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Abstract—The boundary friction regime appearing between two atomically smooth solid surfaces with an
ultrathin lubricating layer between them is considered. The interrupted (stickslip) regime of motion typical
of the boundary lubrication is represented as a firstorder phase transition between the structural states of the
lubricant. The thermodynamic and shear melting is described. The universal dependence of the viscosity of
highmolecular alkanes (lubricants) on the temperature and velocity gradient is taken into account. The
dependence of the friction force on the lubricant temperature and the relative shear velocity of the interacting
surfaces are analyzed. It is shown that the temperature dependence of the viscosity makes it possible to
describe some experimentally observed effects. The possibility of prolonged damped oscillations after lubri
cant melting prior to the stabilization of the steadystate sliding mode is predicted. In the stickslip regime in
a wide range of parameters, a reversive motion is observed when the upper block moves in both directions after
melting.
DOI: 10.1134/S106378421307013X

INTRODUCTION
Friction plays a special role in our everyday life
because it is encountered continually. Owing to static
friction, we can walk, hold things in our hands, the
objects surrounding us remain in their places, and so
on. In tribology, several basic regimes of friction are
distinguished: dry friction (without lubrication); fluid
friction between interacting surface divided by a layer
of a lubricant of various thicknesses and origins; mixed
(or semifluid) friction in the presence of regions of dry
and fluid friction; and boundary friction in which the
thickness of the lubricating layer is on the order of a
few atomic diameters. As a rule, mixed friction
regimes are realized in actual situations, which com
plicates their description. One of the main character
istics of friction is the friction coefficient depending
on the nature of contacting surfaces and the lubricant.
Lubrication regimes are often represented in the form
of Hersey–Stribeck diagrams [1] illustrating the
dependence of the friction coefficient on characteris
tics such as viscosity, velocity, and external load. On
the classical diagram, the hydrodynamic, mixed, and
boundary regimes change one another consecutively
upon a decrease in the thickness of the lubricant. In
1902, Stribeck proposed a diagram named after him.
With the development of experimental methods, it was
found in the last decade that the boundary regime of
friction is very complicated and has a number of pecu
liarities [2–4] that do not fit to the standard Hersey–
Stribeck curve. In this connection, a new friction map
generalizing the Hersey–Stribeck diagram was pro
posed on the basis of a large body of experimental data;

the domain of boundary lubrication is represented in
this chart in greater detail.
At present, a large number of experimental investi
gations are being carried out for studying boundary
friction under various conditions. One of the impor
tant trends in these studies is analysis of the features of
boundary friction processes in the presence of a
molecularlythin lubricant film between two atomi
cally smooth solid surfaces [3–8]. One of the factors
determining the topicality of investigation of such
objects is rapid development of technologies for con
structing nanosize mechanical systems that cannot be
described by classical mechanics and require the
development of new theories. Another reason is that in
spite of the fact that idealized cases with atomically
smooth surfaces and ultrathin homogeneous lubricat
ing films are far from the conditions observed in tradi
tional friction assemblies, experiments of this kind
(both actual and computer experiments) make it pos
sible to analyze the peculiarities of the boundary fric
tion mode in the case when the effect of inhomogene
ities in the lubricant and roughnesses of the surfaces
can be minimized.
To describe the results of experiments on analysis of
the boundary friction regime and nanocontact effects,
the methods of molecular dynamics [9–11] as well as
phenomenological models [12–15] are being actively
used. In particular, in the synergetic model proposed
in [16], the melting of the lubricating layer is governed
by the mechanisms of thermodynamic and shear melt
ing. Using this model, the effect of additive fluctua
tions of the main parameters of the lubricant in the
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boundary mode was investigated and it was shown that
their action leads to the formation of new stationary
states and kinetic regimes of friction [17, 18]. Popov
[12, 13] developed a thermodynamic theory of bound
ary friction based on the Landau theory of second
order phase transitions [19] in which the shear modu
lus of the lubricant assuming zero value in the liquid
like phase is chosen as the order parameter. However,
publications [12, 13] have certain limitations because
melting of the lubricant in them is described as a con
tinuous secondorder phase transition, while jump
wise firstorder phase transformations [3, 5, 15] lead
ing to stabilization of an interrupted mode of motion are
often observed in the boundary friction regime [3–5]. In
[20, 21], theory [12, 13] was generalized to the case of
a firstorder phase transition and the features of inter
rupted (stick–slip) regimes of boundary friction were
analyzed on the basis of mechanical analogs of tribo
logical systems of two types.
The models constructed in [20, 21] adequately
describe the stick–slip friction mode and the factors
leading to it; however, the dependence of the effective
viscosity of the boundary lubricant only on the velocity
gradient is taken into account, although the viscosity
always depends on temperature. The absence of such a
dependence makes it possible to analyze the behavior
of the system upon a change in temperature only qual
itatively because temperature still appears in the
expansion of free energy [20, 21]. This study continues
the investigations described in [20, 21] and aims at the
generalization of the existing model and at analysis of
the boundary friction regime taking into account the
universal temperature dependence of the viscosity of
solid alkanes [22]. It should be noted that the results of
analysis of the effect of temperature on the boundary
friction regime are rarely elucidated in the literature,
and a comprehensive analysis carried out in [22]
makes it possible to perform the generalization pro
posed in the present article.
1. FREE ENERGY
Let us write the expression for the free energy den
sity for a homogeneous lubricant pressed between two
atomically smooth surfaces in the form [12, 13, 20, 21]
2
2 2
3
4
f = α ( T – T c )ϕ + a ϕ ε el – b ϕ + c ϕ ,
2
3
4

