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Abstract

The tribological system is considered, which consists of two atomically smooth solid sur-
faces separated by an ultrathin lubricant film. The thermodynamic model based on the Landau
theory of phase transitions is built, which describes behavior of this system in the boundary
friction mode. The free energy density for an ultrathin lubricant film is given in the form of
expansion in series in terms of the powers of order parameter that is reduced to the shear
modulus of lubricant. The kinetics of the system is studied on the basis of model describing
first-order phase transitions between kinetic modes of friction. It is shown that in the presence
of spring between the external drive and block the width of temperature hysteresis increases

versus fixed coupling.

KEY WORDS
Nanotribology; Stick-Slip; Boundary Lubrication; Phase Transition; Non-Newtonian Be-

havior; Low Temperature; Viscosity

INTRODUCTION
Nomenclature
X coordinate of top block (m)
V shear velocity of top block (f8)
F friction force between blocks (N)

M mass of top block (kg)
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h thickness of lubricant between blocks (m)

K rigidity constant of spring (fm)

Vo motion velocity of free end of spring ({s)

AX spring extension (m)

t,t” time of motion (s)

e elastic stress (Pa)

oy Viscous stress (Pa)

o =0g+o0, fullstresses (Pa)

ge elastic strain (dimensionless variable)

v codficient of proportionality (dimensionless variable)
k codficient of proportionality (Pa+1)

T. critical temperature (K)

T temperature of lubricant (K)

u  shear modulus (Pa)

f free energy (n3)

¢ order parameter (dimensionless variable)

o Stable stationary value of order paramet€édimensionless variable)
¢™ unstable stationary value of order parametédimensionless variable)
a positive constant (B~1/m?3)

a positive constant (Pa)

b positive constant (th?)

c positive constant (th®)

7. Maxwell relaxation time of internal stress (s)

T temperature of melting (K)

T2 temperature of solidification (K)

AT =Te—T? width of hysteresis (K)
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Vo Velocity of melting (rms)

V2  velocity of solidification (1vis)

5 kinetic cogficient (31-m?/s)

At time step at numerical solving (s)

& stochastic force (3)

W, stochastic force, Box-Muller function{%?)
D fluctuation intensity ()

ri,r, random variables (dimensionless variables)
Fmax Mmaximum value of friction force (N)
Temax Maximum value of elastic stress (Pa)
Ovmax Maximum value of viscous stress (Pa)
Vmin  minimal value of velocity (1/s)

Vmax Maximal value of velocity (ifs)

a,c acceleration (1%

In connection with swift nanotechnology development and devices parts miniaturization the
problem of guaranteeing stable work of nanomechanism at the deficit or absence of lubricant is
more actual. Therefore lately friction laws at the lubricant thickness of several molecular layers
are very actively studied. This mode is called boundary friction and it substantiéigrsdfrom
mixed and hydrodynamic friction [1-5]. In the boundary friction mode the structure of lubricant
can realize with domains of liquidlike and solidlike states [6—8]. There are several such states and
their properties qualitatively depends both on friction surfaces properties and external parameters,
like temperature, load, shear rate, etc.

Systems working in boundary friction mode have numerous features depending on friction con-
ditions. In the present article the boundary friction of two atomically smooth surfaces is considered

at the presence of homogeneous ultrathin lubricant film with nonpolar molecules between them.
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Recently the experimental investigation of such systems becomes possible. It is worth noting that
they show abnormal behavior in comparison with bulk lubricants which consist of such molecules.
In boundary mode the periodical stick-slip regime is often observed [6, 7,9, 10], which is explained
as a film melting after surfaces shear and following solidification after their squeezing under the
external load. Such transitions can be presented as a phase transitions of the first- [6,7,9,11, 12]
or second-order [13-15] between kinetic modes of friction which are not stable thermodynamic
phases. The numerous experimental [6, 7, 16—20] and theoretical [5, 9, 13, 21] investigations were
carried out for study of tribological and rheological properties of boundary lubricant. It is shown
that if the thickness of lubricant decreases the physical properties of the friction process changes
firstly quantitatively then, at some critical thickness, qualitatively. It allows one to construct phase
diagrams for the lubricant state atférent thickness experimentally and theoretically [22].

