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In the process of tribo units friction and wear, structural adaptability of materials occurs. The structure and proper-
ties of the surface layers are formed, that ensure minimization of friction forces and a tribo unit wear rate. Thus, two phe-
nomena occur at the same time: structural adaptability of surfaces and structural adaptability of oil, i.e., complex structural
adaptability can be observed. Considering the tribo coupling as a dynamic dissipative system, in which the energy of the
macro mechanical movement is degraded, entropy is created.

Based on the analysis of the equation for the production of entropy, the conclusion was made about degradation of
the structure of the substance. This fact can be interpreted as information about the secondary structures in the process of tri-
bo unit adaptation.
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Introduction

In the course of tribo units friction and wear, structural adaptability of the materials involved in these
processes occurs. Thus, in the process of work the geometric characteristics of the contact change. This is ob-
served in the initial period of operation of the tribo unit during the run-in, when the frequency of the surface be-
comes optimal with time [1, 2, 3], which ensures minimal losses due to friction and wear (micro geometric
adaptability of surfaces).

Simultaneously, the structure and the properties of the surface layers are being formed, that minimize
the tribo coupling’s friction forces and a wear rate. Based on the consideration of general laws of friction and
wear, B. I. Kostetskyi [4—6] constructed a theory of structural-energetic adaptation (structural adaptability) of the
friction surface during mechanical and thermal processes. According to this theory, there is a certain range of
loads and speeds of movement for all materials and environmental conditions, at which the normal course of me-
chanical and chemical wear occurs. At the same time, the structure of the surface layers acquires the greatest
strength and resistance to physical and chemical effects for these conditions. Such structures were called second-
ary by B. I. Kostetskyi.

When the cleanliness of the surfaces, the structure and properties of the surface layers become optimal,
the run-in process finishes, after which the friction force and the wear rate stabilize. In this case, the tribo cou-
pling is adaptive to the conditions of friction, i.e., it is as close to the steady state as possible.

Similar processes of structural adaptability are also characteristic for lubricating oils. It is known [1, 7,
8] that oil is intensely oxidized in the initial period of its usage, which is followed by generation of polar-active
components capable of creating a strong adsorbed boundary film on the friction surface that reduces wear. With
an increase in temperature for any reason, the stability of the boundary films decreases [9], they are desorbed and
that results in a wear increase. However, together with increasing the temperature, the generation of polar-active
components, which form secondary boundary films under these conditions, also increases. As a result, the pro-
cesses of friction and wear stabilize again. Under certain conditions, in the absence of boundary films, self-
generated organic films may be formed, discovered by M. V. Raiko in gear drives [10].

At the same time, in the initial period of work, the content of mechanical impurities is rapidly increasing
in the oil, which can reduce friction and wear due to the separating action. The essence of this phenomenon is
that with the discrete contact of surfaces through particles, which reduce electrostatic wear [11], the sizes of me-
chanical impurities, as a rule, enhances the thickness of the boundary oil films. The abrasive action of the surfac-
es disperses these particles, bringing them in size to the thickness of the oil film. This helps to increase the ad-
sorption activity of particles, the formation of a protective layer from oxidation products on them, which leads to
an increase in the anti-wear properties of the oil. The formation of particles of the adsorbed film is the act that
characterizes the adaptability of the oil to the conditions of friction.

Besides, mechanical particles provide self-regulation of the antifriction surface separation, which means
that suspended particles contained in the oil are continuously destroyed and extracted. They partly go along with
the oil to the combustion chambers of the engines or go away with leaks in the leakiness of hydraulic systems,
being selected by filters. However, as soon as their amount becomes insufficient to provide a separating action,
the surfaces begin to contact directly by micro ridges, which leads to the emerging of new particles.
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When the amount of polar-active and mechanical impurities for specific conditions of friction becomes
sufficient to ensure minimal forces of friction and wear, the processes of oxidation and accumulation of impuri-
ties are stabilized.