(1)

where T is the lubricant temperature, Tc is the critical
temperature, εel is the elastic shear strain, and α, a, b,
and c are positive constants. In expression (1), we
introduced order parameter ϕ, which is the amplitude
of the periodic part of the microscopic function of the
density of the medium, to describe the phase state of
the lubricant [12, 13]. In the liquidlike phase, there is
no longrange order in alteration of atoms, and
steadystate value of ϕ0 = 0 sets in. If, however, the
lubricant is solidlike, parameter ϕ assumes a nonzero
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value. Expansion (1) corresponds to the model of a
firstorder phase transition [19, 23].
Potential (1) have extrema defined as [20, 21]
b
b 2 a 2 2α ( T – T c )
ϕ +− =  −
+ ⎛⎝ ⎞⎠ – ⎛⎝  ε el + ⎞⎠ ,
2c
2c
c
c

(2)

where ϕ– corresponds to the maximum of potential (1)
and ϕ+ corresponds to its minimum. The values of ϕ+
correspond to stationary states of the lubricant. In
addition to condition (2), solution ϕ0 = 0 correspond
ing to the extremum of the potential for zero value of
the order parameter always exists (it can be a mini
mum, a maximum, or a plateau). In accordance with
relation (2), melting of the lubricant (state with the
stationary value ϕ0 = 0) is equivalently attained in
accordance with two mechanisms: conventional ther
modynamic melting upon an increase in temperature
T and the shear melting due to mechanical action
upon an increase in the shear component of elastic
strain εel.
Analysis of expression (2) makes it possible to
determine the critical values of temperatures and
strains for which a phase transition occurs in the sys
tem. For low values of temperature T and strain εel, the
lubricant is solidlike because, in accordance with
relation (2), a nonzero steadystate value of order
parameter ϕ0 is realized. In this case, the potential has
the form shown by curve 1 in Fig. 1 (the stationary
state corresponds to the minimum at ϕ0 > 0).1
When temperature T exceeds the value
0
a 2
T c = T c – ε el ,
(3)
2α
the situation depicted by curve 2 in Fig. 1 is observed,
where in addition to the minimum at ϕ0 > 0, a poten
tial minimum at ϕ0 = 0 appears. However, since these
minima are separated by a potential barrier (see the
inset to the figure), no transition to state with ϕ0 = 0
occurs, and the lubricant remains solidlike. Upon a
further increase in temperature to values exceeding
critical temperature
2

aε 2
b
(4)
T c0 = T c – 
,
el + 
2α
8αc
the potential barrier disappears (curve 3 in Fig. 1), and
the system abruptly passes to the state with ϕ0 = 0 in
accordance with the mechanism of the firstorder
phase transition; the lubricant melts thereby. If the
temperature is decreased after melting, the lubricant
0
abruptly solidifies at a temperature T < T c (3). Thus,
melting of the lubricant occurs at a temperature T >
Tc0 (4) and its solidification occurs at a lower value of
1 Since the order parameter is the density modulation, its negative

values have no physical meaning, and we will henceforth con
sider the region of ϕ ≥ 0.
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σ el = με el ,

2

2

μ = aϕ ,
(9)
where shear modulus μ of the lubricant can be reduced
to the square of the order parameter to within a con
stant factor a [12, 13, 20, 21]. In addition to elastic
stresses σel, viscous component σv also appears during
motion of interacting surfaces. Friction force F oppos
ing the motion is defined as the product of the total
stresses by the area of the contact between the inter
acting surfaces:
(10)
F = ( σ el + σ v )A.