As a rule, when the temperature or stress exceeds critical values, the lubricant melts. In the
papers [11, 14, 15] a model was built, which describes both situations: usual thermodynamic and
“shear” melting. Additionally fluctuations are taken into account [5, 14, 15, 23], because they are
important in such microscopical systems, and can be a reason for lubricant transition from solidlike
to liquidlike state. Let us note that within the model [14] at the fluctuations presence the stick-slip
mode is not strictly periodical, since it has expressed stochastic component. Such phenomenon
was observed for polymeric chain molecules, which can not form strictly ordered spacial structures
[6, 7]. The reasons for hysteresis, which was observed in boundary friction experiments [16, 17,
24], in detail studied within the framework of synergetic model in the paper [11]. Main aim of
this research is investigation of hysteresis phenomenon using the thermodynamical model [13] at

realization of the first-order phase transition [25-27].

TRIBOLOGICAL SYSTEM AND BASIC EQUATIONS
Let us consider boundary friction using as example the behavior of mechanical analogue of

tribological system [6,7,28], presented in Fig. 1. The system consists of two blocks with atomically
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smooth surfaces. The bottom block is fixed, and upper block slides on it. The ultrathin lubricant
film with thicknessh is between them. The upper block of m&éss connected with a spring with
stiffnessk, whose free end is inclined to the motion with fixed velodty When the free end of
spring moves the block shears too, but its veloftgtiffers from velocity,, because the friction
forceF is generated that opposes to motion.

Designating block coordinate & we write down the corresponding equation of motion [6, 7,

13, 28]:
MX = KAX - F. (1)

HereAX is the spring extension, which can be expressed in the form
t

AX = f Vodt" — X, (2)
0
wheret = t’ is the motion time of spring free end.

Friction forceF between blocks is calculated using equation [28-30]
|V| y+1

F= [ae| +k- sgnN)(F) lA, 3)
whereo is the shear component of elastic stress which arises in the lubricant during n#oison,
the friction surface contact area. Also in the equation we introduce a phenomenologitalete
k (Pag’*1) and dimensionless exponentwhich fixes the dependence dfective viscosity of non-
Newtonian lubricant on velocity gradient [28—32]. The case 0 corresponds to pseudoplastic
liquids, valuey > 0 meets dilatant lubricant, and= 0 describes Newtonian liquid whose viscosity
is independent of velocity gradient. For accounting the force directifactethe sign function
sgn{V) is included in (3).

Let us write down free energy density for an ultrathin film in the form of expansion in terms of
order parametep, which represents the amplitude of the periodic part of the microscopic density

of the medium [13, 25, 26, 33]:

a b C
f=a(T-To)p? + 590283 - ¢’ + Zw“, 4

3
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whereT is the lubricant temperaturé, is the critical temperaturesg is the shear component
of elastic straing, a, b, c are positive constants. The paramegaiakes on nonzero value when
lubricant is solidlike. The elastic stress is defined as derivative of potential (4) with respect to

strainog = df /0eq:

Tel = UEel = a‘;ozgel, (5)

whereu = ayp? is the shear modulus [13]. Thus the shear modulysssesses zero value in
liquidlike state.
Stationary values of order parameter are defined by conditigéiy = 0, according to which

we obtain expression

b _ (b (a, 2a(T-T)
90?‘%““\/(%) _(Egel'i_f» (6)

wherey_ corresponds to the unstable state (maximum of the potential on the curve 2 in Fig. 2),

ande, meets the stable state (minimum of the potential in Fig. 2).
It is worth noting that if the upper block is in motion with velocéythe stationary elastic strain

ge arises in the lubricant film [25, 26, 28—30]:

V.

ve. @)

Eel =

where the Maxwell relaxation time of internal stressgis introduced. Analysis of the relationship

(6) with a glance of expression (7) allows us to assign two critical temperatures

a (t.V\* B?
To = T2 () e ®
o _ _E(TSV)Z
T = To- (%), ©)

