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Abstract

Based on an investigation of how entropy generation depends on material and tribological characteristics,
it was found that the wear rate of a sliding bearing operating under elastic and elastoplastic contact conditions
exhibits a nonmonotonic relationship with the surface dislocation density. Specifically, at relatively low
dislocation densities, wear intensifies as this parameter increases, whereas in the high-density regime, further
growth leads to a reduction in wear. A mathematical model describing entropy generation arising from the
interaction between lubricant molecular dipoles and dipoles induced by fluctuations in surface dislocation density
has been derived. The results demonstrate that the component of wear associated with this mechanism of entropy
production decreases as the dipole moment of the lubricant molecules increases.

An additional analysis focusing on the influence of material parameters on entropy generation shows that
bearing wear intensity rises with increasing surface dislocation density. An analytical expression for entropy
production due to fluctuations in surface dislocation density has been obtained.

It is also established that, for the crankshaft sliding bearing of the DZk-250 motor grader operating under
elastoplastic contact conditions, the wear intensity follows a similar trend: it increases with growing surface
dislocation density in the low-value range and decreases when this parameter reaches higher values. Furthermore,
an equation describing entropy generation during the interaction between lubricant molecular dipoles and dipoles
associated with dislocation density fluctuations has been formulated.
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Introduction

It is known that friction is a dissipative process that causes destruction and structural changes in the layers
of rubbing bodies. The study of these processes is complicated by the lack of information about the physical and
chemical properties of the surface layers, which are directly exposed to high deformation rates, significant
temperature gradients, and force effects, so creating an adequate model of friction and wear is a challenging task.
Studying friction and wear processes for specific systems operating under varying mechanical and thermal
conditions is even more difficult.

Let us consider a plain bearing installed in the engine of a motor grader DZk-250 as such a system.

Literature review

In [1], it is shown that the value of the wear intensity of a sliding bearing in elastic and elastoplastic contact
is determined by the expression
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where C, =0,1216°2,6° ' p, — nominal pressure; 7, — shear resistance; 0 = g Kirchhoff elastic

constant; # — Poisson's ratio; K — coefficient close to three; f — friction coefficient; ¢ — friction fatigue curve

indicator; o, — fatigue fracture stress; «,, — hysteresis loss coefficient.

The latter value is determined by the ratio of energy loss (dissipation) per unit volume per cycle (period)
AW,_ to the maximum elastic energy density of the system [2].
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During plastic deformation, energy dissipation is described by the dissipative function [2]
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where o; — dissipative stress tensor; e; — plastic strain rate tensor.

It is evident that the integral value of the dissipative function over a period 7 is equal to the energy loss
over this period, i.e.

AW, = j Ddt . (4)
0

The value of the maximum elastic energy density is [3]
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where o, — maximum stress; e, — maximum relative strain.
Then, according to expressions (2), (4) and (5)
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Since the dissipative function D and entropy production p, are related by the relation D= p T' (where T

— 1is the temperature), we obtain the expression of the hysteresis loss coefficient through entropy production:
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Purpose

The purpose of the study is to establish the relationship between the values that determine the entropy
production in the surface layer of the crankshaft sliding bearing of the DZk-250 motor grader and its wear
resistance.

Summary of the primary material
Let's consider the role of entropy production in the friction and wear processes of a sliding bearing.

As shown in [3], during the movement of dislocations, plastic deformations are created in the surface layer,
which causes entropy production
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where o, — tangential stress; b — value of the Burgers vector; y — surface density of dislocations; £ —

Boltzmann's constant.

According to [4], the second reason for entropy production in the friction layer is the attenuation of surface
acoustic waves (Rayleigh waves) on the dislocations of the surface layer. As shown in [4], the Rayleigh wave flux
density at a distance z from the surface is determined by the equation

J,.=27-0,-0,uy-n -exp(—2a-z) )

where o — absorption coefficient; U, — Rayleigh wave velocity; o, — wave scattering cross-section; n, —
concentration of surface inhomogeneities.

In the resulting equation, the surface tangential stress o, depends on the coordinate z , which corresponds
to numerous experimental data summarised in [1] and can be represented as

Gr =O-r0+%/1R (10)

where o, — is the tangential stress on the friction surface; A, — is the length of the Rayleigh wave, which
is the interval of localisation of the wave field along the axis z .

Substituting (10) into (9) and taking into account that at large obstacles compared to the wavelength of the
wave, the cross-section of the wave scattering o, is proportional to the fourth power of its frequency, we can

represent (9) in the form

Jy. = 2760 N0, Ay [L + 1 de, jexp(—20{2) ’ (11)
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where ¢ — is the proportionality coefficient between o, and @’ .