0.02

1.2
1 2 3
f, J/m3

0 0.1 0.2

0.8

3

0.4

0

0.1

2

0.3

0.2

1

0.4

ϕ

Fig. 1. Dependence of free energy density f (1) on order
parameter ϕ (dimensionless quantity) for α = 0.95 J K–1/m3,
Tc = 290 K, a = 2 × 1012 Pa, b = 230 J/m3, and c =
900 J/m3. Curves 1–3 correspond to temperatures T =
271, 286, and 310 K, respectively, and strain εel = 3 × 10–6.
0

T < T c (3). Accordingly, the ϕ0(T) dependence exhib
its a hysteresis loop in temperature [20, 21], its width
2

0
b
(5)
ΔT = T c0 – T c = 

8αc
being a function of only the expansion coefficients.
Note that during melting, the order parameter changes
jumpwise from its stationary value ϕ0 = 0.5bc–1 to zero,
while during solidification it increases from zero to
ϕ0 = bc–1.
In accordance with expressions (3) and (4), the
lubricant also melts when the elastic strain εel appear
ing in it exceeds the critical value

2α ( T c – T ) b 2
ε el, c0 = 
 + 
(6)
4ac
a
and solidifies when the strain becomes smaller than
0

ε el, c =

(8)

2α ( T c – T )

.
a

(7)

2. ALLOWANCE FOR VISCOSITY
AND FRICTION MAP
Let us define elastic stresses σel appearing in the
lubricating layer as the derivative of free energy f with
respect to strain εel,

Let us define the viscous stresses in the lubricant
layer by the formula [4, 22]
(11)
σ v = η eff ε· ,
where ηeff is the effective viscosity of the lubricant. In
experiments on boundary friction, lubricating materi
als under investigation are usually polymer solutions
and melts [3, 5]. This is due to the fact that the lubri
cant should not be squeezed from under the surfaces in
the course of the experiment, which can be ensured
more easily with long polymer molecules. Such lubri
cants are nonNewtonian pseudoplastic liquids. The
viscosity of Newtonian liquids depends only on tem
perature, while the viscosity of nonNewtonian liquid
is also a function of strain rate ε· [4]. In contrast to
dilatational liquids, viscosity ηeff for pseudoplastic liq
uids decreases with increasing ε· , which facilitates the
reduction of friction.
The dependence of viscosity ηeff of linear alkanes
containing from 20 to 1400 carbon atoms on the tem
perature and strain rate was investigated in [22] by the
molecular dynamics method. Measurements were
taken in the temperature range from 0 to 900 K. A
lubricant layer of thickness h ~ 3 nm containing from
6 to 8 molecular monolayers pressed between smooth
solids was analyzed (which corresponds to the object
considered here). The authors of [22] succeeded in
obtaining a universal dependence of the form
(12)
log η eff = C – n log ε· ,
where parameters C and n depend on the temperature.
It can be seen from this expression that at low temper
atures in the state of rest ( ε· = 0), effective viscosity ηeff
turns to infinity, which corresponds to a solidlike
lubricant; however, this does not lead to a sharp
increase in the friction force because, in accordance
with relations (10) and (11), its viscous component
vanishes in the state of rest ( ε· = 0).
It was shown in [22] that a solidlike lubricant at
low temperatures corresponds to n = 1, while upon an
increase in temperature, the lubricant exhibits the
standard Newtonian behavior with parameter n = 0.
To describe this feature, the propose the dependence
of the form
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n = 
(13)
β ,
1 + ( T/T k )
where constants Tk and β depend on the type of the
polymer being used. In particular, these parameters for
eicosane C20H42 are Tk = 353 K and β = 4.09 [22].
The C(n) dependence for all types of polymer lubri
cants under investigation can be approximated by the
equality [22]
(14)
C = 10.9n – 3.8.
Expressions (12)–(14) give the dependence of vis
cosity ηeff on temperature T and strain rate ε· . This
dependence is shown as a 3D diagram (Fig. 2), where
the temperature step of the mesh is 25 K and log ε·
changes with a step of 0.5. The diagram shows that the
viscosity decreases upon an increase in temperature
and strain rate ε· . With increasing temperature, the
dependence on ε· becomes weaker because the value
of parameter n tends to zero upon heating in accor
dance with relation (13), and viscosity (12) at n = 0 is
Newtonian.
It was shown in [15, 20, 21, 24] that when the inter
acting surfaces separated by an ultrathin lubricant
layer of thickness h move relative to each other with
velocity V, steadystate elastic strains
Vτ
ε el = ε
(15)
h
appear in the layer, where τε is the Maxwellian relax
ation time of internal stresses [12]. Expression (15)
takes into account both elastic εel and plastic εpl strains
emerging in the lubricant [15, 20, 21]. For a small
value of τε, for which the adiabatic approximation
τ ε ε· el ≈ 0 holds, the running value of strain εel for a
motion with a varying velocity V is also defined by
expression (15) to a high degree of accuracy. To deter
mine the strain rate, we will use the standard relation
[4, 22]
V
(16)
ε· = .
h
Combining the expressions given in Section 2, we
obtain the computational formula for determining the
total friction force
–n
2
10.9n – 3.8 ⎛ V⎞
AV
(17)
F = aϕ τ ε + 10

