Nanotribology: mechanisms of friction on the atomic scale
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A short review of the modern state of the problem of friction from the physical viewpoint is
presented. The main attention is devoted to the results obtained by the molecular dynamics method.
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I. INTRODUCTION

Science about friction, or tribology (from Greek tribos,
that is translated as rubbing) is very important both from
scientific and practical points of view. First of all we note
that if in one situations it is desirable to reduce friction
as much as possible, in others — vice versa, to attain max-
imally large friction. We remind also that friction may
be static and kinetic. The static friction force fs is the
force which one has to apply to initiate sliding. Namely
thanks to static friction, we are able to walk and cars to
move, as well as mechanical constructions connected by
bolts and nuts are stable. The kinetic friction force fi
is the force needed to maintain the smooth sliding with
a given velocity v. Therefore, every time unit, the en-
ergy frv is pumped into the system, which is converted
into heat and finally leads to heating of atmosphere. Ac-
cording to estimation [1], the losses of energy because
of friction achieve more than 6% of the gross national
income in economically developed countries. Therefore,
even a small reduction of friction promises an enormous
economical effect. In typical situations fr < fs, for ex-
ample, fr ~ 0.5f,, and the ratio of the friction force to
the loading force fi, psx = for/fi, known as the fric-
tion coefficient in tribology, in order of magnitude takes
values of p ~ 0.1 typically.

Because of importance of friction, its study began more
than three centuries ago [2]. The first known study of
friction belongs to Leonardo da Vinci (1452-1519) who
discovered that the friction coefficient does not depend
on the area of contact. Later Guillaume Amontons (1663-
1705) showed that the friction is directly proportional to
the load, i.e., to the weight of sliding block. Leonhard
Euler (1707-1783) noted that one has to distinguish the
static friction studied by Vinci, and the kinetic friction
explored by Amontons. Finally, Charles Coulomb (1736-
1806) discovered that the kinetic friction does not depend
on the sliding speed.

These laws, getting the name of the Amontons laws, re-
mained purely empirical up to a middle of past century,
when Bowder and Tabor [3] made the first attempt of
their explanation from the physical point of view. They
paid attention to the fact that the contacting surfaces
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are almost always rough. Therefore, the real contact is
attained only on asperities. An estimation [1] shows that
the real area of contact A,e, makes only ~ 107° of the
geometrical (visible) area Ayis. The contacts themselves
are under the extremal condition of enormous pressure
— forces in the contacts are close to the limit of plas-
ticity of materials that form the contact. This explains
the Amontons laws: with the increase of the load fj,
the real contact area grows either due to the increase of
the number of contacts (in the regime of elastic response
of the system), or because of the plastic deformation of
contacts. In the result, the ratio p = f5/fi remains
approximately constant [4].

Later, more careful experiments showed that the
Amontons laws are valid approximately only, and the
problem of friction is essentially more involved. Firstly,
friction does depend on the sliding velocity. Secondly,
it depends on the prehistory of the contact, i.e., fric-
tion occurs to be different for a “newborn” contact and
for the contact which already undergone some sliding.
A new era in the study of friction began only 15-20
years ago, thanks to development of new experimental
methods (first of all, the “tip-based technologies” com-
ing from surface physics — the scanning tunnel micro-
scope (STM) [5] and its subsequent improvements — the
atomic force microscope (AFM) [6] and the friction force
microscope (FFM) [7]), and also due to great progress in
computer power allowing to simulate real tribosystems
by the molecular dynamics (MD) method.

In this brief survey we present a modern view on the
problem of friction from the physical viewpoint, mak-
ing the main accent on the study of kinetic friction by
the MD method. We consider the regime of boundary
friction only, when the surfaces are separated by a very
thin, of few monomolecular layers, lubricant film. We
note that such a film is almost always present: it may
be either a specially chosen lubricant, or grease (oil), or
dust, or wear debris produced by sliding, or water or a
thin layer of hydrocarbon adsorbed from air, etc. — all
this is called the “third bodies” in tribology. Moreover,
even if the lubricant film is thick, at the moments of the
onset of motion or at its stop, the lubricant is squeezed
out from the contact area, and the system turns out into
the regime of boundary lubrication.



