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The thermodynamic model of ultrathin lubricant film melting, confined between two atomically-flat solid sur-
faces, is built using the Landau phase transition approach. Non-equilibrium entropy is introduced describing
the part of thermal motion conditioned by non-equilibrium and non-homogeneous character of the thermal
distribution. The equilibrium entropy changes during the time of transition of non-equilibrium entropy to the
equilibrium subsystem. To describe the condition of melting, the variable of the excess volume (disorder pa-
rameter) is introduced which arises due to chaotization of a solid structure in the course of melting. The
thermodynamic and shear melting is described consistently. The stick-slip mode of melting, which is observed
in experiments, are described. It is shown that with growth of shear velocity, the frequency of stiction spikes in
the irregular mode increases at first, then it decreases, and the sliding mode comes further characterized by
the constant value of friction force. Comparison of the obtained results with experimental data is carried out.
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1. Introduction

With the development of nanotechnologies, the friction of two smooth solid surfaces at the
presence of thin lubricant film between them has been vastly investigated lately [1]. Experimental
study of atomically-flat surfaces of mica, which are separated by ultrathin layer of lubricant, shows
that lubricant has properties of solid at certain conditions [2]. In particular, the interrupted motion
(stick-slip) inherent in a dry friction [3, 4] is observed. Such boundary mode is realized, if the film
of lubricating material has less than four molecular layers, and this is explained as solidification
conditioned by compression of walls. The subsequent jump-like melting takes place, when shear
stress exceeds a critical value due to the effect of “shear melting”.

In a general case, the description of behavior of ultrathin lubricant film should be carried out
starting with the first principles. However, such an approach is complicated due to different lubri-
cants and geometry of experiment used. Therefore, the phenomenological models are proposed that
allow us to explain the experimentally observed results. In particular, thermodynamic [5], mecha-
nistic [6-8], and synergetic |9] models are built. They are of deterministic |6, 9] and stochastic |7, §]
nature. Also, the studies are carried out using methods of molecular dynamics |10-13]. It appears
that the lubricant can provide several kinetic modes 2], between which transitions occur stipulat-
ing the interrupted friction |2, |4]. In work [7] three modes of friction are revealed at the account
of stochastic effects: sliding mode that is inherent in low-velocity shear, regular interrupted mode,
and mode of sliding at high-velocity shear. The existence of these modes is also confirmed by the
synergetic theory taking into account the deformation defect of the shear modulus of lubricant [14]
and the computer experiments [1H3, [15].
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In work [9] within the framework of the Lorenz model for approximation of viscoelastic medium,
the approach is developed according to which the transition of ultrathin lubricant film from the
solid-like state to the liquid-like state takes place as a result of thermodynamic and shear melting.
An analytical description of these phenomena was presented under the assumption that they are
the results of shear stress and strain self-organization as well as of the lubricant temperature.
Additive noises of the indicated quantities [L6-18] and correlated fluctuations of temperature [19]
are taken into account. The reasons for the jump-like melting and hysteresis, which are observed
in experiments [20-22], are considered in works [14, 23, 24]. Three stationary modes are found out:
two solid-like, inherent in the dry friction, and liquid-like, corresponding to sliding. It is shown that
transition between two last modes takes place in accordance with hysteresis of the dependence of
stress on strain (at the jump-like melting) or on the temperature of friction surfaces.

At the same time, the traditional use of the Lorenz equations set for the above problem leads
to logical contradictions already at the stage of formulation of the problem. Consideration of strain
and stress as independent quantities, i.e., that for each of them a separate kinetic equation is
written, contradicts the canons of “classic” mechanics and thermodynamics. Moreover, there is
no symmetry of types of thermodynamic flows at such formulation which predetermines strict
accordance of signs in the mixed terms in kinetic equations. An output can be found using a
multidimensional thermodynamic potential from which the set of Landau-like kinetic equations
must follow by standard procedure of differentiation [25]. Earlier this approach was applied for
description of the processes of severe plastic deformation (SPD) [26-28] and fracture of quasib-
rittle solids [29]. The latest advances and statistical justification of this approach are outlined in
works [30-32]. Both the process of SPD and the process of ultrathin lubricant sliding have a lot in
common, which allows us to claim the legitimacy of application of such a technique in both cases.
However, principal differences between these processes are present. They are mainly related to an
ultrathin thickness of lubricant layer (order of atomic size), which brings in the limitations and
deviations from standard procedure, which we shall consider in the proper place of the article.