If T < T2 one minimum of potentiaf(¢) exists aty > 0 corresponding to curve 1 in Fig. 2.
In the intermediate rang€® < T < T the potential has a form presented by curve 2 in Fig. 2,

i.e., zero and non-zero minima coexist separated by maximum. In the lasT casdy one
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extremum is realized corresponding to the stationary sigte O (curve 3 in Fig. 2). At small
values of the straig, and temperatur& the lubricant is solidlike, since the stationary value of
parametety is nonzero and according to (5) the shear modulus is nonzero too (curve 1 in Fig. 2).
When the temperature exceeds the critical valy€8) the order parameter changes abruptly from
valueg, = 0.5b/c to zero and the lubricant transforms into a liquidlike state. This case meets the
zero minimum of potentiaf (¢) (curve 3). If after indicated transition temperatUrelecreases,
then lubricant solidifies at lower value of temperatdi®(9). In this case jump-like change of
stationary value of order parameter is observed from zeigyte b/c. Thus dependencg(T)
has hysteresis inherent in the first-order phase transition. The temperature width of hysteresis is
defined by expressions (8) and (9)

b2

AT =Ty -T2 = 8oc (10)

and depends only on expansion constants in (4).

In the same way we can assign two critical velocities: if the velocity exceeds value

_h \/ZQ(TC—T) b2
Veo = T, a * Zac (11)

the lubricants melts, and lubricant solidifies, whébecomes less than value

VQ = E M_ (12)
7, V a

In contrast to previous case the velocity width of hysterasis= Vi, — V2 increases with temper-
ature growth. The shear velocity and temperatufied@ntly influence hysteresis width, since the
temperaturd enters into potential (4) linearly and the shear elastic strgi(and the velocity,

respectively) quadratically.

STICK-SLIP MODE
For the further investigation of system kinetics we write down the Landau-Khalatnikov-type
equation [34]:

o= —s2L (13)

dg
ACCEPTED MANUSCRIPT
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wheres is the kinetic co#ficient characterizing the inertia properties. After substitution of energy

(4) into (13) the equation is obtained in the explicit form:

¢ = =0 (20(T = To)p + ape — be” + co®) + £(1). (14)

In Eqg. (14) the term is additionally introduced representing additive fluctuafi@ipsvhich are

similar to a white noise [23, 25, 26]. Their intensity is chosen so small that it doesn’t change the
deterministic behavior of the system. But they should be taken into consideration since in further
numerical solution the root of Eq. (14)" = 0 is stable even if it corresponds to a maximum of
potential f (¢) that is unstable stationary state. With introductios @f the system passes from an
unstable state to a minimum energy stable state. Thereby fluctuations should be taken into account
because of the particularities of numerical analysis. Using the Euler-Cromer method for numerical

solution, we obtain the iteration procedure [25, 26]:

02 = 01— 6 (20 (T = To) o1 + ap1el — bk + ) At + VALW, (15)
whereAt is the time step and random for@¢, is defined by the Box-Muller function [35]:

W, = V2D v/=2Inr; cos (&r,), ri € (0,1], (16)

wherer, r, are uniformly distributed pseudorandom numbers. Below, fluctuation intensity is equal
toD=10%st.

The calculation results of the time evolution of the system are shown in Fig. 3. These de-
pendencies were obtained by numerical solution of the system of kinetic equations (1), (14). The
spring extensio\X is defined from expression (2), friction foréeis determined according to
(3), elastic stress, is fixed by expression (5), and stratg is found from (7). While the system
solving the relationshiX = V is used. At the chosen parameters in the rest state lubricant is
solid-like since ake = 0 conditionT < Ty is satisfied. At zero timég, = 0, external drive begins
to move with the constant velocity, at this block moves too (panel (a) in Fig. 3), but its velocity

is less than external drive velocity < V, (panel (b)), since spring extension grows. Friction force

ACCEPTED MANUSCRIPT
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F (c) arises between surfaces and increases with growth of both elastic and viscous stresses ((d)
and (e)). According to the figure spring extension monotonically grows and veMdrtgreases.
At the conditionV > V lubricant melts, elastic stress takes on zero valge- 0, andF abruptly
decreases. At this spring compresses and block velocity abruptly rises. Accordingly viscous stress
grows too (c).