II. SIMPLE MODELS OF FRICTION

In physics, a very large role is played by simple models,
which, from one side, correctly describe the basic aspects
of the problem and, from the other side, allow either
the exact solution or at least a well grounded one with
a predicted accuracy. In tribology, there are two such
models — the Tomlinson model [8] (see Fig. 1) and the
Frenkel-Kontorova (FK) model [9], schematically shown
in Fig. 2. Later, a large number of generalized and com-
bined models was proposed as well, description of which
can be found, e.g., in the monograph [11]. However, al-
ready the simplest model — a single atom placed into
the external periodic potential — allows us to understand
some important aspects of friction. Let us assume that
the periodic potential of the surface can be described by
the sinusoidal function with the period as = 27 and the
amplitude e, = 1. If we apply a constant force f to the
atom, it will remain in rest (in a local minimum of the
potential V(z) = sinz — fz) whilst f < f; = 1; thus,
the force fs is an analog of the static friction force. At
f > fs the atom begins to slide over the potential relief.
However, if we now reduce the force, the smooth sliding
will survive up to the force f = f, = (4/m)nvV/M (here n
is the damping coefficient and M is the atomic mass), as
the atom can overcome the maxima of the potential relief
due to its inertia. The force f; is the analog of the kinetic
friction force. The important result is that the minimal
speed vp, at which the atom can slide due to inertia, is
of the “atomic-scale” order, v, ~ 50 A/ns = 5 m/s.
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FIG. 1: The Tomlinson model.
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FIG. 2: The Frenkel-Kontorova model.

In the tribosystem, the periodic potential corresponds,
for example, to the surface potential of the lower (immo-
bile) substrate, while the “atom”, to the moving top sub-
strate. As vy oc M~1/2, one may speculatively suppose

that in a macroscopically large system, when M — oo,
we will obtain v, — 0. This assumption, however, is
wrong [12, 13]. At reduction of the driving force, firstly
the most lower atomic layer of the top substrate (i.e., the
layer nearest to the contact) is stopped, and this takes
place at a speed of atomic-scale order. At the same mo-
ment, a stopping wave is created, and then the second,
third, etc. atomic layers of the top substrate stop succes-
sively one after another. The stopping wave takes away
the accumulated kinetic energy of motion to the bulk of
substrates.

If now we will push the atom not directly but through
a spring (which describes, e.g., the elasticity of the top
substrate), where the end of the spring moves with a ve-
locity v, we come to the Tomlinson model. At v > v,
the system will demonstrate the smooth sliding, and at
lower speeds v < v, — the so-called stick-slip motion,
well known as door creak, bowing a violin, etc. Namely,
with the onset of motion the spring stretches and the
driving force grows, until it reaches the static threshold
fs. At this moment the system begins to move with the
increasing speed, until it catches the end of the spring;
thus the spring is weakened again, and the driving force
falls down. As a result, the system slows down up to the
complete stop, and the whole process repeats itself. In
the stick-slip regime, the friction force does not depend
on speed; however, if the system temperature is nonzero,
T > 0, there is a weak (logarithmic) dependence f(v) be-
cause of thermally activated jumps of lubricant atoms [1];
another reason for the velocity dependence comes from
aging of contacts.

The second important model widely used in tribology
is the Frenkel-Kontorova model. First it was proposed
for description of dislocations in solids, and then it was
widely used in surface physics for description of commen-
surate and incommensurate structures of films adsorbed
on a surface [14]. Generally, a great progress in under-
standing of friction problems, attained lately, first of all
is connected with the progress in surface physics, a large
contribution to which was brought by Ukrainian scien-
tists from the Institute of Physics, the Institute of Semi-
conductors, the Institute of Surface Chemistry, etc. How-
ever, the problems in tribology are more difficult, than in
surface physics: if the latter studies “opened films” ad-
sorbed on a solid surface, in tribology systems the lubri-
cant film is confined between two surfaces and therefore
it is less accessible to direct study.