The general thermodynamic model of ultrathin lubricant film melting is built in the offered
work. Kinetic equations are written in as Landau-Khalatnikov ones for basic parameters (section 2).
In section 3 the effect of shear velocity is considered and it is shown that there exists a critical
value of velocity, at which lubricant melts in accordance with the mechanism of shear melting. The
effect of temperature is investigated. It is shown that at temperature exceeding its critical value,
the lubricant can melt even at the zero applied shear stress and at zero velocity of the shearing,
i.e., the thermodynamic melting takes place (section 4). The effect of fluctuations of the strain is
analyzed which arise due to errors in the experimental setup (section 5). All of the found features
coincide with the ones for experimental data.

2. Thermodynamic model

At the construction of a model within the framework of the Landau theory of phase transi-
tions [25], at first, it is necessary to choose a parameter whose values characterize the examined
phases. This parameter is called an order parameter and describes a change of phase symmetry
at the phase transition point. An order parameter changes discontinuously during the first-order
phase transitions and it varies smoothly during the second-order phase transitions. However, the
phase symmetry changes discontinuously at the phase transition point in both cases. A phase
becomes more ordered with the growth of the order parameter and symmetry falls down.

Melting of a thin lubricant film unlike melting of volume medium can take place according to the
scenario of second-order phase transition [5]. However, there is a certain problem at describing the
states of thin lubricant films, because such films demonstrate more than one type of transition [2].
States of a lubricant film are not true thermodynamic phases. They are interpreted as kinetic
modes of friction [4]. Therefore, one speaks not about a solid and a liquid, but about a solid-like
and a liquid-like phases. The increase in volume [10] and diffusion coefficient |10, 11,133, 134] of such
lubricants shows the melting process. Since the volume is experimentally observable, to describe
the state of lubricant, a parameter f is introduced, which also relates to the order parameter
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(a disorder parameter [35]). It has a physical meaning of an excess volume, arising due to the
chaotization (the amorphization) of structure of a solid during the process of melting. The excess
volume acquires zero value at zero Kelvin, when all atoms of the system are densely packed at rest.
It is different from zero both in the solid and in the liquid state at non-zero temperature. However,
it has a larger value in the liquid state. We introduce two values of this parameter: at f > fiq
lubricant is liquid-like, and when f < fs1, it solidifies, and the symmetry of state is decreased.

Now, in accordance with general procedure, it is necessary to write down an expansion of energy
in the independent variables. Internal energy for a model, in which both contributions of large shear
strain £7; and of entropy s and nonequilibrium entropy s are taken into account simultaneously, is
written as |28]:

u=ug+toS — %t1§2+900f_%901f2_m1§f’ )
where
up = %)\ (€5)* +u (&%’)2 + as® + Bse; )
to = X5+ x5 (Efj)Q + s, ®)
B T @
o= pi+i(e)’, )
= X+ Xo (65’ )

and A\, u, «, S, X3(O), Xéo), o, g, by g, 07, i, m], X3, X are constants of expansion.

Elastic stresses are taken into account with accuracy to quadratic contributions via the first
two invariants of the strain tensor €, (5%-)2 = €§;€5; » where summing is implied over repeated
pairs of indices. Thus, the first invariant represents the trace of the strain tensor €§; = €§ 45+ €%,
the second one is determined by expression [36]

(£5) = (=5)° — 2 = (£5)° + (£5)° + (=5)* 7)

These determinations of invariants suppose that symmetric tensor £7; of elastic strain is transformed
to the diagonal form.