The whole complex of products formed in the oil is a result of their “run-in”, i.e. structural adaptability,
which can also be considered as a phenomenon of formation of secondary structures in the oil.

Meanwhile, oils are less stable in their properties than surfaces. Therefore, after a certain period of time,
the properties of oils deteriorate due to the action of additives, changes in viscosity, etc. Replacing waste oils
with fresh ones requires again their adaptation to conditions of friction, i.e. the need for re-running the oil.

Thus, the following two phenomena occur simultaneously in the tribo coupling: structural adaptability
of surfaces and structural adaptability of oil, i.e. complex structural adaptability can be observed [12]. While
theoretical studying this phenomenon, we will consider the tribo coupling as a dynamic dissipative system in
which degradation of energy of macro mechanical movement is realized, i.e. entropy is created. According to the
model of L. Yu. Bershadskyi, the tribo system includes excitatory volumes of materials of the friction surface
and the lubricating layer, in which positive entropy production is realized through any mechanisms.

The purpose and problem statement

The purpose of the work is to establish the influence of physical and mechanical parameters (thermal
conductivity, force of friction and magnetic susceptibility) on the structural adaptability of tribo couplings to
friction conditions and intensive wear.

Presentation of research materials

Since a general theory for various types of tribo couplings can hardly be constructed, the thermodynam-
ic method of studying various types of friction is of particular interest. The principle of the minimal energy dis-
sipation, formulated by L. Onsager, should obviously be considered the most common method of this kind,
which was generalized by 1. Prigozhin as the principle (theorem) of the minimum entropy production, according
to which when a system approaches a steady state under given constant conditions at the boundary of the system,
entropy decreases and takes the minimum value.

We define the entropy production as:

- d’S
dt-dv-

With linear relationships of a thermodynamic flux, which in this case can be understood as densities of

fluxes ]l , and thermodynamic forces X, the volumetric density of entropy can be represented as:
§=>7-X,. (1)
To calculate production of the entropy in a tribo unit, first we write down the first law of thermodynam-

ics for a unit of volume of a tribo unit located in an electric field E , caused, for example, by a contact difference

of potentials, and also in a magnetic field H:

~ - 1 o -
TdS = dU - Fd (5] —pdn—dPE —dp o~ Hdl . @)

1 —
It is easy to show that the value E is a displacement d/ related to the physically infinitely small volume

1 dl
AV — 0 of the wear-prone substance, i.e. d (—j = —— . The introduction of this value was the result of

QJ aV
averaging over the volume of the energy characteristics of the whole tribo unit.
Therefore, equation (1) is a local basic equation of thermodynamics with respect to the wear-prone sub-
stance, which is located in the tribo unit (the zone of intense wear). Let us present the density of internal energy

(j in the form:

U=U,+U,+U,, +U,. 3)
Where:
- 100 ~ g, B n H’
U,=c¢,T; c,=—|—=| ; U, =—2—+2 .
e V(@T]V B 2
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The value U » can be expressed in terms of the integrated density of the electromagnetic radiation flux using the

modified formula of N. Umov:

~ C
R=U,—,
4
taking into account the law of Stefan-Boltzmann:
U,=—acT",
C
where o <1 is the absorption coefficient.
Denoting 4a/c = [} we receive:
U s =BoT ‘ C))

Now let us try to receive expressions for the extensional derivative of entropy S .

The linear relationship between the density of fluxes ]l and thermodynamic forces X, is assumed in

accordance with expression (1).
Due to the fact that the choice of fluxes and thermodynamic forces is not in principle unequivocal, we
will agree on their choice, in accordance with the equations:

X . =grad (a—S] (5)
OX,
-~ Ox
—divj, =—. 6
1y ot (6)

ox;
We keep in mind that for a standard state, a—l should be understood as the density of the source g, of
t

the corresponding generalized force in accordance with the continuity equation:

B g+ (7)
r Ji T 4o-

We first determine the thermodynamic force X, v corresponding to the internal energy U , for which,
on the basis of equation (5), we differentiate (1) by U :