The FK model describes a chain of interacting atoms
(e.g., adsorbed atoms or lubricant atoms), placed in the
external periodic potential created by surface atoms of
the substrate. A success in the use of the FK model
is connected with the fact that in the continuum limit
(valid for a strong interaction between the atoms) its
equations of motion are reduced to the exactly integrable
sine-Gordon equation, the solutions of which, besides the
linear waves (phonons), include the topological solitons
(so-called “kinks”) and dynamical solitons (“breathers”).
The kink describes a spatially localized compression of



the chain (or its extension in the case of the antikink),
and is characterized by extremely high mobility. Namely
kinks are responsible for the fast transfer of mass along
the chain, i.e., for mobility of the adsorbed or lubricant
film. In two-dimensional (2D) or three-dimensional (3D)
systems, conceptions of domain walls or misfit disloca-
tions are used instead of kinks, but the physics of pro-
cesses remains qualitatively the same. For example, a
mechanism of motion of a finite chain (or an island in
the 2D system) is the following: a kink is created at one
(free) end of the chain, then it rapidly moves along the
chain and annihilates on the other chain’s end; as the re-
sult, the whole chain is displaced on the distance of one
lattice spacing [15, 16].

Another extremely important concept of the FK model
is the “incommensurability”. Namely, if the lattice con-
stants of the chain a and the substrate ag in the infinite
system are incommensurate (i.e., their ratio y = a/as is
irrational), there always exists a critical value of the elas-
tic constant of the chain g, such that for a higher rigidity
the chain becomes effectively free of the substrate, i.e.,
the static friction becomes zero, and the kinetic friction
becomes extremely small. This phenomenon (known in
physics from the beginning of 1970th as the Aubry tran-
sition, or “the transition by breaking of analyticity” [17—
21]) acquired an extreme actuality in tribology in connec-
tion with the prediction of “superlubricity” [22], i.e., the
existence of lubricants providing extremely low friction.
In the FK model the best condition for appearance of the
state with fs = 0 is achieved at incommensurability cor-
responding to the “gold section” y = (v/5 — 1)/2. If the
chain is placed between two one-dimensional “surfaces”,
the so-called “spiral ratio” of lattice constants turns out
the best [23].

Thus, the simple models already provide several an-
swers for the basic questions of tribology, at least on a
qualitatively level. For example, it is clear that a solid
lubricant could be the most effective: it should provide
the maximal friction in the case of commensurate sur-
face/lubricant interface (the so-called “cold welding of
contacts”) and minimal (up to zero) friction , for the
incommensurate interface.

III. MOLECULAR DYNAMICS SIMULATION
OF FRICTION

First of all we have to note that in order to obtain
realistic values of the friction coefficient, the model sys-
tem must be three-dimensional. It is connected with the
fact that the basic mechanism of energy losses at slid-
ing is excitation of phonons [1, 10]. The rate of this
process is directly proportional to the density of phonon
states which cannot be correctly described by the one-
or two-dimensional system. In other, the modelling of
tribosystems is carried out by standard MD methods.
The bottom and top substrates are modelled by one
or a few atomic layers each, and the lubricant atoms

(or molecules) are placed between the substrates (see
Fig. 3). It is assumed that all atoms interact between
themselves. The interaction is described, for example,
by the Lennard-Jones potential or by a more realistic
for the given system potential. The periodic boundary
conditions are used in the longitudinal directions x and
y. The bottom substrate is fixed (immobile), and a load
force (which corresponds, e.g., to the slider weight) and
the driving force are applied to the top substrate, usually
through a spring, the end of which moves with a given
velocity v. During simulation the spring force, which
corresponds to the friction force, as well as other pa-
rameters, such as the thickness of the lubricant film, its
structure, distribution of temperature and atomic veloc-
ities through the contact, etc., are monitored.
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FIG. 3: MD simulation of friction.

The modelling of tribosystems has, however, two im-
portant features. Firstly, as the number of lubricant
atoms is fixed, the results of simulation may be sensi-
tive to the number of lubricant atoms N, for example,
whether the lubricant atoms form exactly two atomic
layers or two layers with a half. To reduce related er-
rors, one may make one or both surfaces “corrugated”
as shown in Fig. 3 (that, by the way, is closer to real
situations, where surfaces are often rough). Besides, it is
desirable to make a set of MD simulations with different
numbers N.