 ,
⎝ h⎠
h
where the steadystate value of ϕ is determined in
accordance with Eq. (2) in which elastic strain εel is
defined by expression (15). The latter expression
makes it possible to generalize the results obtained in
[15, 20, 21] because it takes into account the temper
ature dependence of viscosity. Note that expression
(17) is in conformity with the results obtained by Epi
fanov [1, 25], who demonstrated that the increase in
friction upon an increase in the load occurs due to an
increase in the shear contact area A. However, expres
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Fig. 2. Dependence of the logarithm of effective viscosity
ηeff (12) of eicosane C20H42 on the logarithm of strain rate
ε· and temperature T for parameters Tk = 353 K and β =
4.09 [22].

sion (17) used here is independent of loading. This is
due to the fact that we consider specific conditions of
friction between two atomically smooth interacting
surfaces separated by an ultrathin layer of the lubri
cant. In this case, the contact area is close to the area
of the interacting surfaces irrespective of the applied
pressure. The more so that in the case considered here,
the distance h between the surfaces is maintained con
stant irrespective of the area of the surfaces. The mod
ern experimental technique makes it possible to create
such specific conditions. However, the interacting sur
faces and the lubricant in actual mechanisms always
have roughnesses; for this reason, the true contact area
A will still increase with the load. This allows us to esti
mate the effect of pressure (load) on the behavior of
the system by varying the value of A. Note that the
pressure dependence was taken into account explicitly
in [15, 26].
Figure 3a shows the decrease in force of friction
(17) upon an increase in temperature T, which occurs
due to a decrease in the shear modulus μ defining the
elastic component of force F as well as due to a
decrease in viscosity ηeff that determines the viscous
force of friction. After melting of the lubricant at tem
perature T > Tc0, the elastic component of force F
becomes zero; however, the friction force continues to
decrease due to a further decrease in the viscosity. An
analogous figure was given in [21], where F(T) = const
after melting because the viscous component of F in
[21] depends only on shear velocity V, and all curves in
Fig. 3a are plotted for a fixed shear velocity. The F(T)
dependence obtained here demonstrates a sharper
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Fig. 3. Dependence of friction force F (17) on temperature
T of the friction surfaces and shear velocity V for the same
parameters as in Figs. 1 and 2 and A = 3 × 10–9 m2, h =
10–9 m, and τε = 10–8 s: (a) curves 1–3 correspond to
shear velocities V = 450, 570, and 670 nm/s, respectively;
(b) curves 1–3 correspond to fixed values of temperature
T = 270, 280, and 292 K, respectively.