- oS 1 1
X, =grad [%] = grad (?] =7z gradT. ®)

The density of the internal energy flux corresponds to this thermodynamic force:
jU :jn +jQ +jE,H +ja>-
Assuming that in the steady state there are no sources of internal potential energy, i.e., j, =0, we
have:
jU :jg +jE,H +j(i)'
The expressions for the density of heat fluxes jQ , electromagnetic field jE’ y and thermal electromag-

netic radiation j® are known from the laws of Fourier, Poiting (more precisely, the expressions for the Poiting

vector) and Stefan-Boltzmann respectively

Jo=—vgradT, (9a)
Jew = E.H |, (9b)
]ib = OLGT4%0. (9¢)

Let us show on the example of the Poiting vector that its expression (9b) is a consequence of (6).
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In fact, in accordance with (6)

. dU
—divj, ; = d‘jf’ .

dx,
However, since in the steady state 71 =0, then, as follows from equation (7):
t

divj'l. =q,. (10)
As the density g, of the source of the electromagnetic field, the following value should be understood:
0 eE> wH’
9den ==, | 5 T 57 |
ot 2 2
Then in accordance with expression (10):
0(e,E>  wH’ _0E -0H _oD , 0B
S (BT g, H = H

divj, , =— ity & ey
Wex ar[ 2 2 ot ot ot

D B
We will find derivatives — and — from the Maxwell's equation, neglecting the conduction current com-

pared with the bias current due to the low electrical conductivity of the oil film:

rotH :d—D;rotE = —d—B .
dt dt
Then:

dz’vjE’H = ErotH — HrotE .

We rewrite the last-mentioned equation using the operator V.

Vien= E[?,ﬁ,]—ﬁl[ﬁj].
Performing a cyclic permutation in the mixed products of vectors, we receive:

V5 V[ HE|-V[EH].
Exchanging the positions of E and H in the first component of the right part, we have:

Vijen = —?[E,FI]—?[E,FI] = —2?[}?,}7],
Whence it follows that:
Jew=—2|E.H]|
The Poiting vector coefficient 2 arose due to the fact that each of the variables of macroscopic fields

E, H creates an electromagnetic wave. If only one of these fields is present, the coefficient 2 is absent. The
minus sign in the resulting expression provides nonnegativeness of the scalar products of negative thermody-
namic (8) by the value of also negative flux density, which ensures non-negative value of entropy production.
For the same reason, the vector of density of the radiation flux should also be a negative value, which in princi-
ple could be shown as strictly as that for the Poiting vector, stipulated by the variable macroscopic fields.

With this circumstance in mind, equation (9) can be rewritten as follows:

Jo =—vgradT, (11a)
Ton =—2[E,Fl], (11b)
jd, = acT“?o. (11c)

Let us get onto the definition of thermodynamic forces and fluxes of other thermodynamic values.

First, we define the expression for the thermodynamic force X, causing the flow of particles

. dN .
= ad

Assuming the value of the generalized coordinate X y = 7 in equation (5) and taking into account (1),
we receive:
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X, =—grad Bl
T
neglecting effects similar to thermal diffusion it can be written:

0 - —(grad p) .
T

The effective chemical potential is defined as:

H= _F[a(l/m)/d”]g,&,p...'

It is easy to show that for a zone of uniform wear this value is equal to L = _B.
ny
Given that only the concentration 7 of particles of wear and other impurities can be a function of the
coordinates, we find the final thermodynamic force responsible for the flow of particles:
i
=— gradn. (12)
Q

N TR

—

It is also easy to show that the density of the of particles flux jN is related to their concentration #, the
value of wear J and the rate v of displacement of the tribo coupling surfaces by the relation:
j,\, =nlvi,. (13)
In the presence of charged particles in an electric field F, electric current arises in the gap of the tribo coupling,
whose density is determined in accordance with Ohm’s law in a differential form by the expression:
7 =0,
Since E = —grad¢, then:
jq =—0c,grade. (14)

The thermodynamic force generating this current in accordance with equation (5) and taking into ac-
count (1), has the form:
X, =grad 0s :_grad(p .
op, T
In the presence of an electric field gradient, in the gap of the tribo coupling there occurs a flow of mo-
lecular dipoles with the density of:

(15)

. 16
=" qar (16)

The minus sign reflects the fact that when a dipole moves in a non-uniform field, its dipole moment, di-

Fi _%f

rected from a negative charge to a positive one, is antiparallel grad ‘E ‘ .

