of a rotor is developed. This allows you to increase its operating time with the established regulatory and
technical documentation for overhaul of the engine. A stand for testing diesel turbochargers with recovery
technology has been developed, which allows to determine the parameters and characteristics of diesel engine
turbochargers in different periods of operation, running-in and adjustment. Tests on the stand showed that
turbochargers with restored rotor shafts according to the proposed technology after 2000 operating hours
increase all performance by 13 % more than turbochargers repaired by the basic technology. Operational tests
have shown that turbochargers repaired using the proposed technology have an operating time of 989 moto-hours
more than turbochargers repaired with existing technology.

Key words: gas-dynamic spraying, wear resistance, friction steam, turbocharger, recovery technology,
wear intensity.

Introduction

At the present stage of economic development of Ukraine there are questions of design, production and
efficient operation of existing machinery and equipment. Improving the efficiency of the existing fleet of
machines can be achieved by increasing the efficiency of equipment, reducing the cost of its operation and
reducing downtime for technical reasons [1].

The fleet of tractor and agricultural machinery, as well as mobile diesel power plants used in the agro-
industrial complex, is now characterized by accelerating its moral and material wear. This increases the intensity
of machine failures and the duration of downtime associated with the restoration of their efficiency, increasing
the cost of unscheduled maintenance and repair (TE and P).

The main power unit of almost any machine used in agricultural trials is a diesel. The analysis showed
that the least reliable unit of the diesel engine is a turbocharger (TCR). It accounts for more than 15 % of engine
failures. In turn, more than 80 % of TCR failures are due to the bearing assembly of the rotor shaft [2, 3]. The
difficulty of repairing turbochargers of tractor and agricultural machinery is that the areas where the equipment

Copyright © 2021 D.D. Marchenko, K.S. Matvyeyeva. This is an open access article distributed under the Creative Commons
w Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
© properly cited.
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is operated are remote from the repair and maintenance bases. To reduce machine downtime for technical
reasons, it is necessary to increase the turbocharger to the value set by the regulatory and technical
documentation for TE and P engine.

Analysis of ways to increase the efficiency of friction joints shows that the most promising for the repair
of the bearing assembly of the turbocharger is to restore the seating surface of the rotor shaft of the turbocharger
with materials that reduce the load on the unit.

Literature review

Repair of agricultural machinery by 70 - 80 % is carried out using spare parts, while downtime of
machines due to their lack or low quality leads to large losses of agricultural products. The cost of spare parts is
constantly growing and therefore the restoration of worn parts with the provision of their resource at the level of
new - one of the most effective ways to save money. According to GOSNITI 85% of details, at their defectation,
have wear no more than 0,3 mm, ie their working capacity is restored at drawing of coverings of insignificant
thickness. However, the life of refurbished parts, compared to new parts, in many cases remains low [4].

Scientists and specialists from such organizations as TSNIIME, SPKTB Soyuzlesremmash (GNTSLPK),
MGUL, VLTA and others carried out a large amount of work to organize and improve the technical level of
operation of forest machines and repair work in the industry. Among them V.V. Balikhin, V.V. Bykov,
1.V. Voskoboinikov, V.N. Vinokurov, V.A. Goberman, N.S. Eremeev, V.M. A. V. Kotikov Pitukhin, A.V. Serov
and others.

To increase the net power of internal combustion engines, the most effective currently is the installation
of a turbo compressor. The turbocharger increases engine power by 30 % without increasing its displacement.

The turbocharger is also the least reliable part of a diesel engine. More than 60 % of failures are due to
the turbocharger. Table 1 shows the share of failures using the example of the repeatability factor of the main
elements of a turbocharger. About 81 % of turbocharger failures are caused by it.

Table 1

The results of laboratory tests for wear resistance of friction pairs

Stationary specimen Moving specimen I 1, Iz
Tin-lead bronze BrOS-10-10 | Steel 40 7.14-101 | 423-10% | 1.37-1010
Tin-lead bronze BrOS-10-10 | Nickel-plated coating | 1.27-10™ | 1.57-10%! | 2.84 - 101!
Tin-lead bronze BrOS-10-10 | Copper-zinc coating | 0.74- 10" | 1.38-10 | 2.12- 101!

At the same time; there are examples when the resource of parts restored by progressive methods is
several times higher than the resource of new parts. When choosing a method of restoring parts, it is necessary to
ensure high quality coatings, low cost of the process, minimum material consumption, labor and energy costs. At
the same time it is necessary to concentrate the attention on such ways which increase reliability not only details,
but also all assembly unit as a whole [5].

The main trend in the development of modern tractors and combines; engines - increase of aggregate
capacities at practical preservation of their weight and dimensions due to application of turbocharging. High
technical and economic indicators of gas turbine supercharging, as a way to increase power by 15 ... 30 %, led
to its widespread use in tractor and combine engines. At present, all combine and multi-tractor engines (SMD-
60/61, SMD-62/63, SMD-64/65, SMD-66/67, SMD-31/32, SMD-17/18, etc.) are provided with gas turbine
supercharging. For supercharging of these engines turbocompressors of the standard sizes are used: TKR - 11
(with external diameter of a wheel of the compressor Dk = 110 mm), TKR-9 (with Dk = 90 mm), TKP - 8,5
(with Dk = 85 mm), TKP - 7 (with Dk = 70 mm).

Experience in operation of turbochargers type TKP - 11, installed on engines SMD-60/61, SMD-62/63,
SMD-64/65; SMD-66/67, SMD-31/32, SMD-17/18, YAME-238NB, YaMZ-240NB shows that this unit is the
least durable unit. Thus, according to GOSNIT, the number of turbocharger failures is 2 ... 13 % of the total
number of engine failures. The life of the repaired turbocharger is only 62 % of the life of the new one [6].

Currently, there are two main areas in the repair of worn parts of turbochargers. The most common
methods - installation of repair parts, the method of repair dimensions, plastic deformation. Rarely used on the
surface of the layer: metal, compensating for the amount of wear (galvanic, surfacing methods).

All existing methods, along with the advantages, have certain disadvantages. When repairing
turbochargers, it is necessary to restore parts made of different materials (steel, bronze, aluminum alloy) and
different configurations; (planes, cylindrical outer and inner surfaces). In this regard, to restore worn parts, you
need a large range of equipment used [7, 8].

To improve the quality of repair and increase the service life of overhauled turbochargers, it is necessary
to develop a recovery technology that ensures durability and trouble-free operation of the unit for the period
before overhaul of the diesel engine on which this turbocharger is installed [9].
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One of the promising ways to restore the primary life of the engines is gas-dynamic spraying, but the
practical application for the restoration of smooth cylindrical surfaces on the example of the rotor shaft of the
turbocharger, this method did not work. Therefore, the task is to theoretically substantiate the increase in the
total wear resistance of the node "rotor shaft - plain bearing" and develop a method of restoring the surface of the
rotor shaft, which will increase the turbocharger to overhaul the engine.

Purpose

The purpose of the research is to increase the reliability of turbochargers for diesel tractors and
agricultural machinery by increasing the service life of the rotor shaft.

Research methodology

To determine the coefficient of friction and assess the intensity of wear, a set of laboratory tests was
performed, including checking the properties of the surface (hardness, roughness) and testing for the intensity of
wear on the friction machine.

A stand for overhaul tests of overhauled turbochargers was developed for bench tests.

For research, turbochargers were removed from diesels operated on farms. Next, the turbochargers
underwent a recovery procedure using the proposed technology. The repaired turbochargers were tested on a
stand of our own design, according to our proposed new method. To pass operational tests, turbochargers were
installed on tractors operated on farms [10].

The wear resistance of the coating is the most important criterion for assessing the service life of a
combination exposed to friction. Its value is greatly influenced by the physical and mechanical properties of the
coatings, the state of roughness and microhardness of the surface layer of the joint, as well as the coefficient of
friction and the load force acting on the joint.

When measuring the roughness of the coating, it was found that after testing in the reduced shaft of the
rotor coated with powder C-01-11, the roughness parameter for Ra was 0.235 pum, which is significantly less
than in other test samples. Reducing the value of surface roughness significantly reduces the intensity of wear.
During the bench tests, the turbocharger was disassembled at intervals of 100 moto-hours. The value of the
roughness parameter did not change with increasing operating time.