decrease in the force of friction upon heating as com
pared to the results obtained in [21] because not only
the elastic, but also the viscous component of the fric
tion force decrease in our case with increasing temper
ature. In the model [15, 26], in which the temperature
dependence of viscosity is also disregarded, the fric
tion force after melting continues to decrease with
increasing temperature like in this work, but due to a

decrease in the shear modulus that assumes a nonzero
value in both phases of the lubricating material. The
dependences in Fig. 3a exhibit hysteresis loops
because shear modulus (9) changes jumpwise during
the firstorder phase transition. The inset to the figure
shows its enlarged part outlined by the rectangle in the
main figure but without the arrows indicating transi
tions. It can be seen that the F(T) dependences do not
coincide after melting for any value of the velocity (the
force of friction increases with the velocity). This may
occur only due to an increase in viscous stresses (11)
upon an increase in the second factor ε· = V/h
because the elastic component of F becomes zero after
melting, and viscosity ηeff decreases upon an increase
in V = h ε· .
In accordance with Fig. 3b, the total friction force
(17) first increases with velocity due to an increase in
viscous σv and elastic σel stresses. Elastic stresses for
small values of V increase due to an increase in elastic
strain component (15). However, with increasing
velocity, shear modulus μ decreases significantly,
which ultimately leads to a decrease in the elastic
component of F. A critical velocity exists, above which
the lubricant is solidlike, but the total friction force
begins to decrease.2 Upon a further increase in the
velocity at V > Vc0 (downward arrow in the figure), the
lubricant melts, and elastic stresses (8) become zero,
which leads to a jumpwise decrease in F. If we con
tinue to increase the value of V after melting, force F
will increase due to the viscous component. The lubri
cant solidifies with a jumpwise increase in F for a
0
velocity V < V c (upward arrow in the figure). An anal
ogous F(V) dependence is given in [21], but all curves
coincide after melting because the temperature
dependence of the viscous component of F is not taken
into account. Here, we consider a more realistic situa
tion, when an increase in temperature always reduces
the friction force. Curve 3 in Fig. 3b differs from all
other curves: its solid (stable value of F before melting)
and dashed (unstable value of F) segments together
form a closed curve. In such a situation, the F(V) depen
dence after melting (downward arrow) is always
described by the dependence represented by the dot
anddash line because the lubricant cannot solidify upon
a decrease in V due to the presence of a potential barrier
(curve 2 in Fig. 1) even for zero shear velocity [21].
3. KINETICS OF MELTING
Let us consider the behavior of the mechanical
analog of the simple tribological system shown in Fig. 4
using the proposed model [21, 26]. Here, K is the stiff
ness of the spring and M is the mass of the upper block
sliding over a smooth surface separated from it by a
2 The

existence of the maximum on the F(V) dependence for low
sliding velocities V in the boundary friction mode was observed
experimentally by Tolstoi and Kaplan [1, 27].
TECHNICAL PHYSICS

Vol. 58

No. 7

2013

EFFECT OF THE TEMPERATURE DEPENDENCE
X

V

F

M

1021

n
h K

1.0

V0

C1400H2802
0.8
n = 2/3

Fig. 4. Diagram of a tribological system.

0.6

lubricant layer of thickness h. The free end of the
spring is set in motion with velocity V0. When the block
slides over the surface, friction force F (17) appears
and decelerates its motion.
The equation for determining coordinate X of the
block has the form [3, 12, 21]
(18)
MX·· = KΔX – F.
In this equation, extension ΔX of the spring is
defined as
t

ΔX =

∫ V dt' – X,

(19)

0

C100H202

0.4

C20H42

0.2
0

250

500

750

1000
T, K

Fig. 5. Dependence of parameter n (dimensionless quantity)
on temperature T for three types of lubricant. The values of Tk
and β are borrowed from [22]: C20H42 (353 K, 4.09),
C100H202 (642 K, 3.68), and C1400H2802 (840 K, 2.79).