The magnitude of the dipole current can be easily expressed through polarization P , for which the nu-
merator and denominator of relation (16) are multiplied and divided by the value d/ of the displacement of the
dipole in the electric field during the time d.

. d*[Xpldn d*|Z p, d|X p,
Goo-LlZpldh,  dZpldh,  dZp)| pl|Up%d ——PU 3, (a7)
dQdtdh dQdh dt dv
where U p = is the speed of movement of the dipoles in the electric field.

dt
Since in the steady state the speed of the dipoles U » does not change, we can enter the mobility of the dipoles in

the same way as it is done for free charges.
Let us assume that a dipole, moving under by a force F' = ( f)grad) E =(pV)E , is acted upon by a

resistance force /. proportional to its speed U oo ie.

Fc:—rUp.
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Assuming that the dipole moves along the field gradient at a constant speed U > We can write:

(f)grad)E—rUp =0
then the speed of dipoles is:

Up =$grad‘E‘. (18)

The coefficient P _ bp will be called the mobility of dipoles by analogy with the mobility of charges
r

moving in an electric field.

We now note that the polarization P of the dielectric is related to the field density E inside the dielec-
tric by the formula:

P=xFE. (19)
Assuming that the dipoles move in such a way that p is antiparallel to grad‘E ‘ , expression (17) can

be written as:

7, =(PU,)% =-|P|0, [ (20)
Substituting relations (18) and (19) into (20), we find the final expression for the flow of dipoles:
]p =-xb, ‘E‘grad‘E‘. (21)
Now we define the thermodynamic force X » that creates this flow:
- oS 1 .
X, =grad| — |= ——grad‘E‘. (22)
oP T

In a similar way, we determine the flux density of magnetic dipoles ]m and the thermodynamic force

X,, that creates this flux. Formally, this procedure is reduced to substituting the dielectric susceptibility 2z by

magnetic susceptibility 2, , the mobility of the electric dipoles bp by the mobility of the magnetic dipole mo-

ments /1, , the electric field density E by the magnetic field strength H and grad‘E ‘ by grad‘f? ‘ In equa-

tions (21) and (22).
In the latter case, the symmetry is broken, since the strength characteristic of the magnetic field is its

induction B , and not strength H.

Then the expression for the density of magnetic dipole flux ]m and the corresponding thermodynamic
force X »n Will have the form:

]m =-u,b, ‘ﬁ‘ grad‘é‘ ) (23)

It should be borne in mind that the flux density vector of magnetic dipoles can be directed both parallel
to the field gradient and antiparallel to it, since 2z, can be both greater and less than 0 (the latter case occurs for
diamagnetics).

Considering that B =L, (l +r, ) H | expression (23) can be represented as:

Jn=-2,(1+x,)b, ‘Fl‘grad‘ﬁ ) (23a)
a thermodynamic force corresponding to flow ]m :
. 1 .
X, :—?grad‘H‘. (24)

Now you can write expressions for the volume density of entropy production, substituting expression
(8), (11a, b, ¢), (12 - 15), (21 - 24) into equation (1):
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(ygradT+2[E HJ+OLGT4TO)—Tﬁgradn+

S gradT
T’

(25)

%0 (arado)’ + 2, | erad ) + (14 5, ), ] a7

Conclusion

The obtained expression for the volumetric density of entropy production allows to conclude that when
approaching a steady state, the structures are found in a tribo coupling which are characterized by reduced ther-
mal conductivity, friction forces and magnetic susceptibility.