Research results
During tribotechnological laboratory tests on the AlI-5018 friction machine, measurements of various

parameters at simulation of various types of work of the engine were made. In fig. 1 shows the dependence of
the change in the coefficient of friction in the test materials under the influence of simulating the dynamic load.
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Fig. 1. Dependence of change of coefficient of friction on force, acting on the connection

From the presented dependence it follows that the rotor shaft of the turbocharger coated with copper-zinc
powder brand C-01-11 has a lower coefficient of friction than a standard shaft made of steel or a shaft having a
nickel coating N-00-14. This is due to the fact that initially the basic coefficient of friction in copper is lower
than in nickel and especially steel.
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After a comparative assessment of the mutual wear intensity of the rotation pairs, the dependences of the
change in the wear intensity were revealed [11]. In fig. 2 shows the total wear intensity of the samples after
testing for wear resistance on the friction machine Al - 5018. In table 1 shows the wear intensity of the rotor
roller, simulating the shaft, and the pad, which simulates a plain bearing when tested on a friction machine.
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Fig. 2. The total wear intensity of the experimental samples:
1 — steel with bronze;
2 — nickel with bronze;
3 — copper with bronze

The diagram shows that the wear rate of the bearing assembly, restored by gas-dynamic spraying with
copper-zinc powder is seven times less than the standard friction pair of steel with bronze.

Wear intensity in friction pairs "copper-zinc - BrOS-10-10" is 4 times less than in pairs "steel - BrOS-10-10".

Comparative tests of turbochargers repaired by the proposed method of gas-dynamic spraying and
turbochargers repaired by existing technology, on the stand for acceptance tests, showed that turbochargers
repaired by the proposed method provide the main performance [12].

In fig. 3 presents the results of processing changes in the main operating parameters of the turbocharger,
which affect the performance of the engine.

From the graphs it turns out that the turbocharger, repaired by the proposed technology has after running
in 2000 moto-hours. the main operating parameter, the air pressure in the combustion chamber is 13.6% higher
than that of turbochargers repaired by previously existing technology, and vibration acceleration increases by
12.4%. Development of the turbocharger of these characteristics allows to operate equipment without carrying
out unplanned repairs [13].
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Fig. 3. The main operating parameters of the turbocharger:
a— air pressure in the combustion chamber;
b — vibration acceleration

After statistical data processing, the scatter of the main performance of the turbocharger was.

During operation, the equipment worked in normal modes, without which or complaints about the
instability of the turbochargers. Operating time was 900 ... 2000 moto-hours. At the enterprises where the tested
turbochargers were tested, they received positive recommendations for their work [14]. After testing, the
turbochargers were disassembled and measured the wear of the shaft surface under the plain bearing. Mutual
wear on the new turbochargers in the bearing assembly was 35% of the limit, and in the bearing assembly,
restored by gas-dynamic spraying, was 15 % of the limit.

Conclusions

The analysis of literature and information materials showed that during the operation of the internal
combustion engine the turbocharger is the most loaded. The most common failure is the wear of the bearing
assembly of the turbocharger, their share in the total number of failures is 81%. Restoration of the bearing unit
with increased wear resistance is the most urgent task. Existing methods of recovery are either expensive or do
not provide the required durability. One of the most promising ways to restore the primary life of engines is gas-
dynamic spraying. To reduce the coefficient of friction and increase the wear resistance of the coating, the use of
copper-zinc powders brand C-01-11, applied by gas-dynamic spraying, is theoretically justified.

As a result of the conducted researches the necessary recommendations on the technique of tests of
turbochargers were made. The development complements and develops the capabilities of the defect system and
calibrates in terms of improving the efficiency and ease of operation of bench equipment during repair and
maintenance of turbines.

Thus, the technical feasibility of using the technology of recovery by gas-dynamic spraying and the
choice of copper-zinc powder brand C-01-11 for coating the rotor shaft of the turbocharger.
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Mapuenko /I.JI., MaTtBeeBa K.C. [locmimkeHHS 3HOCOCTIMKOCTI MOKPHUTTS BajliB TypOOKOMIIpecopa
JIU3EIBHOTO IBUTYHA BiJTHOBICHHMH 32 JIOTIOMOT'OI0 T'a30MHAMIYHOTO HATIMJICHHS.

B crarti npuBeneHo aHaniz TPUOOJOTIYHMX MOCHKEHb 3 HaHOLIBII IEPCIEKTUBHOTO CHOCO0Y
BIZIHOBJICHHS IIEPBUHHOTO PECYpCY JBUTYHIB 32 JIONMOMOI'OI0 Tra30JMHAMIYHOTO HaIWIeHHs. BusBieHo, mo s
3HIDKCHHs Koe(imieHTa TepTs 1 WiABHIOICHHA 3HOCOCTIHKOCTI MOKPUTTS TEOPETHYHO OOTIPYHTOBAHO
3aCTOCYBaHHS MiJTHO-IIMHKOBHX ropomkiB Mapku C-01-11, HaHeceHHX METOIOM Tra30JHHAMIYHOTO HAITHJICHHS.
BcranoBneno, mo ¢i3nko-MeXaHiqHI BIACTUBOCTI MOKPHUTTIB (IIOPCTKICTh, MIKPOTBEPAICTh, KOSQIIIEHT TepTs)
Ha BiJHOBJICHOMY TypOOKOMIpEecOopi BiONOBiZarOTh BHMOTaM 3aBOoAy BHTOTiBHHKa. KoedimieHT TepTs B
3'€eqHAaHHI, Bal poTopa (BiAHOBICHHH MOPOIITKOM Milb 3 ITMHKOM), 3 MiAIIMITHUKOM KOB3aHHS (3 OJIOB'STHHCTO-
cBuHIIEBOT OpoH3u bpoc - 10 - 10) ma 20 % MeHme, HIX Yy 3'€AHaHHS, JI¢ BaJl pOTOpa BUTOTOBIEHHH 13 crami 40.
CyMapHUii 3HOC B HiIIIMITHUKOBOMY BY3J1 3 BITHOBJICHHM Ta30JUHAMIYHHM HaIMICHUM BajoM poTtopa Ha 20 %
HIDKYE, HDK Yy BY3J, Je BaJl pOTOpa BiJAHOBICHWH 3a 0a30BOI0 TexHoJOTi€r0. Po3pobieHa TexHOJOTIs
BIZIHOBJICHHSI TIOBEpXHI Bally poTopa TypOOKOMIpecopa, MiJ MiAIIMITHUK KOB3aHHA (Ta30JMHAMIYHHM
HaIWJICHHSIM), sika 301IbIIye fioro pecypc Ha 23 % B MOpiBHSHHI 3 0a30BOI0 TEXHOJIOTIEI0 PEMOHTY Bally poTOpa.
Ile mo3Bossie 30LMBLIIMTH HOTO HANpAILOBaHHS BCTAHOBJIEHOIO HOPMATHBHO-TEXHIYHOIO JJOKYMEHTAI€l0 Ha
KaliTalbHUH PEMOHT JBHryHa. Po3po0ieHo creHn aist BUNPOOYBaHHS TYpOOKOMIIPECOPIB JAW3EINB IpU
TEXHOJIOTil BiJHOBJCHHS, SKHH [O3BOJSE€ BH3HAYUTH IApaMeTPH 1 XapaKTePHUCTHKH TypOOKOMIIpecopiB
IU3CNPHUX JBHUTYHIB B Pi3HI IEpioAM eKcIuTyaTarii, OOKaTKM i perymtoBaHHSA. BumpoOyBaHHA Ha CTEHII
NOKa3aJd, M0 TYpOOKOMIIPECOPH 3 BiJHOBJICHHMMH BajlaMH POTOPIB 3a 3alpPONOHOBAHOIO TEXHOJOTIEIO IICI
2000 MoOTO-TOJ HANpaIfOBaHHS IMiABUINYIOTH Yyci poOodi xapakrepucTukn Ha 13 % Oinpire, HiX
TypOOKOMIIpecOpH, BiJPEMOHTOBaHI 3a 0a30Bor0 TexHoioricto. Excruryararniitni BUIpoOyBaHHS MMOKa3ald, IO
TypOOKOMITPECOPH, BiIPEMOHTOBAHI 32 3aIIPOIIOHOBAHOIO TEXHOJIOTIEI0 MAIOTh HalpalloBanHsI Ha 989 MoTo-rox
OinbLIe, HiXK TypOOKOMIIPECOPH, BiPEMOHTOBAHI 32 iCHYIOUOIO TEXHOJIOTIEO.