The expression shows that the energy flux density of a bulk wave arising during the scattering of surface
GZ‘
zZ
associate the thermodynamic force. Let us define the thermodynamic force corresponding to the volume wave
flux density X, corresponding to the volume wave flux density, using the relation

Rayleigh waves is proportional to the gradient of the tangential stress value , with which it is natural to

_1do, (12)
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Then, taking into account that the entropy production is equal to the product of the flow density and the
corresponding thermodynamic coordinate, we find the entropy production caused by the absorption of elastic
waves by dislocations (taking into account the smallness of the second term in the brackets of Equation (11)
compared to the first):
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We will assume that the average value of entropy production in the wave field localization layer is close to
its value at the point z=4,/2, i.e.

4
D Uell exp(—ale)%
zZ

(Po)=27 (14)

The absorption coefficient « in the latter equation is mainly due to dislocations and, according to the
Granato-Liicke-Koehler dislocation string model [5], is
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where @, — is the natural frequency of oscillations of the dislocation strings; A, —is a constant of the order
of unity; d, — is the attenuation coefficient of the dislocation strings; G — is the shear modulus; C, — is the shear
modulus; - is the propagation speed of transverse acoustic waves (transverse sound velocity); 7° = 2C? .

Substituting this expression into (14), taking into account the value of 7”, and the fact that the Rayleigh

Ug

wave length A, = 2 and velocity u, are not much different from the longitudinal wave velocity,

C, (uy #0,9C,), we obtain
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Substituting expressions (8) and (16) for entropy production into equations (1) and (7) and taking into
account that in the stationary mode, none of the values under the sign of the integral is time-dependent, and

T
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Idt =—, we obtain the following equation for the wear rate of a plain bearing under elastic contact:
@
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The equation shows that under conditions of elastoplastic contact, the wear rate of a sliding bearing
increases with an increase in the surface density of dislocations y at low values and decreases in the region of
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large values y . It should be borne in mind that the first term in equation (17) is due to the movement of

dislocations, which is possible at their low density, which is possible only at the initial stages of running-in, while
the steady-state mode is characterized by higher values of y and the consolidation of dislocations, and therefore

this term in the equation turns to zero.

However, elastic deformation is not the only and by no means the dominant factor that determines the wear
process in a plain bearing. According to [6] and [7], the intensity of wear depends to a large extent on the interaction
of lubricant molecules with the friction surface. The molecular dipoles that make up such lubricants and are located
in the sliding bearing gap are exposed to the electric field created by dislocation fluctuations and interact with the
friction surface using electrostatic image forces.
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Within the framework of the model of interaction of molecular dipoles with fluctuating dislocation
moments, the physical mechanism of the anti-wear effect of lubricants and additives is the adsorption of lubricant
molecules by the surface of the friction unit and blocking of dislocation nuclei by lubricant molecules, which leads
to a decrease in the electric fields they create, at least to the quadrupole approximation and a reduction in the
interaction between friction surfaces. Based on the analysis of the data presented in [6] and [7], the following
expression can be obtained for the average value of entropy production caused by the interaction of molecular
dipoles with dislocations in the volume of the friction surface layer:

Now let us determine the total entropy production in the surface friction layer containing the deformed
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layer and the adsorbed layer by summing the terms p_, , < pﬂ) , < ps3> , defined by equations (8), (14), and (18),

and taking into account the small weight of the term p_, at large values of y
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In [8], it was shown that entropy production p, is related to the specific friction force o, by the ratio

_Ot
o hT

P (20)

where u — relative speed of movement of the tribological surfaces; # — thickness of the surface friction
layer.

Although there is no unambiguous relationship between the friction force and the wear rate, a correlation
was established in [9], which, taking into account Equation (20), can be used to obtain the following equation for
the wear rate:
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where n, — is the surface density of contact spots; R; —is the average profile deviation; A4, — is the area
of a single contact; o, —is the real tensile strength; <0'1> — is the average value of tangential stresses; m, —is the

mass of the molecular dipole.

