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Abstract

The melting of ultrathin lubricant film by friction between atomically flat surfaces is studied. The additive noises of the
elastic shear stress and strain, and the temperature are introduced for building the phase diagrams with the domains of sliding,
stick-slip, and dry friction. It is shown that increase of the strain noise intensity causes the lubricant film melting even at low
temperatures of the friction surfaces.
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1. Introduction

The study of the noise influence on the friction process has an evident fundamental and practical importance
because in some experimental situations the fluctuations can change the frictional behavior critically, for example,
providing the conditions for low frictioil—3]. In particular, the thermal noise, acting in any experiments, can
convert the ultrathin lubricant film from stable solidlike phase state to the liquidlike one and, thus, transform the dry
friction into the sliding or the stick-slip (the interriget) modes. Therefore, in recent years the considerable study
has been given to the influence of disorder and rangopurities in the interface on the static and the dynamic
frictional phenomenfl—6]. These investigations show that a periodidaces are characterized by smaller friction
coefficient during sliding than non-regular ones. Besides, the stick-slip dynamics, inherent in solid friction, attracts
an increased attention on the atorfrie9] and the macroscopjt0,11]levels as well as for granular mediufi®—

14]. In order to achieve the better understanding of the above phenomena, here an analytic approach is put forward,
which describes the transitions between friction modes due to variation of fluctuations of elastic and thermal fields.
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In the previous worf15] on the basis of rheological description of viscoelastic medium the system of kinetic
equations has been obtained, which define the mutually coordinated evolution of the elastic shear components of
the stress and the strairz, and the temperaturg in ultrathin lubricant film during friction between atomically
flat mica surfaces. Let us write these equations using the measure units
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for variableso, ¢, T, respectively, where is the mass density,, is the specific heat capacity, is the critical
temperatureyo = n(T = 27,) is the typical value of shear viscosity tr = pl?c, /« is the time of heat conductiv-
ity, [ is the scale of heat conductivity,is the heat conductivity constant, is the relaxation time of matter strain,
Go=no/Te:

T,0 = —0 + ge, (2
e =—¢+ (T — 1o, 3)
T =T, —T)—oe +02 4)

Here the stress relaxation timg, the temperaturé&, of atomically flat mica friction surfaces, and the constant

g = G/Gg are introduced, wheré& is the lubricant shear modulus. It can be s¢E 16]that Egs.(2) and (3)

are the Maxwell-type and the Kelvin—\Voigt equations for viscoelastic matter, correspondingly. The latter takes
into account the dependence of the shear viscosity on the dimensionless tempeeatysé(T — 1). Eq. (4)
represents the heat conductivity expression, which dexxthe heat transfer from thedtion surfaces to the layer

of lubricant, the effect of the dissipative heating of a viscous liquid flowing under the action of the stress, and
the reversible mechanic-and-caloric effect in linear approximation. These equations coincide with the synergetic
Lorenz system formally17,18] where the elastic shear stress acts as the order parameter, the conjugate field is
reduced to the elastic shear strain, and the temperature is the control parameter. As is known this system can be
used for description of the thermodynarphase and the kinetic transitions.

In Ref. [15] a melting of ultrathin lubricant film by friction between atomically flat mica surfaces has been
represented as a result of action of spontaneously appearing elastic field of stress shear component caused by th
heating of friction surfaces above the critical vallie= 1 + g~1. Thus, according to such approach the studied
solid—liquid transition of lubricant film occurs due to hahermodynamic and shear melting. The initial reason for
this self-organization process is the positive feedbacdk ahdo one (see Eq(3)) conditioned by the temperature
dependence of the shear viscosity leading to its divergence. On the other hand, the negative feetllzaxcks of
onT in Eg.(4) plays an important role since it ensures the system stability.

According to this approach the lubricant represents a strongly viscous liquid that can behave itself similar to
the solid—has a high effective viscosity and still exhibits a yield stfgd$6]. Its solidlike state corresponds to the
elastic shear stress= 0 because the Maxwell-type equatif®), describing the elastic properties at steady state
¢ =0, falls out of consideration. E@3), containing the viscous stress, reduces to the Debye law describing the
rapid relaxation of the elastic shear strain during the microscopictimea/c ~ 10-12s, wherez ~ 1 nm is the
lattice constant or the intermolecular distance and10® m/s is the sound velocity. At that the heat conductivity
equation(4) takes the form of simplest expression for temper@telaxation that does not contain the terms rep-
resenting the dissipative heating and the mechanic-and-caloric effect of a viscous liquid. At non-zero walue of
Eqgs.(2)—(4)describes the above mentioned propertiesriahin the liquidlike state of lubricant.