KoarouoBi ciioBa: razosmHamMiuHe HalMJICHHsI, 3HOCOCTIHKICTh, apa TepTs, TYPOOKOMIIPECOp, TEXHOJIOTis
BiJTHOBJICHHI, iIHTCHCUBHICTh 3HOIIIYBaHHSI.
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The work is aimed at solving the problem of reducing energy losses in transmission units of hoisting
machines for repairing wells. Method of rapid heating and maintaining the optimal temperature in the
transmission units of lifting units by using the heat of the exhaust gases was proposed. Analysis of features of a
design of transmissions of lifting installations for repair of wells is carried out. Studies of viscosity-temperature
characteristics of modern transmission oils and temperature regime in transmission units have been performed. A
mathematical model of energy release in transmission units during the operation of lifting units is proposed.
Installed energy consumption for friction in the gears of the transmission units. Friction energy losses in bearings
of transmission mechanisms of lifting units are determined. A method for reducing energy losses in transmission
units of hoisting installations for well repair is proposed. Experimental studies of the implementation of the
proposed method of reducing energy losses in transmission units. Dependence of power losses in the gearbox of
lifting units depending on the temperature and grade of transmission oil is established. The dependence of power
losses in the gearbox of the lifting unit of the UPA 60 / 80 A model depending on the temperature and grade of
transmission oil is obtained. The results of calculations of fuel consumption in the gearbox of the lifting unit of
the UPA 60 / 80A model with different power drives and at different temperatures of transmission oil are given.

Key words: oil and gas technological transport; hoisting installation for repair, gearbox; transmission
unit; exhaust gases; heat utilization; power.

Introduction

The oil and gas complex of Ukraine and the world together with other structures includes numerous
production units of oil and gas technological transport. Well-lifting installations for repairing wells have been
widely used in the gas and oil industries. Mobile installations for current and overhaul of wells are widely used
for repair of wells and downhill equipment and perform lifting and lowering of compressor and drill pipes, pump
rods, pumps, ropes and current-carrying cable for electric pumps, gas lifts, etc.

The purpose of technological transport of oil and gas industry is to ensure the continuous operation of the
main production by performing technological operations and transport work in the specified volumes, at the
specified time and with minimal energy costs and costs. Therefore, the problem of reducing energy consumption
for lifting plants, in particular reducing energy consumption in their transmissions, is an urgent task.

Analysis of modern foreign and domestic research and publications

Problem of improving energy efficiency is one of the main priorities of our country. And recently, under
the influence of external factors, there are radical changes in approaches to the formation of state energy policy
[1]: there is a transition from outdated models of the domestic energy sector, dominated by fossil fuels, to new
models that maximize the use of alternative non-fossil fuels and the dominance of one type of energy production
is minimized. At the same time, maximum priority is given to the use of energy from renewable sources and
increase energy efficiency [2].

In order to achieve the goals set by the state energy policy, it is necessary to minimize the energy
consumption of all facilities and equipment operated in the oil and gas industry of Ukraine, and in particular this

w Copyright © 2021 1.M. Mykytiy. This is an open access article distributed under the Creative Commons Attribution License, which
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fully applies to oil and gas technology transport as a whole and such an important its component as a lifting
installation for repairing wells [3]. These units have energy-intensive, compared to the electric drive, diesel
engines with transmissions, which requires, inter alia, the search for new ways to improve the energy
performance of power drives of hoists.

For heavy-duty well repair units, standard ultra-heavy-duty automobile chassis or ultra-heavy-duty
wheeled or tracked transport bases assembled from standard components - axles, wheels, transmissions,
gearboxes, engines, but combined with a special frame - are used. Such wheelbases, depending on the required
load capacity, have four or six axles, of which two or four are leading. The world has mastered the production of
a large number of units for the repair of wells, with a capacity of 16 tons to 350 tons on wheels and tracks [4].
The most common in terms of frequency of application is the unit of current and overhaul of wells for work with
open mouths. Lowering and lifting operations under pressure are performed much less often, so the units of
current and overhaul of wells for this purpose are much smaller. In addition, due to the complexity of pressure
operations, sometimes wells are blocked and repaired as usual. When using the same units that allow you to
perform lowering and lifting operations under pressure, a complex process of silencing can be avoided [5].

Depending on the operations performed by mobile installations, their complete set can change. So, only
for raising and lowering of pipes and rods the lifting installation is composed of the minimum number of knots.
To use the hoisting rig for drilling, power is selected for the rotor, drilling pump and flushing system, which
allows the use of the hoist for overhaul of wells. For lowering and raising electric pumps, the lift is completed
with a drum for winding the cable, and for the suspension of the rods, the tower is equipped with a special
gripper [6]. Hydraulic couplings and sometimes torque converters installed between the engine and the
transmission are used to improve the performance and control efficiency of mobile well repair installations, as
well as for more efficient pairing of drive motors in foreign-made hoists, especially large-capacity ones. In this
case the transmission is called hydromechanical [7].

Hydraulic couplings or torque converters must be used for paired drive motors in foreign-made hoists of
high capacity when operating on a single transmission. In this case, the total power transmitted to the
transmission increases due to the self-regulation of each engine speed, which is impossible with their rigid
mechanical connection. The torque converter allows you to smoothly change the speed while changing the
torque. But with increasing transformation factor, the efficiency of this hydraulic machine decreases and
decreases up to 0.60-0.65, which is a serious disadvantage of this method of regulation. To provide an even
greater range of regulation, the drive with a torque converter of mobile well repair units can also be
supplemented with a manual transmission [8].

Using of hoists for repairing wells in low temperatures entails difficulties in thermal preparation not only
of the engine, pumping equipment, compressor equipment, hoisting system, but also transmission units, due to
the high initial viscosity of the transmission oil in the cold period of a year. Many scientists have devoted their
work to the problems of efficient operation of the transmission. Both mechanical transmissions based on
automobile chassis [9] and mechanical transmissions based on tractor units [10], as well as automatic
transmissions [11] were considered.

In a number of works [12, etc.], the use of forced oil supply to friction surfaces has been proposed as a
way to reduce power losses in transmission units. Forced oil supply reduces losses depending on the number and
depth of immersion of gears in oil, however, as shown by these studies, the greatest efficiency of oil application
for rotating parts under pressure is observed from the moment of shift to stabilization of oil temperature, in
addition, this method requires preheating olives. Studies by a number of authors [13, etc.] show that the
temperature regime of car transmission units is one of the main factors influencing both power losses and the
intensity of wear of transmission mechanisms. It is established that ensuring the optimal thermal regime of the
transmission units will reduce additional fuel consumption by up to 10% and wear intensity up to 8 times.
Studies [14] show that in a month with a low ambient temperature, there is an increase in failures of the ZF
gearbox due to insufficient oil supply to the friction points.

For example, the number of failures of the front bearing of the secondary shaft increases by 33 %, the rear
support bearing - by 20 %, and the number of failures of other parts of the gearbox increases by 12 %. Thus, the
number of failures of the gearbox of this brand in general case increases by 65 %.

Based on the above data we can conclude that modern transmission oils with different viscosity-
temperature characteristics do not provide torque transmission without power loss during heating of the
transmission, and the optimal temperature of the transmission units is 303-313 K.

Coverage of previously unresolved parts of the overall problem

In general, the main energy losses during the operation of power drives for lifting wells are:

- internal losses in the transmission, determined by the efficiency of the mechanical or hydraulic
transmission;

- internal losses in the hoist system, determined by the efficiency of the hoist system;

- internal losses in the drive engine, determined by the efficiency of the diesel internal combustion
engine;

- losses due to suboptimal drilling process;
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- losses due to suboptimal operation of drilling pumps;

- hydraulic losses in pipelines and fittings;

- internal losses in the winch, determined by the efficiency of the winch;

- internal losses in the rotor, determined by the efficiency of the rotor;

- losses due to the use of suboptimal fuels for the drive engine;

- losses associated with the lack of recovery of excess heat.