The second problem in modelling of friction is more
serious. We remind that a tribological system is a “ma-
chine” to convert the energy of translational motion into
heat. Namely, the driving force pumps energy into the
system, and if we will not remove it, soon the system
will simply evaporate or burst. Therefore, using of solely
Newtonian equations of motion is impossible; it is not
possible also to use artificial methods of removing energy
(such as, e.g., the widely used method of renormalization
of atomic velocities at every or a few MD steps), as the
rate of energy removing will finally determine the fric-
tion force. An ordinary receipt in such a situation is to
model the substrates as made of many atomic layers, and
then to use the Langevin equations with damping coef-
ficient which smoothly increases with the distance from
the interface, thus modelling an effectively “infinite” sub-
strate [13]. However, this method leads to a catastrophic
increase of the system size, the more so unjustified, that
in the end only the trajectories of lubricant atoms are of



real interest.

A solution of this problem was proposed in Ref. [24]. Tt
consists in the use of Langevin equations for all lubricant
and substrate atoms, but with a “realistic” damping coef-
ficient, which depends on the coordinate r, and velocity
v, of the given atom relatively the surfaces in contact,
and correctly describes the energy exchange between the
moving atom and the substrates. For the dependence
1(ra,vq), it was proposed to use the expression found
earlier for an adatom vibrating near the surface [25, 26].
Of course, the extension of the dependence obtained for
vibration of a single adatom to the system of interacting
moving lubricant atoms, can result in some errors, but in
any case this approach is much better, than to use as the
damping coefficient 77 some arbitrary constant, as in ma-
jority of MD simulation of friction [27]. The use of the
velocity-dependent damping coefficient requires in turn
a substantial development of the method of stochastic
equations, as has been done in Ref. [28].

The use of the described MD method showed [10, 24]
that the basic factor which determines the behavior of
a tribosystem, is the relation between the amplitude of
interatomic interaction in the lubricant V}; and the in-
teraction of lubricant atoms with the substrate Vy;. In
the case of traditional (e.g., oil) lubricants, the inequality
Vi < Vg holds, i.e., the lubricant atoms are coupled to
the surfaces much stronger, than between themselves; it
is the so-called “soft” tribosystem. In the opposite case
of the “hard” system, the interaction of lubricant atoms
between themselves is strong, V;; > Vg, and as the result,
the lubricant remains in the solid state even at sliding.

IV. MELTING OF A THIN LUBRICANT FILM

As is well known from surface physics, mechanisms of
melting of the monoatomic film adsorbed on a crystal
surface essentially differ from those in bulk, and are char-
acterized by a large variety [29]. The same is true for the
lubricant film confined between two surfaces. The first
and obvious fact is that the temperature of melting of the
lubricant film T is essentially higher, than the bulk melt-
ing temperature T, [30]; for example, for a monolayer film
the ratio T../T, may achieve a value of 3. The value of T,
monotonically decreases with the increase of the number
of layers N; in the lubricant film and approaches the bulk
value only for N; > 5. T, grows also with the increase
of pressure. Such a behavior is related to the limitation
of motion of lubricant atoms in the transverse direction
because of the contact with the surfaces.

The mechanisms of melting of the hard and soft lu-
bricants are also different [31]. In the hard tribosystem,
the lubricant atoms in contact with the substrates can
vibrate with a larger amplitude than in the middle of the
film; therefore its melting begins from the boundary lay-
ers. In the opposite case of the soft lubricant, where the
boundary layers are strongly coupled with the substrates,
the melting begins from a middle of the film. The T.(N;)

dependence obtained with the MD simulation can be well
explained theoretically with the help of the Lindemann
criterion [31]. In both cases, however, the melting is re-
lated to the increase of the specific volume, that in the
tribosystem, as the MD simulation shows, is expressed
in a sharp increase of the film thickness and formation of
an additional atomic layer.

Properties of the molten lubricant film differ from
those of the bulk liquid — the former demonstrates a well
defined layered structure, which is saved at sliding as
well. Although the discovery of this fact caused the sur-
prise in tribology community, from the surface physics
viewpoint this phenomenon is obvious: the crystalline
structure of the surfaces imposes a structure to the near-
by layers of the liquid lubricant both in the transverse
and, in less degree, in the longitudinal directions x and
y (the latter, however, is destroyed at sliding).

It is interesting that in the solid state at T' < T, the
film structure also substantially differs from that in the
bulk: although the state is “solid”, as the shear module
is nonzero, mobility of atoms in the film considerably ex-
ceeds that in the bulk, as characteristic for the same tem-
perature. It is related to the presence of a large number
of defects (e.g., vacancies) in the confined film, so that
the state of the film is closer to a glasslike, than to the
ideally crystalline.