Moreover, in accordance with RefL1] in the absence of shear deformations the temperature mean-square
displacement is defined by equality’) = T/ Ga. The average shear displacermisrfound from the relationship
(u?) = 0%a®/ G?. The total mean-square displacement represéetsum of these expressions provided that the
thermal fluctuations and the stress are independent. Above implies that the transition of lubricant from solidlike
to fluidlike state is induced both by heating and under imfbgeof stress generated by solid surfaces at friction.
This agrees with examinaticof solid state instability within the framerk of shear and dynamic disorder-driven
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melting representation in absence of thermal fluctuations. Thus, the strain fluctuations, related to the stress ones, anc
the thermal fluctuations will be considered indepertlyeht is assumed that the film becomes more liquidlike and

the friction force decreases with the temperature grajuth to decreasing activationergy barrier to molecular

hops. Besides, the friction force decreases with increasing velocity at the cdntaé¢be/dr because the latter

leads to the growth of the shear stres@ccording to the Maxwell stress—strairrelation: 0o /9t = —o /1, +

Goe/ot.

In present Letter the additive noises of the shear components of the elastic stress and strain, and the temperaturi
are taken into account in a lubricant film. The solidlike lubricant is assumed to be amorphous (disordered). There-
fore | study the glass transition reprased in terms of a second-order phase transition. It is shown that increase of
the strain noise intensity causes the lubricant film melting even at low temperatures of friction surfaces, at which
the temperature noise plays a crucial role. The phase diagrams are calculated defining the domains of sliding, stick-
slip, and dry friction in the planes temperature noiserisiy—temperature of friction surfaces and noise intensity
of shear elastic strain—temperature noise intensity.

2. Langevin and Fokker—Planck equations

Consider now the affect of additive noises of the elastic stress and strain shear comporeatsd the tem-
peratureT. With this aim, one should add to right-hand sides of E8%-(4)the stochastic terms}/zg, Igl/zg,

I;/Zs (here the noise intensitids, 1., It are measured in units of, e2z.2, (T.«/1)?, correspondingly, anél(r)

is thes§-correlated stochastic functiof)9]. Experimental data for organic lubricg@ show that relaxation time

of the stress, at normal pressure is 10-19s, and it increases by several orders of magnitude at large pressures.
Since the ultrathin lubricant film consists of less than ten molecular layers the relaxation process of the tempera-
ture to the valud, occurs during time satisfying the conditiep « t,. Then, within the adiabatic approximation

T, > T, T7, EQS.(3) and (4)are reduced to the time dependencies

e(t)=&+&E(1t), T()=T+TE®), (5)
E=o(T. —1+0%)d(o), §=+1,+Ir02d(o),
T=(T,+20%)d(o), T=+Ir+102d(), do)=(1+02)" (6)

Here, deterministic components are reduced to obtained inN[Rgf.whereas fluctuational ones follow from the
known property of variance additivity ahdependent Gaussi random quantitie 9]. Thus, using the slaving
principle inherent in synergeti¢$7,18]transforms noises of both strairand temperatur&, which are adiabatic
initially, to multiplicative form. As a result, a combination of Eq2), (5), and(6) leads to the Langevin equation

aV
Tﬂézf(0)+vl(0)é(t)’ fE_%’ (7)

where the forcef is related to the synergetic potentjab]

1 T,
V:E(l—g)02+g<1—§) In(1+0?) (8)
and an expression for the effective noise intensity

1(0) = I + (I + Ir0?) %d*(0) )
is obtained in accordance with above mentioned properhoide variance additivity. In order to avoid mistakes,
one should notice that a direct insertion of E&g.and (6)into (2) results in the appearance of a stochastic addition

(1372 4 (112 + 17 %0) gd (@) ¢ () "
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whose squared amplitude is quite different from the effective noise inte(®ityMoreover, in contrast to the
expressiong6), a direct use of the adiabatic approximation in §83.and (4)reduces the fluctuational additions
in Eq. (5) to the formsz = (Igl/2 + I%/za)d(o), T= (I;/2 — Igl/zo)d(a). The latter is obviously erroneous since
the effective noise of the temperatufedisappears entirely for the stress= /Ir /1. The reason for such a
contradiction is that the Langim equation does not permit the use of usual analysis methodfl@ge
To continue in the usual way, let us write the Fokker—Planck equation related to the Langevin e(f)ation
0P (o,t) . 0

9
Py %{—f(U)P(o, 1)+ E[I(G)P(U, z)]}. (11)

At steady state, that is the single considered case, the probability distriluiton) becomes a time-independent
function P (o). Consequently, under the usual condition, that éxpression in braces of the right-hand side of
Eq.(11)is equal to zero, this leads to a stationary distribution