Transmission of the well repair unit consists of a set of couplings, shafts, chain gears, a winch and a hoist
connected to the hook block. The number of speeds and their ratio are determined depending on the technology
of lowering and lifting operations. In a car or tractor transport base, the standard gearbox of the transport base
itself is often used as a torque converter from the engine. This scheme of lifting installation, built on mechanical
transmissions, is currently the most common in Ukraine. However, comprehensive studies on reducing energy
consumption in the transmission of hoists for repairing wells by using the heat of the exhaust gases to ensure
rapid heating of the transmission units and maintain the optimal thermal regime has not yet been conducted.

Formulation of aims of the article

The costs of operation of technological transport account for a significant share in the cost of oil and gas
products, so reducing energy consumption and cost of technological work during the operation of power drives
for lifting wells - an urgent problem for oil and gas industry.

Therefore, the aim of this article is theoretical and experimental studies of ways to improve the energy
efficiency of transmission units of hoisting installations for the repair of wells by using the heat of exhaust gases.

Mathematical model of energy release in transmission units during operation of lifting units

Analysis of kinematic diagrams of transmission units of hoists for repairing wells shows that they mainly
consist of cylindrical and bevel gears, planetary gears, different types of bearings, seals and other elements in
which there is internal mechanical and hydraulic friction and friction. rotating gears with oil bath.

Mechanical gearboxes in most cases gear less often chain with step speed control are mainly used as
transmissions and power converters for hoists for repairing wells made in Ukraine, the former CIS and foreign
production of small capacity.

A mathematical model has been developed to determine the energy Qmp.a_ generated in transmission

units during the operation of lifting units.

Calculation of the energy generated in the transmission units of lifting units is based on the determination
of the efficiency of internal friction sources and taking into account the power transmitted through the
transmission units. Based on the efficiency of the units and mechanisms that make up the unit, you can
determine the amount of energy generated in the unit, according to the formula:

Qup.a. = 2Ni -t '(1_77b.rrgv.i)v J, @

where N; — power transmitted by the i-th node of the transmission unit, Wt;
tj — duration of operation of the i-th unit of the transmission unit, s;

Np.mpi — efficiency of the i-th unit of the transmission unit.

Thus, the calculation of the internal energy release in the transmission is based on the functional
relationship between the efficiency of the nodes of the transmission units and the power transmitted through the
transmission nodes. Taking into account the fact that any transmission unit consists of elementary components
and mechanisms, each of which has its own efficiency, the assessment of energy is based on the specific design
features of the considered units.

The design of transmission units of hoisting installations for well repair is a set of cylindrical, bevel gears
and chain gears of internal and external gearing. For example, the transmission of UPA-60/80 hoists on the
KrAZz-63221 chassis (mechanical, two-band, eight-speed) consists of cylindrical spur gears (1st gear and
reverse) and cylindrical helical gears (2 - 8 gears). Primary, secondary and intermediate shafts are installed in the
crankcase sockets on ball and roller bearings.

Taking into account the design features, the total efficiency m,, ., of the considered gearboxes is
determined by the following expressions:

T](;.mp.Kn = n)z(n ’ ném ’ T]rznn ! (2)

where m,, — efficiency taking into account energy losses due to friction in cylindrical gears;
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Ngm — efficiency taking into account energy losses due to hydraulic friction in the unit;

M., — efficiency taking into account energy losses due to friction in bearings;

X, Y, Z — the number of gears, gears in contact with the oil in the transmission unit, and bearings,
respectively.

The front, middle and rear axles of UPA-60/80 hoists are a combination of one pair of bevel gears with
helical teeth and one pair of cylindrical helical gears. The leading bevel gear of the front, rear and middle axles is
mounted on two roller tapered roller bearings. The intermediate shaft of the axles is mounted on three tapered
roller bearings.

Taking into account the design features, the total efficiency of the considered main gears in the bridges is
determined by the following expressions:

T]b.mp.gn = n:n ' T]me ’ nlznn nin ! (3)

where 1, — efficiency, which takes into account the losses in the gearing of bevel gears;
X, — the number of bevel gears in gear.

Friction energy losses in gear units of transmission unit

The value of efficiency of transmission units is determined by the viscosity of the oil used for lubrication,
the gear ratios, the coefficients of friction of the gear teeth, the number of gear teeth and other factors. Typical
values of the efficiency of gears at the optimum temperature are presented in table 1. It should be noted that at
the optimum temperature the efficiency of gears reaches rather high values and provides effective work of
transmission units with the minimum losses of energy. However, operating transmission mechanisms in
conditions of negative temperatures, their efficiency becomes significantly lower. Thus, at typical winter
temperatures of Ukraine (-15 ... -10) °C at the beginning of the transmission efficiency is in the range of
0.55 ... 0.60 [9]. In the process of moving the car as the self-heating units of the transmission, their efficiency
increases after 30-40 minutes. after the beginning of the movement reaches values of 0.88 ... 0.93 [9].

Table 1
Typical values of efficiency of gears at the optimum temperature

o Average efficiency depending on the type of transmission
Transmission status N .
cylindrical, n,, conical, n,,
New 0,975 0,96
After running-in 0,98 0,97
Maximum earnings 0,99 0,98

The determining factor influencing the efficiency of transmission mechanisms is the viscosity of the
transmission oil. Due to the fact that the dynamic viscosity of the transmission oil at negative temperatures varies
widely, the value of the efficiency of the gears will also be variable. For gears whose dimensions are known, the
efficiency can be determined by the formula [10]:

nan :1_2’3Hmz "YLM (ZliiJ’ (4)

1 ZZ

where 1, — coefficient of friction in gearing;

Y. — coefficient taken into account the displacement of the gear;

71, 2o — the number of teeth of the master and slave gears accordingly.

The plus sign in expression (4) is valid for gears with external gearing, and the minus sign is valid for
gears with internal gearing.

The main difficulty in using formula (4) is the analytical determination of the coefficient of friction in the
gearing due to the influence of several factors simultaneously. Thus, in [10, 11] the following regularities of

change of the coefficient of friction are established L, :

- the coefficient of friction depends little on the material of the gears and the magnitude of the contact
stress in the gearing;
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- the coefficient of friction decreases with increasing sliding speed and rolling speed,;

- the coefficient of friction increases with increasing surface temperature of the friction pairs;

- the coefficient of friction decreases with increasing viscosity of the oil.

Thus, currently the determination of the coefficient of friction in the gearing of cylindrical and bevel
gears is carried out only on the basis of experimental dependences. A large amount of experimental studies with
transmission oils [9, 11] allowed to derive an empirical formula for determining the coefficient of friction in
gears:

umz = HO _07026 Ig'E ’ (5)

where . — the coefficient of friction of the teeth at a viscosity of 1 ° E. For transmission oil is accepted
n,.=011[8];
Eo — conditional viscosity of transmission oil in degrees Engler, E.

The translation of the non-systemic unit of viscosity of oils into the unit of kinematic viscosity v is
performed by the empirical formula [7]:

v=0,073E, — 0’263, st (6)

0

Given the fact that in the transmission units it is necessary to operate with the dynamic viscosity of the
transmission oil, it is necessary to make the transition to the appropriate units Pa - s. The solution of this problem

is carried out through the relationship of dynamic and kinematic viscosity. The ratio of dynamic m_, and

kinematic v _,viscosity of oil is characterized by expression:
4
nal = Von ’ pol 10 ! Pa - S, (7)

where p_, — density of transmission oil, kg/m?.
Taking into account the formula (6), expression (7) will take the following form:

0,063

0

N, = (0,073 -E, - j-pol 107, Pa - s. ®)

As a result of simple mathematical transformations (8) we obtain:
(0,073 E) - 0,063)- p,;-10™* =1, - E, =0 and solve the quadratic equation.