At certain time the conditiolV > Vj is fulfilled, therefore spring extensiakX continues to
fall. This is the reason for block velocity reductidh It is worth noting that spring extension is
so large that after lubricant melting block slips on the significant distance that leads to the spring
pressing AX < 0) [6, 36]. After that block moves in the opposite direction (the spring becomes
straight). At the temperature increasing the safieceis observed approximately to the value
T ~ 224 K. At the momentV| < V lubricant solidifies. As far as lubricant is solidlike and
valueV is close to zero the spring expands again. Mentioned process is periodic in time. Similar
behavior of tribological system was investigated in the experimental studies [6, 7, 37, 38].

Let’'s examine temperatuiieand velocityV influence on the interrupted mode. In Fig. 4,(a) the
dependencies of friction fordé(t) on time at the temperature increasiidor the fixed velocity
V = 600 nnjis are shown. On the first stage temperaflife< T; < Ty corresponds to the
situation represented in Fig. 3, and stick-slip mode is observed. On the next stage temperature rises
T, = 240 K and exceeds temperature of melting ~ 2224 K. But complete melting of ultrathin
film is not realized. The reason for this behavior is described in more detail in the next section.
It is noteworthy that temperatufie increasing leads to the phase transition frequency growth [6].
With the further temperature increasiig= 260 K after melting lubricant has liquidlike structure
and sliding friction modé& Fis set in the system.

The influence of velocity raising at constant temperatufe= 260 K is shown in panel (b)
in Fig. 4. At the valuev; = 300 nnis < VO (V(T = 260 K) ~ 377.5 nnys) the stick-slip mode
is observed. At the velocity growtd? < V, < Vo after melting the sliding friction mod8& F

is realized in the system, sineg, = 0. With the further velocity rising/s = 500 nmis block

ACCEPTED MANUSCRIPT
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continues the steady-state sliding. The friction force vafumcreases with growth of viscous
stressegr,. This situation is described further in detail. It is worth noting that at the realization
of stick-slip mode in the system &t < V? increasing phase transition frequency and decreasing
friction force F maximal value at the velocity rising are observed. This fact is confirmed by

several experimental investigations [6, 7, 36, 38, 39].

HYSTERESIS BEHAVIOR

Let us investigate in more detail behavior of tribological system at the conditions correspond-
ing to Fig. 4. If the upper block is in motion with constant velocitythe temperature width of
hysteresis is defined by expression (10). In the case of the system functioning depicted in Fig. 1
at the constant velocity of spring free e¥fgithe block velocityV substantially depends on spring
rigidity K and block mas#1. For example, in the case shown in Fig. 1 the interrupted (stick-slip)
motion [6, 7, 28] can be realized which is impossibl&/at const.

In Fig. 5 dependencies are shown of maximal values of friction fBradastico and viscous
o stresse$ at the gradual lubricant temperatdrencrease. In accordance with the figures at low
temperature valu& the stick-slip motion is realized, when time dependence of friction fBi{te
has saw-like shape (inset A to the figure). In this case periodical phase transitions occur between
liquidlike and solidlike lubricant structure. At the temperature increase in the interrupted mode the
maximal values of friction forc€& ax, elasticoe|max and viscousr, max Stresses decrease. Figure 5
is built at the spring’s free end velocityy = 600 nmjs. If the block velocityV is fixed, then at
the valueV = 600 nnjs the sliding kinetic regime, which corresponds to the liquidlike lubricant
structure, arises at the temperatilire Ty ~ 2224 K (8). In Fig. 5 this temperature is shown by
vertical dash and dot line. However, since between block and external drive the spring is placed
with rigidity K, if the temperature exceeds the vallyg the interrupted friction mode is realized.