0

where t = t' is the time of motion of the free end of the
spring. Let us write the kinetic relaxation equation of
the Landau–Khalatnikov type [21, 28],
∂f,
(20)
ϕ· = – δ 
∂ϕ
where we have introduced kinetic coefficient δ. In
explicit form, we can write
2
2
3
ϕ· = –δ ( 2α(T – T c)ϕ + aϕε el – bϕ + cϕ ) + ξ(t). (21)
In this expression, we have additionally introduced
stochastic term ξ(t) describing small additive fluctua
tions that should be taken into account in view of pecu
liarities of the further numerical calculation [20, 21]. In
the simplest case, process ξ(t) can be written as white
noise with moments
(22)
〈 ξ ( t )〉 = 0; 〈 ξ ( t )ξ ( t' )〉 = 2Dδ ( t – t' ),
where intensity D of the stochastic source is assumed
to be 10–25 s–1 in further calculations.
Before analyzing the kinetics of the system, we
consider the n(T) dependence (Eq. (13)) in graphic
form (Fig. 5). Parameter n considerably affects the fric
tion regime that stabilizes in the system shown in Fig. 4.
We earlier used the experimentally determined value
of n = 2/3 [4] in simulation [20, 21]. It follows from
Fig. 5 that this value is observed for different alkanes at
different temperatures T. Note that viscosity ηeff, as
well as the melting temperature, increases with the
length of the CnH2n + 2 molecule. For example,
eicosane C20H42, for which this dependence is given in
Fig. 2, melts at 36.4°C under normal conditions, while
the melting point of hectane C100H202 is 115.2°C. For
ultrathin layers of substances bounded by solid sur
faces, these temperatures may differ significantly
because they depend on the pressure applied to the
surfaces, their structure, and so on. This means that
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analyzing a specific polymer, one has to change the
expansion coefficients in potential (1), which can be
selected correctly only after additional experiments.
To analyze the kinetics of melting process, we will
solve numerically the system of differential equations
(18) and (21) taking into account the definitions intro
duced in Sections 2 and 3. The dependences obtained
as a result of solution of these equations are shown in
Fig. 6. At a chosen temperature T in the state of rest
(εel = 0), the lubricant is solidlike. At instant t = 0, the
free end of the spring begins to move uniformly with
velocity V0 = 2 μm/s. Friction force (17) increases in
this case because velocity V of the upper block
increases. The increase in the velocity leads to an
increase in elastic strains (15), which results in an
increase in the elastic component σel of stresses (8).
Since velocity V is initially much smaller than V0, the
spring is stretched, and extension ΔX increases. When
the condition V > Vc0 is satisfied, the lubricant melts,
and stresses σel assume zero value (lower panel of Fig. 6).
Since the elastic component of the friction force
becomes zero in this case, the sliding velocity V of the
upper block increases significantly. The block rapidly
moves over a large distance, which follows from the
increase in the slope of the X(t) curve after melting.
Since the block now moves with velocity V, which
considerably exceeds velocity V0 of the free end of the
spring, the spring is compressed and the value of ΔX
decreases. After this, the regime of damped oscilla
tions sets in up to the stabilization of the steadystate
sliding of the block with velocity V = 2 μm/s coincid
ing with the velocity V0 of the free end of the spring.
0

This velocity is much higher than critical velocity V c ;
for this reason, the lubricant remains liquidlike, thus
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Fig. 6. Dependence of friction force F, shear velocity V of
the upper interacting surface, its coordinate X, spring
extension length ΔX, and elastic shear stresses σel on time
t for the parameters the same as in Fig. 3 and M = 0.4 kg,
K = 2500 N/m, δ = 100 J–1 m3/s, T = 295 K, and V0 =
2 μm/s.

using the synenergetic representation of the lubricant
melting [29, 30].

ensuring the small value of viscous friction force F.
Since a nonzero value of the friction force is sustained
during the steadystate motion, the extension of the
spring does not relax to zero. It can be determined
from Eq. (18), which in the stationary case, leads to
the condition
(23)
KΔX = F.
In the regime of the steadystate sliding, the time
dependence of the coordinate becomes linear because
the block moves at constant velocity V = V0. Note that
longterm damped oscillations prior to the stabiliza
tion of a steadystate sliding were discussed earlier

Figure 6 demonstrates the regime in which a
steadystate motion of the friction block with a con
stant velocity stabilizes with time. However, a large
number of experimental data indicate that in the
boundary friction mode, the interrupted (stick–slip)
motion is observed in a wide range of parameters, when
the relative velocity of the friction surfaces and the fric
tion force vary with time periodically [3, 31–33]. Such
a regime is shown in Fig. 7, which describes the same
dependences as in Fig. 6, but at a lower temperature T
of the lubricant. At the initial stage of motion, the
behavior of the system qualitatively coincides with that
shown in Fig. 6. However, melting in this case occurs
at a much larger value of extension ΔX of the spring. As

Fig. 7. Kinetic dependences of the quantities under inves
tigation for the same parameters as in Fig. 6 and T = 270 K.
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Fig. 8. Dependence of friction force F on time t (upper
panel) for the same parameters as in Fig. 6 and upon an
increase in temperature T in accordance with the law (24)
(lower panel).