En = Ton + \/77021 + 01018:03/7 '1078
0~ —_4 .
015p,,-10

9)

Substituting (9) into formula (5) we obtain the expression for calculating the coefficient of friction in the
gear:

N+’ +0,018p2, 10"

=, —0,026l
Mmz “‘O g 0’15p0[ .10—4

(10)

Then the expression for determining the efficiency of the cylindrical transmission mechanism as a
function of the dynamic viscosity of the oil will be as follows:

n,, =1-23-p, —0,026lg

(11)

Mo +\/n§; +0’018931 -10°° ] ) 1. 1
m Zl ZZ

4+
0.15p,,-10°*

The efficiency of bevel gears is determined by the formula [14]:
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1_ Tc'nmz C.! . 1 i 1 , (12)
2 A Z

nl(l’l =

npl np2

where C — the coefficient of the duration of the gear teeth. For bevel gears it is recommended to accept
€=55[11];
Zyp1 and z,,,, —the number of consolidated cogs of the leading and driven gear.
The consolidated number of gear cogs is determined from the expression:
Z .= Z

"t cose;
where @; — the angle between the generator and the axis of the initial cone of the i-th gear.
Then expression (12) will take the following form:

(13)

T]Kn :1_ n.nms.g (COS(P]_ + COS¢2J

2 z, z
Taking into account the dependence of the coefficient of friction in the gearing on the dynamic viscosity

of the transmission oil we obtain the equation for determining the efficiency of the bevel transmission of the
transmission mechanism:

(14)

045p,,-10 2 B

2 10,018p% -10°8I .
1 1|y 0,026 Ig| T T +0018p, - C-[zl +z1 J

npl np2

Friction energy losses in bearings of transmission mechanisms

To determine the efficiency of rolling bearings, it is first necessary to analyze the design of the
transmission unit. For example, we will analyze the design of the gearbox of hoisting installations for the repair
of wells UPA-60/80. The analysis shows that the design uses ball and roller bearings with cylindrical and tapered
rollers. The efficiency of such bearings is due to rolling friction losses. The main factors influencing the
efficiency of rolling bearings include the nature of the load, the viscosity of the oil and speed.

Analytical calculation of the efficiency of rolling bearings m, can be performed according to the
formula:

N
nns :1_i’ (15)
Nbb

where N, — power supplied to the drive shaft of the transmission unit on which the rolling bearing is

installed, Wt;
Ny, — power loss in the bearing, Wt.

The power loss in the bearing is determined from a known expression:

2n-n, - M
an=#, (16)

where M, — moment of friction in the bearing, N x m;
n, -—the speed of rotation of the shaft on which the bearing is mounted, s.
The moment of friction in rolling bearings is determined from the expression [14]:

M,, =d,-P, -n,, Nxm, 17)

where dy, — diameter of a neck of a shaft under the bearing, m;
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P, —current load on the bearing, N;
K, —consolidated coefficient of friction.

The values of the consolidated coefficients of friction u,, for different types of bearings that can be in
the transmission units of lifting units for the repair of wells UPA-60/80 are given in table. 2.

Table 2
The values of consolidated coefficients of friction of different types of bearings
Bearing Type Consolidated coefficient of friction .,

Radial 0,0015...0,0025
Ball Radially stopping 0,002...0,004
Stopping 0,003...0,005
Rollin Cylindrical 0,004...0,010
g Conical 0,005...0,015

Taking into account the formulas (15 - 17), the expression for calculating the efficiency of the rolling
bearing will take the following form:

n.nb.db.Pn.unp
30N,

n,, =1 (18)

Then, for example, for the gearbox of UPA-60/80 hoists on the KrAZ-63221 with ball radial, cylindrical
roller, and roller tapered roller bearings, which takes into account the energy loss due to friction in the bearings
depending on the speed of the transmission shafts and power which is transmitted to consumers (winch, rotor,
etc.) will be determined by the formula:

mn

a b c
[y 0,0017-n, -d, - P, (1 0,0077-n,-d, - P, (1= 0,0ln-n,-d, P, . (19)
30N,, 30N,, 30N,

Experimental studies of implementation of the proposed method of increasing fuel energy

Experimental verification of the adequacy of the developed mathematical model was carried out in the
laboratory of heat engines of the Department of Road Transport of Ivano-Frankivsk National Technical
University of Oil and Gas based on the power drive of the diesel engine D21A1 (Fig. 1), which includes
measuring equipment and gearbox stand. Given that the mechanical transmission has physical, geometric and
thermal similarity, the results of the research can be extended to the gearboxes of cars and hoists.

Fig. 1. Appearance of experimental stand based on the diesel engine D21A1:
1 — converted to diesel engine D21A1;
2 — transmission,;
3 — compressor K-5M;
4 — air heating device
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Measuring complex based on a personal computer, an eight-channel motor tester, and chromel-copel
thermocouples was used to record the temperature of exhaust gases and transmission oil. One of the sensors was
installed at the outlet of the exhaust manifold (to the recuperator), the other - in the transmission units, immersed
in oil. The sensitive elements of the temperature sensors (chromel-droplets) were located in the centre of the
cross section of the exhaust pipe. The readings of the exhaust gas and transmission oil temperature sensors were
recorded continuously.

Two temperature sensors were installed in the gearbox housing to study the temperature of the
transmission oil. Sensor Ne 1 was installed in the lower layer of the gears of the first gear and reverse, sensor
Ne 2 - in the upper layer of oil near the gears of the 5th gear. The drive of the primary shaft of the transmission
was carried out from the diesel engine D21A1. The crankshaft of the diesel engine rotated by means of the
electric motor of a direct current. To do this, the standard starter of the diesel engine D21A1 was replaced by a
special DC gear motor. The motor was powered by a 14 V and 500 A power supply.

Measurement of power losses in the gearbox was performed by measuring the voltage and current on the
drive motor. The study of power losses with a manual transmission included the determination of total losses
(hydraulic and mechanical) to overcome the forces of resistance to rotation depending on the temperature of the
transmission oil. Losses in the gearbox of the car are similar to the cost of power consumed by the motor of the
installation, taking into account the power of mechanical losses lost in the drive motor. Two brands of the most
widely used transmission oils were used for research: mineral TAP-15V SAE 80W-90 API GL-3 and semi-
synthetic TM-5-18 SAE 75W90 API GL-5. The first oil is used in the oil and gas industry of Ukraine for
transmissions of hoists manufactured in the former CIS countries, the second oil - for transmissions of hoists
manufactured in the USA, Canada and European countries.

As a result of the study it was found that the power required to scroll the gearbox at an ambient
temperature of 263 K at the time of starting the engine for mineral oil TAP-15V was 902 W for semi-synthetic
TM-5-18 - 625 W (Fig. 2). Further scrolling of the transmission at 273 K led to a reduction in power
consumption, reaching 720 W for oil TAP-15V and 540 W for TM-5-18. At an oil temperature of 303 K power
losses when using oils of different grades were almost equal and amounted to 448 W and 425 W for mineral and
semi-synthetic oils respectively.

40 313
t, C T, K

30 303
\\ TAN-158

20 293

10 k \ 283

0 273

TM-5-18 \
-10 N N 263

N

0 200 400 600 800 1000 N, Wt

Fig. 2. Dependence of power losses
in the gearbox depending on the temperature
and grade of transmission oil

To verify the adequacy of the obtained analytical model in Fig. 3 were placed the theoretical dependences
of the change in power loss in the gearbox from the temperature of the transmission oil. The combination of
theoretical and experimental dependences showed that the maximum difference in the range of changes in power
losses from temperature does not exceed 6 %. This indicates a satisfactory adequacy of the obtained
mathematical model.

On the basis of the developed and confirmed mathematical model for the lifting installation for repair of
UPA 60 / 80A wells on the KrAZ-63221-04 chassis calculations for power losses in a gearbox were carried out.
The UPA 60 / 80A lifting unit on the KrAZ-63221-04 chassis can be equipped with a 176 kW (240 hp) engine or
a 220 kW (300 hp) engine. As a result of the study it was found (Fig. 3) that the power required to scroll the
gearbox at an ambient temperature of 253 K at the time of starting the engine for mineral oil TAP-15V is
14.20 kW, for semi-synthetic TM-5-18 - 9.50 kW. Further scrolling of the transmission at 273 K leads to a
reduction in power consumption, reaching 9.30 kW for oil TAP-15V and 6.95 kW for TM-5-18. At an oil
temperature of 313 K, power losses when using oils of different grades are almost equal and are for mineral and
semi-synthetic oil respectively 4.85 and 4.80 kW.
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Fig. 3. Dependence of power losses in the gearbox
of the lifting unit model UPA 60 / 80A depending
on the temperature and grade of transmission oil

We will calculate the fuel consumption in the gearbox of the lifting unit UPA 60 / 80A with different
power drives and at different temperatures of the transmission oil (Table 3).