Let us analyze the results obtained. First of all, it should be noted that the conclusions drawn from the
analysis of the above models are fully relevant to the operating conditions of sliding bearings, i.e., they relate to
the transitional between hydrodynamic and boundary friction regimes, when the thickness of the lubricating layer
is large enough to allow for the movement of molecular dipoles of the lubricant in it. As can be seen from Equation
(21), the wear rate depends most strongly on the surface concentration of material inhomogeneities whose
dimensions exceed the Rayleigh wavelength (they do not include dislocations whose line lengths are usually less
than the wavelength), the area of contact spots, and the surface density of dislocations. The effect of the dislocation
density on the wear rate is manifested in a decrease in the wear rate with increasing dislocation density, since the
exponential decline is much greater than the increase according to the law of »”"*. A similar dependence is

observed in the wear model described by equation (18). The physical reason for this increase is associated with
crystal hardening and increasing dislocation density. The dependence of the wear intensity on the tangential stress
gradient o, corresponds to the gradient rule of I.V. Kragelsky [1], according to which the condition must be met
in the tribunal grad o, >0 . This condition follows from equation (16), which is part of the structure of equation
(21), as a consequence of the non-negative value of entropy production. Equation (21) implies a decrease in the
wear intensity with an increase in the dipole moment of the lubricant molecules, which is inherently associated
with blocking fluctuating dislocation dipoles by molecular dipoles.

Conclusions

1. Entropy production in friction contact is caused by the movement of dislocations (at their relatively small
concentration of the order of 10" —10"x) and the attenuation of elastic waves on dislocations, the latter
mechanism playing a more significant role in the steady-state friction regime. The non-negativity of entropy
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production caused by the latter factor implies the necessity of a positive tangential stress gradient in the friction
layer, which coincides with the well-known ‘gradient rule’ of I.V. Kragelsky.

2. Based on the analysis of the dependence of entropy production on material and tribotechnical parameters,
it was found that the intensity of sliding bearing wear in elastic and elastic-plastic contact increases with the

increase in the surface density of dislocations 7 at low values (of the order of 10" —10"° %) and decreases with
an increase y in the region of large values of this value.

3. The equation for the entropy production in the process of interaction of molecular dipoles of the lubricant
with dipoles caused by fluctuations in the surface density of dislocations is obtained. It is shown that the wear
intensity caused by this component of entropy production decreases with an increase in the dipole moment of the
lubricant molecules.

Further studies of the wear intensity of sliding bearings are advisable to determine other entropy production
components that affect the friction and wear processes of crankshaft sliding bearings of a motor grader DZk-250.
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Myxin O.B., Opex O.B., Xonoxos A.Il., KpaBens A.M., @enopsauenko C.0O. B3aeMo3B’ 30Kk Mix
IHTCHCUBHICTIO 3HOIIIYBAaHHS MiANIUITHUKA KOB3aHHS Ta MAaTEPiaJbHUMHU XapaKTCPUCTHKAMU MMOBEPXOHb TEPTS y
Ba)XKOHABAHTAXXCHUX MEXaHi3Max OyIBEJIbHUX 1 JOPOXKHIX MaIIIVH.

3anponoHOBAaHO PIBHSIHHA JJIS OMHCY MPOIECY YTBOPEHHS EHTPOIIi I Jac B3aeMOJii MOJEKYISIPHHUX
JTUTIOJNIB MAaCTHJIFHOTO MaTepiaiy 3 JUITOJIIMH, BUKIUKAaHAMH (IIYKTYaIliiMHU IIOBEPXHEBOI T'yCTHHH TUCIOKAIIIN.
BceranoBneHo, mo 30UIbIIEHHS IHIIOJFHOTO MOMEHTY MOJIEKYJl MACTHIIA CIIPHSE€ 3HWKEHHIO IHTEHCHBHOCTI
3HONIYBaHHS, OB’ S3aHOI 3 II€F0 CKIIaI0BOI0 CHTPOMIITHOTO BUPOOHHIITBA.

JocmimkeHo, Mo iHTEHCUBHICTh 3HOUTYBAHHS ITiIIMITHAKA KOB3aHHA KONIHYACTOTO Bajly aBTOTpeimepa
J3k-250 y pexxumi IpyKHO-IUITACTHYHOTO KOHTAKTy 3aJICKHUTH BiJl IMOBEPXHEBOI TYCTHHH AMCIIOKAIliii: BOHA
3pOCTae 3a HU3bKHUX 3HAUCHb I'YCTUHH Ta 3MEHIIY€EThCS Y Pasi Il BUCOKUX 3HAUCHb.

Kawu4oBi cjoBa: MiIIIMIHWK KOB3aHHS, CHTPOIs, JUCIIOKAIls, MACTHUJIO, KOHTAKT, IHTCHCHBHICTh
3HOLITYBaHHS