a result, the moving block after melting acquires a
large velocity V that is much higher than velocity V0 of
the free end of the spring. The spring is compressed in
this case, and extension ΔX decreases. In the case con
sidered here, the upper block comes to a stop only
when the spring is compressed (ΔX < 0) in view of the
smallness of the viscous friction force. Then, the
spring straightens, which leads to the motion of the
upper friction surface in the opposite direction with
velocity V < 0; the friction force also becomes negative
in this case. After the repeated change in the direction
of motion (V > 0) occurring due to stretching of the
spring and an increase in the elastic driving force KΔX,
the lubricant solidifies, and then the process described
above is repeated. Thus, a periodic regime of stick–
slip friction sets in. On the time dependences of the
friction force shown in Figs. 6 and 7, the peak of F(t)
is observed after melting and a subsequent sharp
decrease of the friction force; the reasons for this peak
are considered in detail in [21].
To reveal the features of the effect of lubricant tem
perature T on the regime of operation of a tribological
system, Fig. 8 shows the time dependence of the fric
tion force under a gradual increase in temperature in
accordance with the law
⎧ 220, t < 5 s
T (K) = ⎨
⎩ 170 + 10t, t ≥ 5 s.

(24)

At the initial stage, the temperature remains
unchanged; therefore, a stationary regime of the
stick–slip motion with a sawtooth dependence F(t) is
observed. Since the temperature is low as compared to
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that in Fig. 7, the friction force in the given case is
larger and is always positive (i.e., the spring is always
stretched during motion, ΔX > 0), and the block moves
in the same direction. Further, we linearly increase the
temperature (“heat” the lubricant), which leads to a
decrease in the effective viscosity (12) (see Fig. 2) and
to a corresponding decrease in the friction force; for
this reason, when the temperature exceeds a certain
value, regions with F < 0 appear (see the explanation to
Fig. 7). The figure shows the temperature Tm above
which the lubricant melts completely and steadystate
sliding regime sets in. Temperature Tm differs from (4)
because we consider here a more complicated case,
and the value of Tm is affected by parameters such as
spring stiffness K and mass M of the block. It should be
noted that an increase in the temperature of the lubri
cant in Fig. 8 leads to an increase in the frequency of
phase transitions, which was demonstrated earlier in
[20, 21, 26]. However, in contrast to these publica
tions, the kinetic value of the friction force (minimal
value of F over a period) in our case considerably
decreases with increasing temperature in the stick–
slip regime. This effect can be explained by the fact
that we take into account the decrease in lubricant vis
cosity ηeff with increasing temperature.
Figure 9 shows the time dependence of the friction
force with a gradual increase in velocity V0. It can be
seen that with increasing velocity, the frequency of
melting/solidification phase transitions increases.
This is due to the fact that the critical value of elastic
stresses for which the lubricant melts is attained
sooner at high velocities. Correspondingly, melting
begins earlier, and the system can perform a larger
number of phase transitions between the structural
states of the lubricant during the same time interval.
For velocity V0 = V04, the lubricant melts completely,
and the kinetic regime of sliding with a constant fric
tion force sets in. Since the dependences in Fig. 9 are
plotted for a fixed temperature T, the curves qualita
tively repeat analogous dependences given in [21, 26].
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CONCLUSIONS
In this study, a theoretical model is proposed for
describing boundary friction in the presence of an
ultrathin film of a lubricating material between two
atomically smooth surfaces. It is shown that the stick–
slip friction mode, which is often observed experimen
tally in such systems, appears due to the firstorder
phase transition between the structural state of the
lubricant. This study makes it possible to extend the
results of previous investigations because it takes into
account the temperature dependence of viscosity for
polymer pseudoplastic lubricating materials. The
effect of the lubricant temperature and shear velocity
on the stick–slip regime is analyzed. It is shown that
upon an increase in temperature, the reversive motion
regime can set in after melting, and longterm oscilla
tions can exist up to stabilization of a steadystate slid
ing. Our results coincide qualitatively with available
experimental data. The model is quantitative and can
be employed for describing a wider range of conditions
of boundary friction whenever required. For example,
this model can be used for describing processes occur
ring during friction between rough surfaces because
the description contains the thickness of the lubricant,
which will assume different values on the plane of con
tact and will vary in the course of motion.
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