P(o)=Z" exp[-U(0)}, (12)
whereZ is a normalization constant. The effective potential
rFe av
=Inl(o)— d =—— 13
U(o) (o) T % Py (13)
0

is determined by the synergetic potenfialEq. (8)) and the noise intensity(c) (Eqg. (9)) [20]. Combining these
expressions, one can find the explicit formlofo ), which is too cumbersome to be reproduced here. The equation
defining the locations of the maximums of the distribution functiia)

Q- x4+ g2—T)x?—2¢%Irx +4g°(Ir — 1,) =0, x=1+0c2, (14)

is much simpler. According to Eq14) maximums are insensitive to changes in the intensity of the nigisd#
the stress, but they are determined by the valijeof the friction surfaces temperature and the intensitiesnd
I7 of the noises of the straisnand the lubricant film temperatuf® which acquire the multiplicative character in
Eq. (9). Hence, for simplicity/, can be set equal to 0 and E@8), (9), and (13pive the following expression for
the effective potential:

2

1
U(o) = ZgTIT{i[i(l—g) —g(2-T)]In|1+ (:—‘ + (1—g)% +[g2—-T.) —i(l—g)]o}
+In[g2d?(0) (I + o%I7)], i= ;—5 —1. (15)
T

3. Phasediagrams

According to Eq(14)the effective potentigll5)has a minimum at = 0 if the temperaturé&, does not exceed
the critical level

T.=14g 1 +2¢(Ir — 2I,) (16)

whose value increases at increasingdharacteristic value of shear viscosityand the temperature noise intensity,
but decreases with growth of the shear modulusf lubricant and the strain noise. Here, the lubricant film does
not melt. The solutions of E¢14)

2_} g(Te_Z)_ 8T, —2) g(Te_z)_
Oi_Z[ 1—g 3i/< 1—g +7)< 1—g 1)] an




144 AV, Khomenko / Physics Letters A 329 (2004) 140-147

are obtained on the line defined by expres$id) after elimination of the roas? = 0. At 7, < TCO =2(1+2¢g71/3
the rootso are complex, starting front, = TCo they become zero, and & > TCO one has real magnitudes
o4+ = —o_ # 0 that implies lubricant film melting. If equalitf16) is fulfilled, the rooto = 0 corresponds to the
minimum of the effective potentigl5)at7, < 7., whereas af, > T this root corresponds to the maximum, and
the rootsoL—to symmetrical minimums.

Now, let us find another condition for the stability of the rogisin the simple casé. = 0. Setting the discrim-
inant of Eq.(14) equal to zero, one gets the equations

2 3
Ir =0, I%—IT{2—7|:1_g+2_Te:|—(2_T6) }_(Z_Te) —0
2l & 3 81l-g ) 28(1-g

the second of which gives

_2_7|:1—g 2—Te} (2—Te)2i{|:27<1—g 2—Te) (2—Te)2]2 2(2—T€)3}1/2

(18)

20 = + - — + -
Tl e 3 ] su-g " ll2e\ ¢ 3 81-g ] gd-g
(19)
This equation defines a bell-shaped cufvélr), which intersects the horizontal axis at the point
. _ 98— 4g) +8¢° {|:9(3—4g)+8g2]2+ 16 }1/2 (20)
T =
2g%(1—-p) 2¢%(1-¢) gl—g)
and vertical axis at the poifft, = 2. It has a maximunf, = 2g~! at
2(1—
=X . 2 (21)
8
It is easy to see that lin@ 6) touches the curvél9)at the tricritical point
2 1—g
T,=T°=-(14+2¢7Y, Ir= . 22
c 3( +28 ) T 6g2 ( )

Thus, this point addresses to the appearance of realaeats0 (17) of Eq.(14)that means lubricant film melting.

Let us now consider the more general case of two multiplicative ndjsds # 0. The condition of extremum
of the effective potentig|15) splits into two equations, one of which is simply= 0, and the other one is given by
Eqg. (14). As mentioned above, the analysis of the latter indisdhat the line of existence of the zero solution is
defined by expressiafi6). The tricritical point7 has the coordinates