Table 3
Results of calculations of fuel consumption in the gearbox
of the lifting unit model UPA 60 / 80A with different power drives
and at different temperatures of transmission oil
Engine / values of the minimum Fuel Fuel
Power consumption, kW effective specific fuel consumption .
; consumption
Temperature, consumption, g/(kwh) per gearbox b
K . . drive, semi- dp_er gear OXI
Semi-synthetic| \ vinoral oil | YaMZ-238BE2 | YaMZ-238VM | synthetic oil, | 4"MV& Minera
oil kg/h oil, g/h
313 4,80 4,85 0,93-1,02 0,94-1,04
273 6,95 9,30 195 214 1,36 -1,49 1,81-1,99
253 9,50 14,20 1,85-2,03 2,77 - 3,03

On the main technological modes connected with drilling and repair of wells it is possible to accept
average specific fuel consumption of 220 g/(kwWh). Values of the minimum effective specific fuel consumption
of atmospheric engines YaMZ-238VM with a capacity of 176 kW at the speed of the crankshaft of the engine
1300 min? amounted to 214 g/(kwh); nominal effective specific fuel consumption of atmospheric engines
YaMZ-238VM at the speed of the crankshaft of the engine 2100 mint — 259 g/(kwh). The values of the
minimum effective specific fuel consumption of supercharged engines YaMZ-238BE2 with a capacity of
220 kW at the speed of the crankshaft of the engine 1400 min* were equal to 195 g/(kWh); nominal effective
specific fuel consumption of supercharged engines YaMZ-238BE2 at the speed of the engine crankshaft
2100 mint — 238 g/(kwh).

Conclusions

Studies have shown that reducing energy consumption in the transmission of hoists for repairing wells by
using the heat of the exhaust gases to ensure rapid heating of the transmission units and maintain the optimal
thermal regime is quite profitable.

As a result of calculations it was established (tab. 4) that the overuse of fuel necessary for scrolling of a
transmission of the lifting installation of the UPA 60 / 80A model with various power drives at ambient
temperature of 253 K at the moment of start for TAp-15B mineral oil makes 1, 83-1,99 kg for semi-synthetic
TM-5-18 - 0,92-1,01 kg in comparison with temperature of 313 K. Further scrolling of a transmission at 273 K
leads to decrease in fuel consumption having reached 0,87-0, 95 kg for oil TAp-15B and 0.43-0.47 kg for
TM-5-18 compared to a temperature of 313 K.

Therefore, the obtained data showed that the high efficiency of heat transfer to the transmission units and
the reduction of energy consumption in the transmission can be achieved due to the differences in the
temperatures of the exhaust gases and the transmission oil. A significant stimulus for the further development of
such systems is that they determine the possibility of cumulative improvement of the characteristics of the
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vehicle on a set of indicators. Their implementation on vehicles allows to utilize waste thermal energy and
reduce fuel consumption by oil and gas technological transport.
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Muxwuriii .M. MarematnuHe MOZENIOBaHHS 3HIDKCHHS BTpaT e€Heprii B KOpoOKax mepenad
TEXHOJIOTIYHOT'O TPAHCIIOPTY HaTH Ta Tazy.

PoOora cripsiMoBaHa Ha BHpIIIEHHS MpoOJIeMH 3MEHILICHHS BTpaT eHeprii B 0Jokax mepeaadi miJioMHUX
MaIMH JJIsl PEMOHTY CBEp/UIOBUH. 3allPOIIOHOBAHO METOJ MIBUAKOTO HarpiBaHHS Ta MiATPUMKH ONTHUMAIbHOI
TEMIepaTypd B TPAaHCMICIHHMX OJOKax MiIHOMHHX arperaTiB 3a JONOMOTOI0 TeIlla BigIpalbOBaHUX Ta3iB.
IIpoBeneHo aHami3 OCOOMMBOCTEH KOHCTPYKINI mepemad MiZHOMHHUX YCTaHOBOK JUIS PEMOHTY CBEpPUIOBHH.
[IpoBeneHO IOCTIIPKEHHS B'SI3KO-TEMIICPATYPHUX XapaKTePUCTUK CYyYaCHHX TPAHCMICIHHHMX Macel Ta
TEMIIEPaTypHOTO PSKUMY B arperarax TpaHCMIcii. 3aponoOHOBAHO MaTEMATUYHY MOJETHh BHIICHHS €Heprii B
Omokax rmepenadi mix yac poOOTH MiAHOMHHAX yCTaHOBOK. BCTaHOBJIEHI BUTpATH €HEPTii HA TEPTS B IIECTEPHIX
TpaHCMICIHHUX arperatiB. BusHaueHO BTpaTh eHeprii TepTs B MiAIINITHAKAX MEXaHI3MIB Iepenadi ImigioMHIX
arperariB. 3alpOIIOHOBaHO METOJI 3MEHILIEHHS BTpaT eHeprii B OJokax mepenadi MiJHOMHUX YCTaHOBOK JJIS
PEMOHTY CBep/UIOBHH. EKcnepuMeHTanbHi JOCHIIKEHHS peanizalil 3armpolOHOBAHOTO METOAY 3MEHIICHHS
BTpaT eHeprii B 0yokax nepenadi. BcTaHOBIEHO 3aIeKHICTh BTpAT NOTYXKHOCTI B KOpOOL nepenay miJiHoMHUX
arperartiB B 3aJIe)KHOCTI BiJl TeMIlepaTypd Ta MapKu TpaHcMiciiHoro macia. OTpHMaHO 3aJIeXHICTh BTpar
MOTY>KHOCTI B KOpoOIIi epeaay migiiomuoro arperary mojaeii UPA 60 / 80A B 3ayie)KHOCTI BiJf TEMIIEPAaTypH Ta
MapKu TpaHCMiciiiHoro macia. HaBeneHo pesynbTatu po3paxyHKiB BHTpaTH NajkBa B KOpoOLi mepenad
migifomuaoro arperaty mozneni UPA 60 / 80A 3 pi3HIMH IPUBOJAMH TOTYXKHOCTI Ta MPH Pi3HUX TeMIepaTypax
TpaHCMICIIfHOTO Maca.

Koaro4oBi ci1oBa: TexHOMOTIYHUN TpaHCIOPT HA(TH i ra3y; MiAHOMHA yCTaHOBKA JJISI PEMOHTY, KOpOOKa
nepenad; OJIOK repeaadi; BUXJIONHI ra3u; BUKOPHCTaHHS TEIUIa; MOTYKHICTb.
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Abstract

The goal of the work is to develop computational and experimental approaches to determine the wear
resistance of friction units with internal contact of cylinders with slip. The scientific novelty consists in taking
into account the slip for calculating the friction path and the wear of the cylinders with internal contact and the
proposed method for identifying the parameters of the wear law based on the test results. Practical value is the
proposed methods to account load, slip and lubrication conditions on the resource for the design of friction units.
The dependences for determining the friction path for internal rolling of cylinders have been considered. The
design of an experimental setup for studying friction and wear of cylinders with slip has been proposed.
Experimental studies have been carried out: paths of friction; wear of surfaces both with a key and without a key;
the effect of lubricants on wear has been studied. The form of the wear model is proposed to determine the
effectiveness of methods for increasing wear resistance. The method for determining the parameters of the wear
law has been implemented based on the test results. The results show the efficiency of copper powder as an
additive to a lubricant. It has been established that the wear of cylinders with a key is greater than the wear of
cylinders without a key due to different friction paths. A practical example of determining the wear of a car hub
shaft using the wear patterns is presented.