A new basic quantity, i.e., the non-equilibrium entropy §, is introduced here describing the part
of thermomotion, which is conditioned by non-equilibrium character of the thermal distribution.
Exactly this part of the entropy is produced owing to dynamic transition processes at generation of
the free volume during external action, tending to some stationary value [26-31]. The equilibrium
entropy does not evolve in the ordinary understanding, but changes with time due to relaxation of
non-equilibrium entropy and its transition into the equilibrium subsystem.

We write down the corresponding kinetic equations for non-equilibrium parameters of state X;

in the form
ou

a—)(i ’ (8)

TX%XI‘ =

where 7x, are the relaxation times.

At description by equations (8], the system tends to a maximum of the internal energy that
corresponds to strongly non-equilibrium processes occurring in open systems at energy pumping
therein (strictly speaking, this is true for an “effective” internal energy, which is a combination of
the internal energy and the entropic factor |32]). For example, the maximum of internal energy is of
crucial importance for magnetic [37] and for alloy orderings |38, 139]. This property of the internal
energy is also similar to the property of thermodynamic potential, introduced earlier for strongly
non-equilibrium processes [40]. In our case, the energy pumping is realized due to deformation at
the displacement of the friction surfaces. Thus, a kinetic equation for the excess volume assumes
the form

Tfa—{:%*sﬁlf*mlga 9)
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and for the non-equilibrium entropy § we obtain

Ts% :to—tlé—mlf, (10)
where the terms with the sign “+” describe the increase in non-equilibrium entropy due to the
external source of energy (the work), the terms with the sign “~” reflect its drift to the equilibrium
subsystem.

The kinetic equations for the equilibrium entropy differs from the usual form (8], since a change
of equilibrium entropy occurs due to transition of its non-equilibrium form to equilibrium one.
In the case of non-homogeneous heating, the equation of heat conductivity represents the ordi-

nary equation of continuity [41]:
as
T = kV?T, 11
o (11)
where coefficient of heat conductivity x is a constant. Supposing that a layer of lubricant and
atomically-flat surfaces have different temperatures T and T, accordingly, for a normal constituent
V2 it is possible to use the approximation with sufficient accuracy KV2T ~ (r/h?)(T. — T'), where

h is the thickness of lubricant. Taking this into account, equation (II) is written down in a simple

form 5 T
=l ) (12)
ot h2\T
where quantity h?/k plays the role of relaxation time, during which an equalization of the temper-
ature occurs over the thickness of the lubricant due to usual heat conductivity.
The decrease in the non-equilibrium entropy is taken into account by the negative terms in
the kinetic equation (I0), which means that the same terms with positive sign must be taken into

account in the equilibrium entropy. Therefore, the final kinetic equation for the equilibrium entropy
is written down in the form:

s - Tsk [ Te
T5§:t15+m1f+ h2 (?1) (13)

In accordance with the expression for the internal energy, the temperature of the lubricant is
obtained in the form:

0
T= a—z = 205 + 3 + auf + Be5 . (14)
According to (), elastic stresses are determined as o7; = du/0es; :
Uz-ej = Xej0i5 + 2#6% + Bsdi; + (Xéo)éij + QXéO)Efj) S
+ (géij + 2,&5%) f— ﬂ€$jf2 - (XL;(S” + 2X6€%) sf. (15)

Expression (5] can be presented as the effective Hooke law
05 = 0v0ij + 2pefre; + Aey;0ij (16)
with the effective elastic parameter
pa = 1+ X5 4 of — Lif? — Xodf (17)

Constants peg and X are the Lame coefficients [41]. The term, being independent of strain, appears

in (6]

oy = Bs+ X5+ gf — X35 (18)
The first and second invariants are determined as
n—o
g, = —2 19
AR (19)
1 T 2
2
5P = =g [(H> +E) ] , (20
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where n, 7 are the normal and tangential components of stresses acting on the lubricant on the part
of the rubbing surfaced]. The relationships (I9) and (20) represent an ordinary connection between
the components of tensors and their invariants of linear elasticity theory (see, for example, |36]).
Let us use the Debye approximation relating elastic strain ef; with plastic one Ef; 15]:

e
pl i
ij . ( )
The total strain in a layer is determined as
€ij = E?j + 5?; . (22)

This strain fixes the motion velocity of overhead block V;; according to relationship [2]
Vij = hc‘:"ij = h(Efj + EZI) (23)
Relaxation time of strain in (2I]) depends on the state of the lubricant:

e = K(yo —nf), (24)

where the constants g, 71 and coefficient K are introduced. For the solid-like state of the lubricant
K= Ksol .