Finally, we note that the lubricant film can be melted
not only because of the rise of temperature, but also
due to sliding (the sliding-induced melting). The mecha-
nism of this melting, however, differs from that described
above [32].

V. KINETIC FRICTION

Although it may seem strange, the problem of static
friction is considerably more difficult, than the problem
of kinetic friction. For example, theory predicts [33] that
almost always the static friction should be zero for the
contact of two elastic substrates, that totally conflicts
with all known experiments. The difficulties of fs cal-
culation emerge because the static friction is determined
by the concrete structure of the contact, which may be
quite complicated and badly defined (for example, it is
supposed that it rather corresponds to a glasslike struc-
ture). Besides, the values of thresholds may differ from
contact to contact, as well as change in time (typically fs
grows with the time of stationary contact — the so-called
aging of contacts — probably, because of their plastic de-
formation). Therefore, below we discuss the problem of
kinetic friction only, i.e., the regime of smooth sliding,
when the system is in the well definite steady state. We
remind that this regime corresponds to quite high sliding
velocities, v > v, ~ 1 — 10 m/s.

In the case of a traditional (oil-based) lubricant, or
the soft tribosystem, the boundary layers of the lubricant
film are strongly coupled to the surfaces and, therefore,
sliding must begin with rupture of bonds somewhere in



the middle of film. As a result, the film is melted with the
onset of motion, and remains liquid both in the smooth
sliding regime (at v > v.) and in the sliding phase of the
stick-slip regime at v < v.. In the latter case, the film
freezes again during the stop of motion; such a mech-
anism of stick-slip motion is called the melting-freezing
mechanism [34, 35]. In the smooth sliding regime, the
liquid state of the film is supported due to its heating
because of sliding. However, a detailed MD study shows
that there are two different sliding regimes, the “liquid-
sliding” (LS) regime described above, and the “layer-
over-layer” sliding (LoLS) regime, when the lubricant
layers keep an ordered structure at sliding (this reminds
turbulent and laminar flows in hydrodynamics). The fric-
tion coefficient in the soft system takes on intermediate
values of order y ~ 0.1, and p is directly proportional
to the viscosity of lubricant, which for a thin film may
be either lower or in 2 — 3 times higher than the bulk
viscosity [10, 24].

On the other hand, in the case of solid lubricant, or
the hard tribosystem, the sliding takes place at the sur-
face/lubricant interface (usually only at one of the two
boundaries, as the system is rarely fully symmetric). And
if the surface and the hard lubricant have an ideal crys-
talline structure, we get the system with extremely low
friction. This occurs because the substrate and lubricant
are, as a rule, rigid enough, so that their rigidities are
above the Aubry threshold, so that the sliding mode is
realized. Besides, the substrate and lubricant are made
of different materials typically, therefore they have differ-
ent lattice periods, incommensurable in a general case.
But even if the periods coincide or are commensurate,
the commensurate interface in the two-dimensional con-
tact can be formed only if the axes of these two lattices
are strictly aligned, because any, even smallest dismiss
of the axes will result in incommensurability of the lat-
tices. Thus, the regime of extremely low friction should
be realized practically always if, we emphasize, the sub-
strates and the solid lubricant have the ideal crystalline
structure [10, 24]. Namely this fact explains the very
good tribological characteristics of the graphite-based lu-
bricants as well as other layered materials such as MoS,
and TigSiCy. Extremely low friction is indeed observed
experimentally, for example, at scanning of the W(011)
tip on the Si(001) surface [36], or for sliding of a graphite
scale on the graphite surface [37]. We note that a large
progress in development of hard lubricants was achieved
at the Institute of Material Problems NASU [38, 39].

However, the described above advantages of the solid
lubricants disappear completely, if the contacting sur-
faces are not ideal, for example, if there are steps, asper-
ities or other defects on the surfaces, where the pinning
(hooking) of the surfaces takes place. At depinning from
these defects, the lubricant may be melted, and then,
during the stop, it will be solidified again, but already
with a structure close to amorphous one, as the cooling
of the confined film is very rapid due to a good ther-
mal contact with the substrates. In the case of imperfect

(amorphous or glasslike) structure of the solid lubricant
film, the friction becomes quite large, larger than for lig-
uid lubricants [10, 24].