Keywords: Friction Pair, Bearing, Wear Parameters, Lubrication, Additive, Suspension Hub, Laboratory
Test

Introduction

Most of the contact conditions for machine parts are internal or external cylinder contact. The internal
contact of the cylindrical parts of the shaft and the hole can be either with a gap or with an interference fit. In this
paper, machine units are considered in which a solid cylinder contact with a hollow cylinder in a different fit and
the surfaces of the cylinders roll over each other with slipping. Such machine units include: the connection of the
rolling bearing rings with the shaft; key connections; wave transmission; contact in needle bearings. The types
and mechanisms of wear of cylindrical couplings operating in rolling conditions with slip are common. The
friction path may be small for small gaps and large enough for large gaps. In the case of a small friction path
surface damage is observed in the form of fretting corrosion. In the case of a long and continuous friction path,
normal wear is observed. The definition of contact pressures is based on the contact mechanics of contact
surfaces. At the same time, not enough attention is paid to methods for determining the friction path or the
magnitude of slip in contact. The goal of the work is to develop computational and experimental approaches to
determine the wear resistance of friction units with internal contact of cylinders with slip. In this study, it is
proposed to take into account the slip values when calculating the actual friction path and the total wear of the
cylinders with internal contact and the proposed method for identifying the parameters of the wear law based on
the results of laboratory tests. The proposed approaches make it possible to determine the effect of load, slip and
lubrication conditions on the durability of the friction unit by the wear criterion.

Literature review

Much attention is paid to the study the problems of rolling friction in cylindrical tribosystems. Thus, in
[1] the effect of rolling resistance force, sample rotation speed and loading on wear is investigated. A
mathematical model has been obtained that makes it possible to predict the wear of a friction pair under rolling

Copyright © 2021 O. Dykha, O. Makovkin, S. Posonsky. This is an open access article distributed under the Creative Commons
w Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
by properly cited.
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friction conditions. The papers [2-3] study the role of the slip coefficient in the development of cracks and
fatigue life of rail materials. The results show that the slip coefficient has an important influence on the wear of
materials. The article [4] presents models for calculating the speed of the rollers of a cylindrical roller bearing. It
was found that the slip of rollers depends on the bearing design, load, shaft speed, lubricant properties and
temperature. In [5] on the basis of dynamic analysis of rolling bearings, differential equations of a cylindrical
roller bearing are established. The influence of relative slip, sliding friction coefficients and residual stresses on
the distribution of shear stresses are analyzed in paper [6]. In article [7] a bearing with turbulent lubrication is
considered. The simulation results are in good agreement with the experimental data. In [8] it is noted that the
powder lubricants are effective, despite the increased friction indicators compared to liquid oils. This article [9]
provides an equation for calculating the frictional moment of a dry lubricated tapered roller bearing, which takes
into account the misalignment of the rollers. A torque model to optimize bearing design has been developed. The
papers [10-13] consider the modeling of friction and wear during rolling with slip. Thus Numerical simulation of
single surface irregularities passing through lubricated rolling contacts during sliding is carried out in [10].
Phenomena have been found to explain how the roughness moves through the contact and lubricates it by
sliding. In [11-12] new models of rolling bearing durability are proposed. Load capacity equations have been
written for both point and line contacts. The value of the empirical constant of the ball bearing has been
determined based on the regression analysis of the experimental data. In the article [13], a method for
determining the equivalent stiffness for bearing devices with self-elimination of the gap has been implemented.
In addition, a linear model has been proposed, taking into account the effect of contact on the vibration mode and
rotor frequency. Simulations and experiments have been performed to test the effectiveness of the stiffness
identification method. In works [14-15] models of bearing wear are proposed and methods of identifying the
parameters of these models are described.

Thus, the determination of the amount of slip during rolling of cylinders is one of the important problems
of contact mechanics and tribology in general. Without knowing the amount of slip, it is impossible to simulate
the wear of rolling bearings. Known studies have not provided a calculation method for assessing the amount of
slip during cylinder contact. Taking this into account, the only correct thing is to determine the slip value only
experimentally.

Methodology for investigating slip with internal cylinder contact

The problem of describing the rolling slip process is one of the most difficult in contact mechanics. Note
that almost all variants of rolling mechanisms relate to external contact of cylinders or balls. Let us consider the
case of internal rolling of cylinders that are not connected to each other in the tangential direction (Fig. 1a).

Fig. 1. Cylinder contact during rolling

Under the action of the forces Q and T, the outer cylinder rolls along a plane. At this time, the inner
cylinder with its outer surface of radius R; rolls along the inner surface of radius R, of the outer cylinder. Let the
outer cylinder, when rolling, make a full revolution ¢=2r and point Az returned to its original position, having
passed the path S,=2nR,. During this time, the inner cylinder, when rolling along the inner surface of the outer
cylinder, will travel the path S;=2xR and will not return to the starting position A;. In this case, the point A; will
not reach the initial position by the amount of the path length AS:

As =27R, - 2nR =2nA, 1)

Next, we consider the conjugation with the gap A of the shaft of radius R1 and hollow cylinder of radius
R2, connected by internal gearing with the number of teeth z (Fig. 1b). When the cylinders are rolling internally,
the teeth prevent the cylinders from sliding as in free rolling. The friction path is distributed between the teeth.
When turning one tooth, the slip will be by the value:

s, =2nAlz. 2
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With internal rolling of the shaft over a hollow cylinder, connected by a key. This connection is similar to
the sliding of the teeth at z = 1: sk=2nA. Note that formulas (1-2) determine the total amount of slip in the
considered rolling section. In fact, there is continuous sliding throughout the entire section. Thus, it has been
found that the main role for the type and value of slippage of the coupled cylinders is played by the gap between
the shaft and the hollow cylinders.

In some cases, cylinders or shafts in machines rotate, and their surfaces roll over each other. As
mentioned above, there are two possible cases: the inner and outer cylinders are connected by a key or pin type
device; the cylinders are not connected in the circumferential direction and roll freely over each other. It is
known that both in one and in the other cases, the interaction of the cylinders is worn out. Let us consider the
method of testing for wear and identification of the laws of wear with internal contact of the cylinders.
Experimental studies were carried out on a setup, the design of which is shown in Fig. 2.

'
( _,_7'-1'
L5

Fig. 2. Experimental setup

On the basis of the installation are located: engine 1 and working unit 2, interconnected by a V-belt
transmission. The load is transmitted through the bearing 3 by means of a lever 4. The the load is controlled by
an indicator 5. The tests were carried out for two schemes of internal contact of the cylinders: connecting the
cylinders with a key and without a key (Fig.3).

Ring 4 (52100 steel) was put on the bushing 2 (1045 steel) and fixed with a pin 3 (Fig.3a). The connected
parts were mounted on the shaft 1 and fixed with nut 5. Using a ball R=2.67 mm, a hole was pressed on the outer
side of the sleeve 2 to register the amount of sleeve wear. An 1ZA-2 optical device was used to measure the
indentation diameter d. The indentation depth was determined by the formula:

h=d*/2R. ®)

Fig. 3. Working unit of the installation: a- with a key; b-without key

The difference between the initial indentation depth ho and the indentation depth after testing was taken to
be equal to the linear wear of the sleeve surface uw. The friction path of two cylinders has been determined by
the dependence:

s, = 2bnt, (4)

where b is the contact strip half-width;
n is the part rotation frequency;
t is the time of testing.
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The dimensions of the contact area with internal contact of two cylinders according to the Hertz formula:

1/2
b =1.128[9ﬂj , (5)
IER,-R,

where Q is the part load;

Ry is the outer radius of the sleeve;

Rz is the inner radius of the ring;

| is the sleeve width;

E is the modulus of elasticity of the bushing material.

The tests were carried out at two loads of 100N and 200N. To study the effect of a lubricant on wear,
three lubrication modes were used: dry contact; Fiol-3; Fiol-3 with copper powder additives (1% by weight). The
results of tests for a load of 100 N without lubricant are shown in Table 1. The tests were carried out with the
following initial data: R=2.67mm; n= 650 rev!; Ri= 35mm; R,= 35.5mm; A=0.5 mm.