This regime is characterized by saw-like time dependence of the friction Fdtgeas it is shown

1The stressr, is equal to the second term in the brackets in expression for friction fo(& [25, 26, 28, 29].
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in the inset in the upper panel of Fig. 5 for the pofnat the temperatur€ = 230 K. This mode is
similar to the one depicted in Fig. 3.

Let us consider in more detail the behavior shown in the inset A in Fig. 3, (a). At the be-
ginning of motion the lubricant is solidlike and spring free end starts motion with the velocity
Vo = 600 nmis. Since at the motion friction forde (3) arises the spring stretches out and block
velocity V increases slowly. If block velocity exceeds critical valig, which according to (11)
at the temperaturé = 230 K is approximately 562 nnys, the lubricant melts. And velocity
reaches the maximal valué,.x ~ 45 um/s. Block slips on the significant distance, and spring
extensiom X rapidly decreases. The elastic fot€¢a X reduces with the X decreasing, that is the
reason for block motion, therefore velocydecreases too. If the velocity reduces bellow critical
valueV? ~ 5339 nnys the lubricant solidifies by a scenario of first-order phase transition. The
velocity continues to decrease to the minimal vall4g, ~ 4 nnys. It should be noted that while
the lubricant temperatufE increases, the maximal block velocity vaMg., decreases and mini-
mal Vnin grows. When the temperature increases the peaks frequency rises up on the dependence
F(t) [26]. Particularly, at the temperatufe= 242 K the block velocity reaches the maximal value
Vmax & 3269 um/s and the minimaV/,i, * 23 nm's. The decreasing in maximal motion velocity
explains the reduction of maximal values of viscous component of the stygfise second term
in the brackets in the equation (3)), that is shown in the panel (c) in Fig. 5. Note that in Fig. 5 no
friction force and stresses amplitudes are shown but their maximal values which are observed in
the positive region. Thereby it is revealed that with the lubricant temperatgrewth the maxi-
mal spring extensionX decreases and the minimal block velocity increases. At this at reaching
temperature valug ~ 2446 K (the arrow downward in the panel (a) in Fig. 5) the minimal block
velocity Vimin becomes larger than the critical valMg (12) and lubricant does not solidify. With
the further temperature increase the lubricant always has liquidlike structure.

If after the complete lubricant melting and the stationary kinetic sliding mode setting up, for

whichV = V,, the temperature is decreased the lubricant solidifies at smaller tempérgtine
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arrow upward in the panel (a) in Fig. 5), that is significantly fewer than the value of complete
melting (the arrow downward). In the inset for point B in panel (a) in Fig. 5, which is built at
the same temperature with poif the interrupted mode is absent. The reason for this is that the
block velocityV coincides with spring’s free end veloci%, which is larger than value?, that is
necessary for lubricant solidification. If the lubricant temperature decreases below than the critical
value T? ~ 2142 K the lubricant solidifies. In this case the temperature width of hysteresis is
AT ~ 304 K.

Now consider the case when the temperature is not increased but the spring’s free end velocity
Vo gradually grows (see Fig. 6). In the case of rigid connection with external dvive {;) the
lubricant melts after exceeding the critical vaMg ~ 4259 nnys, and solidifies at the velocity
V2 ~ 3775 nnys. These velocities are shown in the panel (a) in Fig. 6. Let us consider this figure
in more detail. At the initial time = O the upper block is at rest = 0. At the moment of time
t > 0 the spring free end is driven with veloci¥y = 320 nmis and acceleratioa,. = 40 nnms.
During the time period = 1 s velocityV, increases to the value 360 ysrsmaller than the critical
valueV?. At this the upper block velocity monotonically increases, but its value is smaller than
Vo because of spring presence. Then the spring free end moves some time with the constant
velocity Vo = 360 nnjs (the horizontal part of dashed dependence), and block veMairpws.
Although velocityV; is less tharVy, which is necessary for melting, the lubricant melts with
time, because the situatidh> V is realized due to spring presence. If the veloditgrows the
order parametep decreases (at the initial time the lubricant is solidlike, because the initial value
¢o = 0.5 is chosen). For the total lubricant melting£€ 0) after exceeding the critical velocity,
some time is necessary, because the system has inertial properties, which specified by parameter
¢ in Landau-Khalatnikov equation (14). But the liquidlike state is examined where shear modulus
is not always equal to zero [6, 7,28, 30]. Therefore we conditionally consider that lubricant is
liquidlike when block velocity exceeds valde~ 890 nnjs because the order paramegetr 0.01

and the ratio of elastic stresg, (the first term in brackets in equation (3)) to the total streg¢the