Nevertheless, by the careful choice of parameters of
the solid lubricant it is possible to recover its good tri-
bological characteristics. We remind that the lubricant
is heated to some temperature Ty;q at sliding, and also
that its melting temperature T is proportional to the am-
plitude of the interatomic interaction Vj;. If we will chose
the V}; parameter so that Tyjige be close to T, (but do not
exceed it), structure defects of the film may be removed
(annealed), and the film may self-order during sliding.
The MD simulation [40] confirms the possibility of such
a scenario: starting from an imperfect film, we observe
the stick-slip motion. The film temperature sharply rises
during the phase of sliding, the film self-orders remaining
in the solid state and, after a few stages of sliding, the
system passes to the smooth sliding regime with a very
low friction. For realization of the self-ordering mecha-
nism, it is necessary to choose the amplitude Vj; of the
interaction large enough, so that the film is not melted
during sliding, but not too large, so that the rate of an-
nealing of defects is not too low.

The results of the MD modelling allowed us also to
build the phenomenological theory of kinetic friction [10],
by which it is possible to predict analytically the behavior
of a tribosystem with the change of its parameters.

VI. FROM ATOMIC-SCALE TO
MACROSCOPIC FRICTION

The described above atomic-scale mechanisms of fric-
tion are for sure important in designing nano-mechanical
devices. However, there arises a question of are they in
any relation with the friction in macrosystems. Fore-
most the value of the critical velocity of the transition
from stick-slip to smooth sliding causes suspicion: at ex-
periment the transition is observed at velocities about
1 —10 pm/s [1, 41], while the MD simulation leads to
values v, ~ 1 — 10 m/s and, as proved in Ref. [13], this
value cannot be substantially lower. We note, however,
that a more careful an experiment be carried out, the
higher values of v, are obtained [42]. The second prob-
lem is related to the viscosity of the thin lubricant film:
MD simulation predicts that viscosity of the film can be
higher by the bulk value in 2 —3 times only, while the ex-
periment shows their difference on many orders of magni-
tude. These two problems, however, are linked together.
Indeed, viscosity of the thin film is defined as fd/va?2,
where d is the film thickness and a, is the substrate lat-
tice constant [10]. If we insert into this expression instead
of v the value v, taken from experiments, we obtain the
declared by experimentalists huge increase of viscosity, as
there are no essential difference between the simulation
and experiment for other values (forces, film thickness,
ete.) [10].

This contradiction can be resolved with the help of the
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FIG. 4: The earthquakelike model.

earthquakelike (EQ) model — third from the basic mod-
els used in tribology. The name of this model appeared
because the same type of models is used for modelling
of earthquakes [43]. Physics of both processes is qualita-
tively identical, but differs by the spatio-temporal scale
— nanometers and seconds to hours in tribology on com-
parison with kilometers and years to centuries in geology.
In the EQ model the sliding interface is treated as a set
of contacts bound by springs with the moving top base
(the springs model the elasticity of the top substrate),
as shown in Fig. 4. A single contact behaves in accor-
dance with STM experiments or MD simulations: it is
immobile until the total force f; acting on it, does not
exceed the static threshold fs;. When the threshold is
attained, the contact quickly moves to a new position,
where f; = f, (usually for simplification it is supposed
f» = 0). One may also take into account the elastic in-
teraction between the contacts, so that a displacement of
one contact causes redistribution of forces on the other
contacts, and that can provoke their relaxation as well or
even cause an avalanche of relaxations.

The basic issue in the EQ model for description of fric-
tion is incorporation of contact’s aging (i.e., the thresh-
old fs; increases with the contact lifetime counted off
from the moment of its last sliding). The aging results in
a dependence of system dynamics on the driving veloc-
ity [44]. Then, at a low velocity, when all contacts have
enough time to “grow old” and attain approximately the
same value, depinning of contacts takes place almost si-
multaneously over the whole system, i.e., their motion
is synchronized. It is the stick-slip regime observed in
macroscopic experiments. At a high sliding velocity, the
threshold values fs; for different contacts are different,
therefore they move asynchronically and, as a result, the
averaged spring force is approximately constant. In the
macroscopic experiment, such a motion looks like the
“smooth” sliding at which, we emphasize, the contacts
themselves are still in the regime of (microscopic) stick-
slip. For the contact of rough surfaces, a typical distance
between the contacts is @ ~ 1076 —1073 m, and the aging
time is of the order of 7 ~ 1 — 102 sec; thus the change

of sliding regimes should take place at v ~ a/7, as is
observed experimentally.