Table 1
Test results without lubrication at a load of 100 N

t,min | d, mm | h,mm | uy,mm | S, mm-10°
- 1.929 0.20 - -

100 1.83 0.159 | 0.008 0.3

200 1.85 0.155 | 0.012 0.6

300 1.83 0.152 | 0.015 0.9

600 1.79 0.15 0.02 1.8

900 1.75 0.144 | 0.025 2.5

The results have been obtained similarly for different modes of lubrication and loading. The dependence
of wear on the friction path conditions is shown in Fig. 4 (Q=100N).
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-
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Friction path S, mm 10°

Fig. 4. Wear on the friction path with non-free contact of the cylinders (Q = 100 N)

Wear tests with free contact of the cylinders were carried out according to the scheme in Fig. 3b also for
two loads and three modes of contact lubrication.

The tests were carried out with the initial data: R=2.67mm; n= 650 rev!; Ri= 34.7 mm; R,= 35.7 mm;
A=1 mm. The wear on the friction path with free contact of the cylinders for various lubrication conditions is
shown in Fig. 5 (Q = 100 N).
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Fig. 5. Dependences of wear on the friction path with free contact of the cylinders (Q = 100 N)

Results of estimated wear resistance at internal contact of cylinders with slip
For the analysis of the wear of machine parts, you can use a simple wear model:

u =k c"S, (6)

where uy is the current wear;
kw, m are the parameters of the wear model determined from the experiment; ¢ is the contact pressure;
S is the friction path at wear points, determined by calculation or from experiment.

To determine the parameters of the wear law (6), it is proposed to use the obtained results of tests for
cylinder wear under various lubrication modes. The wear law parameter m is determined by the results of the
wear values and contact pressures obtained at two values of the external load: 100 N and 200 N according to the
dependence:

m = Ig(uwl / uwz)

la(c. / , ()
9(c,/o,)
where Auwi, AUy are the values of the wear of the part at various loads Q;
o is the maximum contact pressure at a given load according to the Hertz formula:
OE R v2
c=0.418 QER-R , (8)
| RR,
Wear model parameter ky:
_ uw2
K=", 5, (7)

The results of wear tests and parameters of the law of wear of cylinders for various lubrication conditions
are presented in Table 2.

Table 2
Results of studies of cylinders wear with slip

With key Without key
Lubricant . Fiol-3 . Fiol-3

Dry | Fiol-3 + bronze Dry | Fiol-3 + bronze
b (100N), mm 0.23 | 0.23 0.23 0.16 | 0.16 0.16
b (200N), mm 0.32 | 0.32 0.32 0.23 | 0.23 0.23
Seoo(100N), mm-10° | 2.7 | 2.7 2.7 1.87 | 1.87 1.87
Se00(200N), mm-10° | 3.75 | 3.75 3.75 27 | 2.7 2.7
G100, MPa 15 19.5
G200, MPa 199 285
m 184 |2 2.04 1.8 | 1.76 1.78
Kw, MPa1-10° 18.4 | 8.85 7.2 7.1 4.3 3.52
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Thus, in contrast to the known approaches, a theoretical and experimental method is proposed for
determining the wear of cylinders with internal contact, taking into account the friction path from the slip value.
A method for identifying the parameters of the wear law based on the results of laboratory tests is also proposed.
For the further development of ideas about the mechanism of slip, it is necessary to carry out experiments to
determine the slippage of uncoupled cylinders and to study experimentally the influence of interference and
clearance on the amount of slippage and wear.

The task is to determine the wear of the hub shaft in the connection of the rolling ball bearing of the
suspension hub of the vehicle. The initial data: load on one wheel is 3000 N; diameter of the bearing ring is d=34
mm; ring thickness is 5 mm; the clearance A = 0.05 mm. The slip in the contact is taken to be equal to the value
of the relative clearance: y=A/R=0.003. The friction path in one wheel revolution: S1=2nR v =0.32. With a
wheel diameter of 500 mm, the wheel makes an 640 revolutions per 1 km of run. Then the friction path for
100,000 km of run will be: S=0.32-640-100,000=2.05-107 mm. The calculation of the hub shaft wear was carried
out to the formula (7). Two modes of lubrication were considered: Fiol-3 and grease with copper powder. The
parameters of the wear (7) were taken from Table 2. The contact pressure was taken to be 5 MPa. The results of
calculating the wear of the hub shaft are shown in Fig. 6.
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Fig. 6. Dependence of the hub shaft wear on the vehicle resource

The calculation results show the efficiency of using copper powder as an additive to a lubricant.

Conclusions

Developed a test procedure for wear during internal rolling of a cylinder.The developed technique is used
to assess the effectiveness of lubricants and additives from bronze powder to increase the wear resistance of the
interface. As a result of tests, it has been found that: wear of cylinders with a key is 1.35 times more than the
wear of cylinders without a key, which is explained by a correspondingly large friction path; lubrication with
Fiol reduces the wear of the joint by 1.81 times; lubrication with Fiol with the addition of bronze powder reduces
wear in comparison with lubricant without the addition of additives by 1.2...1.8 times; the overall reduction in
wear when using Fiol with bronze powder is estimated 2.3...2.1 times.
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Hduxa O.B., MakoBkin O.M., [loconceknii C.®. Brumue 3mairyBaHHs Ha TEPTS Ta 3HOC MiANIUITHUAKIB
KOYE€HHS aBTOMOO1IA

Mertoro poboTH € po3pobKa OOYHMCIIOBAIBHOTO Ta EKCIHEPUMEHTAIBHOTO MiJIXONIB A BU3HAYCHHS
3HOCOCTIMKOCTI arperaTiB TepTs 3 BHYTPIIIHIM KOHTaKTOM LMJIIHAPIB i3 KOB3aHHAM. HaykoBa HOBU3HA mossirae
y BpaxyBaHHI KOB3aHHS JJIS PO3PaXyHKY IUIIXy TEepTs Ta 3HOCY IWJIHIAPIB i3 BHYTPIIIHIM KOHTaKTOM Ta
3aIPONOHOBAHOTO METOAY BH3HAYCHHS NAapaMeTpiB 3aKOHY 3HOCY 3a pesyibTaTaMH BHIpoOyBaHb. [IpakTnduHe
3HaYCHHsS MAIOTh 3AIPOIIOHOBaHI METOIY BIUIMBY HaBaHTA)KCHHS, KOB3aHHS Ta YMOB 3MAalleHHS Pecypcy UL
NPOCKTYBaHHS arperatiB TepTsA. PO3IIAHYTO 3aJIeKHOCTI Ul BU3HAYCHHS LUIAXY TEPTA Ui BHYTPILIHBOTO
KOYEHHS LIIHAPIB. 3alpOIOHOBAHO KOHCTPYKLIIO ESKCHePHMEHTAIbHOI YCTAaHOBKHM IUISl BHBYCHHS TEpTS Ta
3HOCY IIIIHAPIB i3 KoB3aHHAM. [IpoBeneHi eKCiepuMeHTaNbHI JOCHTIPKEHHS: XY TePTS; 3HOCY MOBEPXOHb
K 13 IINOHKOI, TaK i 0e3 MINOHKM; BUBYECHO BIUIMB MAaCTHJIBHUX MaTepiaiiB Ha 3Hoc. Dopma moneni 3HOCY
NPOTIOHYETHCS ISl BH3HAUYEHHsS €(EKTHBHOCTI METOIB MiJABMIIEHHS 3HOCOCTIHKOCTI. 3a pe3ysibTaTamMu
BUIPOOYBaHb pealliz3oBaHO METOJI BU3HAYCHHS MapaMeTpiB 3aKOHY 3HOCY. Pe3ynbTarn nokasyors epeKTHBHICTD
MIJIHOTO MOPOIIKY 5K JOOAaBKM 10 MacTHIbHOTO Marepiaiy. BcTaHOBJIEHO, IO 3HOC IIIHAPIB 13 KIIOYEM
OlnbIIMiA, HDK 3HOC LWIIHAPIB 0e3 KIoYa dYepe3 pi3HI HUIIXH TepTs. HaBeneHO NpakTUUHUN TPHUKIAA
BU3HAYCHHS 3HOCY Bally BTYJKH aBTOMOOLJIA 32 IOIOMOTO0 Ia0JI0HIB 3HOCY.

KnrouoBi ciaoBa: mapa TepTs, NiIIUIMHKUK, NapaMeTpH 3HOCY, 3MalleHHs, no0aBKa, IiJBICHA BTYJIKA,
nmabopaTopHe BUIPOOYBaHHS