ACCEPTED MANUSCRIPT
12



Downloaded by [92.112.83.3] at 05:42 15 August 2013

ACCEPTED MANUSCRIPT

sum of both terms in brackets in equation (3)) is less than 0.7%. At this the total frictionForce
abruptly decreases (the panel (b) and the inset to this panel in Fig. 6), and then it begins to increase
at the expense of increasing in viscous stress companenthis occurs since block velocity

abruptly increases after melting (see the inset to the panel (a) in Fig. 6). At this the spring contracts
due to conditioriv > V. With the lapse of time the block velocity decreases to the value less

than the criticaV? (12) and lubricant solidifies. Thereby the stationary mode of stick-slip motion
setsin.

Then during the time of one second spring’s free end velocity increases to th&yatu0 nimis (now
it is larger than the critical?, as we can see in figure). According to the figure the lubricant melts
again with the velocity rising to the valué > 16 um/s (see inset to the panel (a) in Fig. 6). Af-
ter corresponding extension of spring the block velotitgdecreases to the valig, but if now
Vo < V2 the lubricant does not solidify. With the subsequent spring’s free end veldgity-
creasing the kinetic mode of liquid friction is realized. If now veloditydecreases the lubricant
solidifies after fulfilment of conditioV < V2. If in the liquid friction mode in the stationary state
the situationV = V, realizes at the very slowly velocity, decreasing the lubricant solidifies at
Vo < V2. Thus the velocity hysteresis is absent at the chosen parameters, because of spring pres-
ence. In this case the velocity can change on several digits. At this if the external drive velocity
exceeds the critical valué? the block velocity becomes larger thafg, with the further lubricant
melting. The acceleration valug, critically effects on the described behavior features. It is ex-
pected that at tha,. — 0 at the velocity increasing from zero value the velocity width of hysteresis
AV is observed. In this case in the solidlike lubricant state we can consider that spring’s free end
velocity Vy coincides with block velocity at each time moment. It is equivalent to the situation

when block is rigidly connected to the external drive.

STICK-SLIP MODE AT THE VELOCITY INCREASING

Let us investigate the system behavior at the continuous increase in external drive Wjocity

ACCEPTED MANUSCRIPT
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with fixed acceleratiora,.. In the panel (a) in Fig. 7 the dependence of upper block velagtity

on time at the temperatuiie = 220 K is depicted by solid line. The time dependence of external

drive velocity is shown by dashed ling(t) = a;t. Similar to the previous case with the velocity

V increasing the velocity grows but more slowly, this is because of friction fofe@nd tension

AX increasing. If the block velocity exceedd/y the lubricant melts due to that abruptly rises.

At this spring extensiom\X decreases and velocity becomes less than vald® and lubricant

solidifies. At the chosen parameters this process repeats in time, and since W&apivyvs the

frequency of phase transitions increases too [26,28]. It is worth noting that in this mode the critical

velocity valueV, exists, after its exceeding the stick-slip motion transforms into sliding kinetic

mode with the stationary velocity = Vy. It is noteworthy that increasing frequency of phase

transition (slips and sticks) at velocityrising is observed in the experimental investigations [6, 7].
The temperatur& change influences on the systems behavior critically. The panel (b) in figure

is built at the larger temperatuiie = 260 K. At this temperature the lubricant is solidlike in the

rest state like in panel (a) in figure, because it is less than Vy@). At this condition the sys-

tem behavior at the parameters of panel (b) in Fig. 7 in initial stage (before melting) qualitatively

coincides with behavior in panel (a) in figure. In the cdse 260 K after melting the block ve-

locity abruptly increases and after relaxation it does not fall bellow vefud he execution of this

condition is necessary for lubricant solidification. According to this the lubricant is always liquid-

like, and the liquid friction mode sets in. Since velocity continues to increase monotonically

after melting and the friction forckE (3) acts, which grows with the velocity, then the condition

V <V, is realized at the motion.