In the experiments that use the SFA (surface force ap-
paratus [46]) or SFB (surface force balance [42]) tech-
nique, the sliding surfaces are made of mica, which may
have atomically flat surface of macroscopic area. How-
ever, even in this case the lubricant film cannot be ideal
throughout the whole contact area — it should be split on
domains, e.g., with different orientation, because this will
lower the free energy of the system due to the increase of
entropy. Domains of different orientations have different
values for the thresholds fy;, i.e., they play the same role
as the contacts in the case of rough surfaces.

Further development of researches in this direction [47]
allows us to describe friction on the mesoscopic level, and
this is the basic approach in modern material science.

VII. CONCLUSION

Majority from the results described above, as well as
many others not included in the given review because of
lack of space, were obtained just in the last 5-10 years.
This indicates the fast progress in tribology. However,
the further improvement of experimental methods, able
to fix not only the average friction force but provide also a
detailed information about processes inside the lubricant
film, is still extraordinarily actual. In this plan, the use of
methods already well developed in surface physics, looks
very promising. For example, an important information
on the energy exchange in adsorbed films can be obtained
by the quartz crystal microbalance (QCM) method [48].
From other interesting new experimental methods, one
may mention the methods used in works [49-51], and also
a recently developed at the Institute of Physics (NASU)
technique of “levitating substrate”, where a sliding block
holds out above the surface by the magnetic field [52].

From the problems not considered in the review, first
of all we have to mention the problem of search of meth-
ods to control and operate the friction both by chemical
methods by adding specially chosen molecules to the base
lubricant [53], and by mechanical methods, for example,
using special nanopatterned surfaces [54] or applying an
external oscillating force to the system [55].

We also did not touch the important question of the
form of lubricant molecules. As was shown above, the
minimal friction is achieved in the case of contact of two
ideal crystalline surfaces. The form of molecules of the
hard lubricant in this case is not important, as the main
role plays the surface structure. In the case of traditional,
or soft tribosystems, the kinetic friction force is directly
proportional to viscosity of the liquid lubricant; there-
fore, a lower is the viscosity, the smaller should be the
friction. As a speculative example one may mention the
use of air as a “lubricant” between the rotating disk and
the reading head in computer disks, where the head “lev-
itates” over the disk like an airplane. Another example
known from times of ancient Egypt but recently acquired



the special actuality in connection with development of
nano-mechanical devices, is the use of water [56, 57] or
water solutions [58] as lubricants. Everybody knows how
slippery is the surface of ice covered by a thin water film.
One has to note also that in the process of evolution,
the nature chose namely water solutions as lubricants
in living organisms. However, daily experience says just
about reverse: if to smear hands by a butter, they will
be far more slippery, than if it is simple to get wet of
them, i.e., the experience prompts that often a liquid
with a high viscosity is a better lubricant [1]. This is
related to squeezing of the lubricant out from the con-
tact area: a higher is the viscosity, the slower is the
process of squeezing out. More rigorously, in the case
of boundary lubrication, the important is not the lubri-
cant viscosity, but the length L of lubricant molecules: a
longer is the molecule, the by the greater number of the
atoms it holds on the surface, and the more difficult is
to remove it out from the contact area [59]. In some sys-
tems, however, the dependence u(L) may be nonmono-
tonic [51]. Another interesting idea is to use advantages
of rolling friction, e.g., to use the spherical molecules Cgg
(fullerenes) as a lubricant [60, 61] — as is well known, in
macroscopic systems the friction coefficient of rolling is
in 102 — 103 times lower than the frictions of sliding. For

example, lately it becomes actual to design “microcars”
able to transport “loads” on the crystal surface [62] and
micro-bearing which use carbon nanotubes or fullerenes
as rollers.

In conclusion we emphasize that the problem of friction
is many-branched and requires the coordinated intra-
disciplinary efforts — from the side of physicists, chemists,
material scientists and mechanics, and then we may ex-
pect a great progress in tribology in nearest future.
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gratitude. I thank also I.K. Pohodnya, the Editor of the
collection of papers devoted to the 90-th anniversary of
NASU, for the invitation to write this article, and A.G.
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