In the solid-like state, 7. is large and, therefore, gi; 1s large in accordance with the expres-
sion (24). For the liquid-like state, 7. is small in comparison with the solid-like case, and £i; 1s
small too. Combining relationships (2I)—(24]) we obtain an expression for elastic shear strain:

0es; _ £5; Vij .
ot K(y-mf) R

(25)

The experimental data also evidence that in the liquid-like state, the elastic strains relax rapidly [2]
and the relaxation time for a liquid-like state is substantially smaller. The expression ([24) at
K = K, already reflects the tendency of the relaxation time to decrease with melting (at increase
in f), but such a dependence is fulfilled only for the solid-like state and near a transition point [3].
Therefore, it is necessary to assume for the liquid-like lubricant K = Kjiq < Kol -

It is known that the melting of lubricant is of hysteresis nature in most cases |7, 20-22]. For
theoretical description of the hysteresis phenomena, a series of works were undertaken, in particular,
within the framework of Lorenz model [14, 23, 24]. In this approach, to account for the indicated
phenomena, it is necessary to select two characteristic values of the excess volume: at f > fiq
lubricant is liquid-like, and when f < fs it solidifies.

Let us get an expression for the friction force that is measured in experiments [2]. Besides the
elastic stresses o7}, the viscous ones og’jisc also arise in the lubricant. The total stress in a layer is
the sum of these two contributions

oij =05+ a;’;SC . (26)

The total friction force is determined in a standard manner:
Fij = 054, (27)
where A is an area of contact. The viscous stresses in a layer are given by the expression [42]

O_Visc _ neﬂ‘/tij (28)

(%) h ’
where 7. is the effective viscosity that is defined only experimentally, and for the boundary

mode [42]
Net ~ (€ij)” - (29)

!Shear stress T is defined from expression (@) at i # j, i.e., §;; = 0.
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Taking into account (23]), (29]), the expression for the viscous stresses (28]) is written down in the

form: o
visc ‘/1 7
ol — <#) . (30)

Putting 26]), (30) in (1), we obtain the final expression for the friction force:

Vi)
i+ (%)

where of; is fixed by the expression (I6) at i # j.

F: = A, (31)

3. The effect of velocity and shear melting

Ultrathin lubricant films behave differently from volume medium. Therefore, at their description
it is impossible to use standard formalism without changes, since a number of principal new effects
appear, which must be taken into account. One of them is an interrupted motion (stick-slip) [2, 4]
schematically shown in figure [l At the beginning, the lubricant is solid-like (stick), but after

Solid-Like Liquid-Like Solid-Like
State State State

Figure 1. Schematic realization of the interrupted (stick-slip) friction mode [2].

exceeding some critical value of the elastic shear stress o7; it rapidly transforms into the liquid-like
phase (slip) due to disordering. The top rubbing surface climbs, because a change of lubricant
volume takes place. The relaxation of oy; occurs in the liquid-like state and the lubricant solidifies
again (stick) due to the compression by the walls under the action of a load. This process is periodic.
One of the basic differences from the behavior of volume lubricants in this mechanism is that the
action of the shear stress of; causes not only a shear but also an increase in lubricant volume. This
fact agrees with the results, which are obtained using the methods of molecular dynamics [10], and
can be reflected by modifying the expression (I3]) as follows:

€8 = noovtoiEy . (32)

A+ HMeff

The dimensionless tensor constant €f; is introduced here, which fixes the dilatation power (the
expansion of lubricant at a shear under the action of ij). Thus, it is also necessary to take into
account that the action of shear stresses leads to an increase in lubricant thickness h. The relative
increase in volumd? due to an increase in lubricant thickness h may be expressed by:

oV Adh _ 6h
Vo Ah b’
where A is the area of contact. Equating a contribution to the relative increase in volume from (32I)

due to shear stresses and the expression (33]), we obtain the change of lubricant thickness in the
form

(33)

oh = h-T0 5 (34)
A + Heff .