Indeed, thermal conductivity is decreased due to depreciation of friction surfaces, and a decrease in
electrical conductivity and viscosity (in the case of viscous friction): a decrease in dielectric and magnetic sus-
ceptibility prove the formation of structures with smaller dipole moments, and consequently, “simplification” of
the structure of the substance in a tribo coupling, which was shown in the works of B. 1. Kostetskyi and, as noted
above, was called structural adaptability.

Designations

S — entropy; ¢ — time;
V — volume;
Ji — flux density;
)? — thermodynamic force;
T — temperature;
S — volumetric density of entropy;
U - olumetrlc density of internal energy;
F — friction force;
Q- trlbo unit surface area;

I — wear rate (wear);
W — effective chemical potential;

n — concentration of impurity particles in the tribo unit volume;
P — polarization vector;

E — electric field strength;

ﬁq — electric charge density;

(¢ — electric potential of the tribo unit point;

H- magnetic field strength;

I- magnetization;

[ — moving;

U » density of the internal potential energy of interaction of micro particles, which have no sources in

the steady state;
U 0~ thermal energy density;

U .y — density of the macroscopic field energy;

U, — density of photon gas energy (electromagnetic thermal radiation);
¢, — heat capacity at constant volume;

€, — electric constant;

oL — coefficient of thermal radiation absorption;
O — Stefan—Boltzmann constant;

P- polarization;

D — vector of electric field induction;
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B — vector of electromagnetic field induction;

%o — asingle vector coinciding in direction with gradn;
O, — specific conductivity of the contact zone;

p — dipole moment;

Fc — resistance force;
U ,— dipole rate;
r — coefficient of resistance;

y — thermal conductivity;
2 — dielectric susceptibility;
J,, — flux density of magnetic dipoles;

2z, — magnetic susceptibility;
M — coefficient of viscosity.
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Bennens €.C., llykin O.B., Open O.B., Caenxo H.B. Bnuins iznko-MexaHiYHHX MOKa3HHKIB HA CTPYKTYPHY
NPHUCTOCOBAHICTH TPUOOCIIONYYEHD.

V nporieci TepTs 1 3HOLIYBaHHs TPHOOBY31iB BiIOyBa€ThCs CTPYKTYPHA IIPUCTOCOBAHICTh MaTepialiB. dopMmyeThes
CTPYKTYpa 1 BIACTUBOCTI MOBEPXHEBUX ILIAPIB, 10 3a0€3M€Uy0Th MiHIMI3allil0 CHJI TEPTS 1 MIBUIKOCTI 3HOLIYBaHHS TpHOOC-
Hosy4eHb. Tak, OHOYACHO MPOTIKAIOTH JBa SIBUILA: CTPYKTYPHA IIPUCTOCOBAHICTh IIOBEPXOHb i CTPYKTYPHA IPHUCTOCOBA-
HICTh MacTMJIa, TOOTO Ma€ MiClle KOMILIEKCHA CTPYKTYPHA IIPUCTOCOBaHICTh. Po3risigatoun TpuOOCIIONydeHHS K IMHAMIYHY
JIICUIIATHBHY CUCTEMY, B SIKiH pealli3yeTbcs Jerpasianis eHeprii MakpOMeXaHi4YHOTO PyXy, CTBOPIOETHCS €HTPOIis.

Ha nincraBi aHanisy piBHAHHS Ul BUPOOHMITBA eHTpOIi OyB 3po0JICHUI BUCHOBOK IO JErpajaliio CTPyKTYpH
pedoBunu. Lleii dakr MoxHa iHTEpHpeTyBaTH AK iHGOPMALi0 NPO BTOPUHHUX CTPYKTYpax B IpoLeci apanranii Tpubocmo-
JIy4€Hb.

KurouoBi ciioBa: 3HouyBaHHs, TPHOOCIIONYUYEHHS, CTAlllOHAPHUH CTaH, JieJIeKTPUYHA CIIPUHHATINBICTD, CTPYKTYPHA IIpHUC-
TOCOBAHICTb.
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