CONCLUSIONS
In the proposed study using Landau theory of the first-order phase transitions the thermody-
namic model is built of an ultrathin lubricant film melting confined between two atomically smooth

solid surfaces. The kinetics of the system is studied on the basis of simple analogue of tribolog-
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ical system. It is shown that in a wide range of parameters the stick-slip mode is realized when
lubricant periodically melts and solidifies. It is found out that with the temperature or velocity
increasing the interrupted mode disappears and the sliding kinetic mode sets in with constant ve-
locity. Itis revealed that if in tribological system the spring is present the temperature and velocity
hysteresises haveftirent properties. For example, at chosen parameters the velocity hysteresis
is possible only at the very slow increase in spring’s free end velocity, when the block velocity at
solidlike state can relax to the spring’s free end velocity. In other cases the velocity hysteresis is
not observed. Thus the spring (the elastic properties of system) presence substantially changes the
nature of frictional behavior. It is shown that with the velocity increasing the frequency of phase
transitions increases between liquidlike and solidlike states.

The work was executed at support of the Ministry of Education and Science of Ukraine (MESU)
within framework of the project “Modeling of friction of metal nanoparticles and boundary liquid
films which interact with atomically flat surfaces” (No. 0112U001380). The work was partially
carried out during stay of I.A.L. and A.V.K. in the FZdich (Germany) with a research visit due

to invitation of Bo N.J. Persson and assistance of MESU.
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Figure 1. The scheme of tribological system.

Figure 2: The dependence of the free energy derfs{) on the dimensionless order parameter
pate = 0953 KYmd T, = 290 K,a=4-10" Pa,b = 230 Jm3, ¢ = 850 Jm°. Curves
1-3 correspond to the temperatufies: 265 286, 310 K, respectively, and the elastic shear strain
Eel = 2.1- 10_6.
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Figure 3: The dependencies of block coordin&téa), spring extensioaX (a), block velocity
V (b), total friction forceF (c), elasticoe (d) and viscousr, (e) stresses on timefor the pa-
rameters of Fig. 2 and=10°m, 7, =10%s,y =-2/3, A=0.6-10° m?, k= 5-10* Pas'/?,
§ =100 J1-m3s,M = 0.4 kg,K = 1000 Nm, T = 215K, Vy = 600 nnyjs.
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Figure 4: The dependencies of friction forEeon timet at the temperatur€ (a) and velocityV
(b) increasing for the parameters of Fig. 3, and panel (a) corresponds to the Waki&90 nnjs,
T, = 215K, T, = 240 K, T3 = 260 K, panel (b) T = 260 K, V; = 300 nmjs, V, = 400 nnjs,
V3 = 500 nms.
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Figure 5: The dependencies of maximal values of friction fétgg (a), elastiar (b) and viscous
oy (C) stresses on lubricant temperatiiréor the parameters of Fig. 3. In the inset to the panel (a)
the time dependencidqt) are shown corresponding to the points A and B.
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Figure 6: The time dependencies of block veloaityfriction force F and ratio of elastic to total
stresso /o for the parameters of Fig. 5 and temperatlire: 260 K. Spring’s free end velocity

Vy is designated by dotted line in the panel (a), solid line shows block velocity in the solidlike
lubricant state, dashed line in liquidlike state, critical values of meNiggand solidificationv?

are marked by dash and dot lines.
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Figure 7: The time dependencies of block veloaityor the parameters of Fig. 5 and acceleration
aac = 50 nm's?. The panel (a) corresponds to the temperalure 220 K, the panel (b) meets the
temperaturd = 260 K. The block velocity is shown by solid line, the external drive velocity

by dashed line.
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