2Physical meaning of the first invariant (32)) is the relative change of volume §V/Vp , where 6V is the change of
volume, and Vj is the initial volume before deformation.
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In subsequent calculations, the thickness h in (28] it is necessary to replace by expression h + 0h.
Now the model is complete, because together with the thermodynamic melting we take melting by
shear into account.

Result of simultaneous numerical solution of equations (@), (I0), (@3), and (2T) is shown in
figure@lat parameters A = 200 Pa, u = 108 Pa,a = 4.1 J7 1 m3.K?, 3 =2.2K, X =2.107* K, X{ =
400K, g = 107° Pa, i = 40 Pa, o} = 5Jm~2, i = 2.4-1073 Pa,m} = 3-107* K, #; = 0.015 K, X3
1.12-107* K, X = 04 K,7p = 1 Jm 35,75 = 0.1 J7tm?s K%k = 1071 Wtm K1 oy
2-107° J 't m* K2, ap, =2-107° K,h =107 m, T, = 300 K, e%; = 1,n = —10° Pa, o = 255,71 =
50 8, Ksol = 1, Kjiq = 0.07, fso1 = 0.04, fiiq = 0.05, 4 = 3- 1072 m? v = 2/3. At zero velocity, the

Figure 2. The time dependencies of excess volume f and friction force F;; (31). Values of shear
velocities V;; are Vo = 0 m/s, V1 = 1.9 - 10712 m/s, Vo =4- 10712 m/s, V3 = 21 - 10712 m/s,
Vi=22-10""2 m/s.

friction force is equal to zero, the excess volume f decreases, lubricant here solidifies slowly due to
the compression by walls.

When the system begins motion (V;; = Vi # 0), the lubricant begins to melt under the action
of growing stresses o7;, and the excess volume increases here. When f reaches the value f = fiq,
the lubricant melts totaly, and since the relaxation time in (28) becomes much smaller, the stresses
begin to relax. Here the lubricant begins to solidify again, because the lubricant is supported by
the elastic stresses in the molten state. When it solidifies totally (f = fso1), due to the increase in
the relaxation time in (25), the parameter f increases again, while it does not reach the value fiiq,
and the process is reiterated again. According to this, the periodic interrupted (stick-slip) mode
of melting/solidification sets in. It should be noted that at V;; = Vi the excess volume at once
begins to decrease at exceeding the value fiiq, while at solidification and reaching f = fso1 it still
decreases during some time, and only then it starts to increase. This is because some minimum
value of stresses is needed for an increase in f, and since the velocity is small, this value, according
to (28)), slowly increases. Therefore, after solidification, the excess volume can decrease during some
time, while the proper value of stresses is attained.

At an increase in velocity to the value V;; = V3, the frequency of stiction spikes increases due to
a rapid increase of stresses in the system at this velocity. Accordingly, the lubricant rapidly melts,
and the system has got time to accomplish more transitions from melting to solidification.

Frequency of peaks decreases again with the further increase in velocity V;; = V3. This is
because at high velocity in equation (23]), the stresses relax to a greater stationary value at which

13001-7



L.S. Metlov, A.V. Khomenko, |.A. Lyashenko

the lubricant solidifies slower. The dependence F;;(¢) has long kinetic sections with F;; = const.
The excess volume increases during some time in this mode at exceeding f > fiiq and then it
begins to decrease.

At further increase in shear velocity Vj; = V4, the interrupted mode disappears, and the kinetic
mode of friction of the liquid-like lubricant sets in with the value of friction force Fy . This takes
place because at the value of velocity more than critical one V;; > V; stress afj arises in a lubricant
that provides a value f > fso at which the lubricant is not capable of solidifying. Let us note that
at an increase in velocity, the values of stresses grow according to the kinetic mode of friction with
force Fi . This agrees with what is offered by a mechanistic model [6].