T, = g(l—l—Zg_l—ZgIg), It = é(g_l—l—l—Sglg). (23)
The phase diagrams for the fixed intensitlesre shown irFig. 1 Physically, one should take into consideration
that lines 1 and 2 define the thresholds of stability losthefsystem, i.e., boundariesdomains corresponding to
the different forms of effective potentiél5). Above straight line 1 the potentiél5) has a minimum only at non-
zero stresg and the system manifests a stable sliding friction (SF) inherent in the liquidlike phase of lubricant.
Below curve 2 the potentigll5)has a minimum only at = 0 and the dry friction (DF) ocurs that is characteristic
for the solidlike state of lubricant film. Between these lines the potefittghas minimums at zero and non-zero
and the region of the stick-slip friction (SS) mode is realized, i.e., mode that is characterized by periodic transitions
between two dynamic states during steady-state slidifgrdéevant to an intermittent regime of lubricant melting,
where a mixture of both solidlike and liquidlike phases exists./Far (1+ g~1)/4g the situation is generally the
same as in the simple cage= 0 (seeFig. 1a). At I, > (1+ g—1)/4g the sliding friction is possible even for small
values of temperaturé, of friction surfaces and noise intensitiés of the lubricant film temperaturd-{g. 1b).
According to(23) the tricritical point lies on thdr-axis atl, = (1+ 2g~1)/2¢, and if the noise intensity, is
larger than the critical valug. = 2g—2, the stable dry friction domain disappears (5ég 1c). It is worth noting
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Fig. 1. Phase diagrams @at= 0.5 and fixed values,: (a) I = 1.2; (b) I. =5; (c) I, = 8. Lines 1 and 2 define the boundary of stability domains
of sliding (SF), dry (DF), and stick-slip (SS) frictiofT (is the tricritical point,C is the critical point).

that this domain decreases with increase of the shear modulus@and decrease of the characteristic value of
shear viscosity)g.

The consideration of the additive noisesoqfs, andT shows that the stochasticity influence is non-essential
for the shear component of elastic stress tensor and it is crucial for both the corresponding component of strain and
the lubricant film temperature. The boundary of the denwdiisliding friction is fixed by the equality for the noise
intensities

1+g¢

It =21, — ng,

(24)
following from Eqg. (14) at the conditionsx = 1 (¢ = 0) and 7, = 0. According to Eq(24) in absence of the
temperature noise the lubricant liregg occurs if the noise intensity of ¢hshear strain component exceeds the
value

1+¢

lo= —2,
&0 4g2

(25)
corresponding to the poir® in Fig. 2 The increase of both the shear strain and the temperature noises causes the
lubricant melting if their intensities are bounded by condit{@d). The domain of the stick-slip friction appears

with further increase of these intensities above magnitudes

/ _2+g I _3+g

(26)
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Fig. 2. Phase diagram for the system with=0, ¢ = 0.5, andl, I # 0.

at the tricritical pointT’ in Fig. 2 Such an intermittent behavior is realized within the region located above straight
line (24) and outside the curve that is determined by

g 4g 2g? 4 2 21% 3 12
I.=1Ir|1 — 1 1 . (27
‘ T[ +3<1—g>}+ 271 — )2 {27<1—g>[3<1—g>2 si-g )Tt G
If the noise intensity of the shear strain exceeds the valpelefined by(27) with the temperature noisg, =

2(3 — g)/g? (the pointC in Fig. 2), the dry friction region disappears at all. The cu(2&) intersects the vertical
axis at the point

oL L[21a-g 9 1 27(1-g) 9 1 \? 16 ¥
”‘2{ 2¢2 g‘2<1—g>+[( 2¢2 g_2<1—g>) +g(1_g>] }

above that the dry friction does not take platee corresponding phase diagram depicte&ig 2 has a very
non-trivial form (especially, within the domail; < I, < I2).

(28)

4. Summary

The above consideration of the thermal and elastic fields noise influence on the solid—liquid transition of ultrathin
lubricant film permits to define the domains of dry, sliding, and stick-slip friction modes in the phase diagram.
So that, an evidence of the phase diagram complicaiabtained due to studied fluctuations. Depending on
the initial conditions the growth of lulirant film’s temperature noise camctrease or increase friction, but the
growth of elastic shear strain noise increases the sliding friction region only. It is shown that dry friction domain is
bounded by relatively snflavalues of the confining walls temperatunedathe noise intensities of lubricant strain
and temperature (sé€gs. 1 and 2 Thus, used here approach predicts the possibility for controlling of frictional
behavior.

Above the concept of dynamical shear meltinglod ultrathin lubricant film has been usgid®,11] In accor-
dance with it the stick-slip friction can be described and such melting is represented as a result of action of elastic
field of shear stress component caused by the heatingabtibfrisurfaces above theitical value. The essential
limitation of this approach is the fact that stick-slip motion | studied was independent of the way in which the
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system was driven, i.e., elasticity and mass of the confining walls, although for such friction mode the mentioned
dependence is crucial. However, it is worth noting that here the temperature of the confining,vddlgs a role

of the parameter of external influence and the friction force is supposed to be decreasing with increasing velocity
at the contacV =/d¢/0t.
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