Thus, at an increase in velocity, at first, frequency of stiction spikes increases, then it decreases
due to the appearance of long kinetic sections, and when the critical value of velocity V;; > V¢, is
exceeded, the mode of stick-slip disappears. The described behavior well agrees with experimental
results [2].

4. The effect of temperature

The ultrathin lubricant films melt not only due to the shear melting at the increase in velocity,
but also due to the increase in temperature. Let us investigate the effect of the temperature on the
examined system. For this purpose, we obtain time dependencies for the friction force (BIl) which
are similar to the ones shown in figure 2 Here, the value of shear velocity V;; is assumed to be a
constant, and the temperature of the moved surfaces T; increases. The indicated dependencies are
depicted in figure Bl It can be seen from the figure that at low temperatures of friction surfaces

|
|
|
l
800 ¢ s

Figure 3. The time dependencies of the friction force F;; ([BI) at parameters of figure 2 and
shear velocity V;; = 17 - 107'2 m/s. Values of temperatures of friction surfaces are Teo = 50 K,
Toy = 230 K, Ton = 400 K, Tuz = 490 K, Tos = 550 K.

Te = Tep, the frequency of stick-slip transitions is large, and the dependence Fj;(t) does not have
the kinetic sections. This implies that the lubricant begins to solidify immediately after melting.
With the increase in temperature (T, = Te1), both the frequency of peaks and their height become
smaller. Frequency becomes smaller due to the appearance of kinetic sections, i.e., the lubricant
now solidifies slower. A decrease in the height of peaks implies the decline of static friction force
F, . With the further increase in T, = Te2, the kinetic section F;; = const becomes more expressed,
i.e., the lubricant exists during some time in the molten state at constant stresses which are already
capable of supporting this state. However, due to dissipation the excess volume decreases and the
lubricant solidifies, and the stick-slip mode is realized. At T, = T.3, the kinetic section becomes
dominant, because most of the time the lubricant is in the liquid-like state. At T, = Tu4, the
lubricant melts ultimately and the kinetic mode is realized.

5. The effect of noise

The deterministic case is considered above, though, in some situations fluctuations critically
effect the system [16-18]. We consider a case of fluctuations appearing due to inaccuracy of experi-
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ment where the value of the elastic strain is badly conserved in (25]), and thus it fluctuates. To this
end, in the right-hand part of (25) we add a stochastic source £(t) (the white noise mathematically
defined using the Wiener process [43]), which has moments

€®) =0,  (€@)s(t) =2Di(t 1), (35)

where D is the intensity of source. With this addition, equation (23] has the form of Langevin
equation:
e©. V.
£, = — = +—L— (¢ 36
b= R i (36)
whose solution within the framework of Ito prezentation with account of ([B3]) is carried out with
the use of iteration procedure in the form [16, 18]:

€. V.
e — et - Y Y ) At + V2DAtW,,. 37
Ez](n-{—l) El](n) + ( K("}/O — "ylf) + h+ 5}7,) + n ( )

In order to model the random force W,,, the Box-Muller function is used [16, |18, [44]:

W, = \/anlcos(%ﬂ“g), ri € (0,1], (38)

where r; and ry are the pseudorandom numbers. The time dependencies of the friction force ([BI]) at
the parameters of figure[2land using equation (37) are shown in figure[dl In figure[dh, the intensity of

fl

-1.5

Figure 4. The time dependencies of friction force F;; (Bl at parameters of figure @ with con-
sideration of noise: a: D =2-10"%s7!; b: D=8.10"% s~ L.

noise is small and the deterministic modes are realized (cf. figure@b). With the increase in intensity
of fluctuations (figure Eb), the stochastic regime sets in at which the lubricant spontaneously
solidifies and melts. The possibility of existence of such modes was shown by the methods of
molecular dynamics |10].

6. Conclusions

The offered theory allows us to describe the effects observed at ultrathin lubricant film melting.
Both the ordinary case of thermodynamic melting due to an increase in temperature and the
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shear melting due to disordering under the action of the applied external stresses are considered.
It is shown that these two processes are interconnected and they cannot be examined separately.
For example, at a high temperature of friction surfaces, the shear melting is realized at smaller
stresses, and at a still greater increase in temperature, a lubricant melts even at zero stress (the
thermodynamic melting is realized).

The stick-slip mode of friction, which is observed in experiments, is naturally considered in
the model, and it is caused by the rapid relaxation of stress at reaching the liquid-like state by
a lubricant. At the temperature of friction surfaces that does not provide the melting in a state
of rest, the lubricant solidifies at such relaxation again and it is solid-like during the time that is
necessary for the appearance of the stress at which melting occurs. Thus, the temperature effect
and shear melting are taken into consideration. These are basic factors to be taken into account
while carrying out the experiments. The obtained dependencies qualitatively coincide with the
experimental ones.
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BaraTtoBumipHuin TepMOANHaAMIYHUIA NOTEHLian aAns onucy
MJaBfIEHHSN YNLTPATOHKOI NJIBKU MacTusia MiXk ABOMa
aToMapHO-rNMagkKuMm NOBEPXHAMU

J1.C. MeTnogd, 0.B. Xomenkd?, 4.0. NsiweHkd?

1 Doneupkuin di3nko-TexHiuHM iHcTUTYT iM. O.0. MankiHa HAH Ykpainu, Byn. P. Jliokcembypr, 72,
83114 JoHeupk, YkpaiHa
2 CyMcbkuii aepxaBHuUiA yHiBepcuTeT, Byn. Pumcbkoro-Kopcakosa, 2, 40007 Cymu, YkpaiHa

B mexax Teopii daszoBux nepexopis JlaHgay nobynoBaHO TepMOAMHAMIYHY MOAENb TMJIABAEHHS
YyNIbTPATOHKOI MAiBKM MacTuia, Wo 3aTUCHyTa MixX ABOMa aTOMapHO-rMafkuMu TBEPAVMU MOBEPXHAMMU.
BBeneHo HepiBHOBaXHY EHTPONMIIO, LLLO OMUCYE YaCTUHY TEMIOBOrO PyXY, siknii 06YMOBIEHWI HEPIBHOBaX-
HUM | HEPIBHOMIPDHMM XapakTepoM TemnsoBOro po3nogiy. PiBHOBaxHa eHTPOMis 3MIHIOETbCA Yy 4aci
3a paxyHOK nepexony HepiBHOBaXHOi eHTponii B piBHOBaXHy nigcuctemy. [lns onucy ctaHy macTtuna
BBEAEHO NapameTp HaasIMWKOBOro ob’emy (mapameTtp 6e3nany), kvl BUHMKAE YHACNiAOK xaoTuaawii
CTPYKTYp¥ TBEPAOrO Tina B NPOLECi NNaBneHHs. Y3roakeHnmM Y HOM ONMcaHo TEPMOAMHAMIYHE | 3CYBHE
nnasneHHs. OnucaHoO nepepuBYHacTUiA PEXMM MNABAEHHS, SKUIA CMOCTEPIraeTbCa B €KCMepuMEeHTax.
MokasaHo, WO i3 3pOoCTaHHSAM LUBMAKOCTI 3CYBY 4acToTa NikiB MPUANMNAHHA B NEPEPUBHACTOMY PEXUMI
crnoyaTky 30inblUYETLCH, NMOTIM 3MEHLUYETLCS, i Aani HACTYNAE PEXUM KOB3aHHS, L0 XapaKTePU3YETbCS
NOCTINHUM 3Ha4YeHHAM cunn TepTs. NpoBeaeHO NOPIBHAHHS OTPMMaHMX pe3ynbTaTiB 3 eKCcrnepuMeHTasb-
HUMW OaHUMWN.

Kniou4oBi cnoBa: mexoBe TepTs, HAaHOTPMOGOJIOris, ANHAMIYHE MOE/IIOBaHHS, 3CYBHI HANpyXXeHHs Ta
Aepopmadlisi, B'I3KOMpPYyxXHe cepenoBuLLe, NepepuBHacTuii PEXUM
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