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Introduction
Actual progress in the development of structureenergetic [1] and molecular-mechanical [2] theories of
friction and wear allow considering a tribosystem as a generator that transforms mechanical energy into heat energy.
Thus, the results of calorimetrical researches [1, 3] prove
that over 95 % of energy supplied to a tribosystem is
turned into heat, and about 5 % of this energy is accumulated in a surface layer and then used for structural transformations, and, partly, dissipates through the disruption
channel that is followed by acoustic, electromagnetic and
other kinds of emission [4].
All the measures aimed at the increasing of tribosystem wear resistance, are aimed, directly or indirectly,
at the increasing of efficiency of the heat generator, and
two principle lines of research have been formed in this
sphere. The first one consists in diminishing the part of
energy which is spent to destruct the surface layer due
to the use of more effective lubricants, perfect material
structures, as well as application of different wear resistant coating [1]. The second one consists in perfecting
conditions of contact interaction, in decreasing friction
coefficient and, as its consistence, in decrease of the
absolute value of external energy supplied to the tribosystem [5; 6].
Analysis of principal findings and publications.
The force of external friction is directed against motion
in a tribosystem, and, in accordance with molecularmechanical theory of wear friction (summarized by I.V.
Kragelskiy), consists of two components: molecular
(adhesive) Fa and mechanical (deformation) Fd [2].
These components of the force of friction F “conflict”
with each other when solid bodies move,
Ffr  Fa  Fd .

(1)

When smoothing a surface using the methods of
finishing treatment, the mechanical component of the
force of friction may be lowered significantly. However,
the molecular component increases proportionally, and
at the wearing-in stage, it initiates the adhesive-cohesive
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destruction of the surface layer of the tribosystem. Due
to the wear-in process, an equilibrium state is forming,
which corresponds to the given conditions of friction
(load, sliding speed, temperature, etc.). In its turn, it
determines the amount of external energy which is supplied to the tribosystem, and, consequently, determines
the rate of formation and destruction of secondary structures [1] on friction surfaces, that is, their wear resistance.
The summary of a large number of the results of
boundary friction study [7] proves that the value of the
boundary friction coefficient for different combinations
of lubricating materials, in accordance with GersiStribeck curve is within the range 0,005…0,02.
Goal of research. Therefore, at frictional modes
and with lubricants which are mostly used, both the surface layer of tribosystem elements and lubrication medium participate in the formation of the frictional force.
At present, there are some scientific papers that demonstrate the results of experimental study when the values
of the parameters of the frictional force go out of the
minimum limits and are small [8; 9]. For this reason, the
search of the theoretical prerequisites to change external
friction from “normal range” to anomalously low friction is well-timed and crucial task, and the present paper
is dedicated to its solution.

Description of the principal
information
While analyzing this problem, it is highly interesting to mention the research made by English scientist
James Gray, who in 1930s stated that the reserve of
muscle power of a dolphin equals only 10 % of the estimated power it needs to move at the observed speed
(10 m/s).
In other words, according to the laws of hydrodynamics, a dolphin cannot move in the water at such a
speed due to small reserve of its muscle power, however, it moves, and thiuyjs is the essence of so called
“Gray’s Paradox”.
© Stadnichenko V.M., Troshin O.M., Stadnichenko M.G., 2016
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During the years that passed, many hypotheses
were proposed to explain the low resistance of dolphin’s
motion; their idea is based on the elasticity of dolphin’s
skin. But experimental hydrodynamic studies carried
out in this sphere, gave negative results. James Gray
himself helped invaluably to reveal the physical mechanism of anomalously low friction at dolphin’s motion.
He assumed hypothetically that a negative gradient of a
hydrodynamic pressure somehow appears and acts between the surface of dolphin’s nose and water from
ahead, that is, a moving dolphin seems to hurry after the
water from ahead that continuously runs away from it.
To realize such an interaction of objects that move
in liquid, authors of published work [10] have developed a technology, whose essence consists in the fact
that a decrease in hydrodynamic resistance of moving
vessels is caused by formation of waves of elastic compression from the surface of ship’s head in the opposing
water. The realization of this approach in modern shipbuilding industry makes possible to increase the rate of
sailing more than twofold when using actual engine
power and with the same consumption of fuel.
The authors of published works [11; 12] have obtained the analogous result concerning the decrease in
the force of friction, when developing the technology of
tribotechnical recovery. In this case, the effect of anomalously low wear and friction was achieved due to
mobility of a two-layer metal-ceramic layer formed on
frictional surfaces, and it is in these works that the wave
approach was used for the first time to explain the process of dissipation of energy supplied from an external
source.
Without any doubt, it is practically impossible to
use the said technologies to achieve anomalously low
friction for the majority of real moving tribosystems
operating under boundary friction conditions, when the
difference between hydrodynamic and external friction
is big. However, the wave nature of this phenomenon
(Gray’s Paradox) gives leave to propose a scientific
hypothesis which states that in addition to the molecular
and mechanical components of forces of friction, the
wave component , Fw , also exists:
Ffr  Fa  Fd  Fw .

(2)

Under the standard conditions of boundary friction, the surface layer “softening” of triboelements (Rehbinder effect) takes place due to interaction of a lubricating medium with triboelements’ materials that are
plastically deformed [7]. The positive depth gradient of
the hardness of the surface layer is formed. Hence, the
tribosystem changes from the elastic contact to the elastically plastic and plastic contact. At that, the force of
friction decreases to a certain stationary value. At given
conditions of contact interaction in the tribosystem, the
numerical value of the force of friction is determined by
two first components of expression (2). The wave com-

ponent Fw is negligibly small in this case, and by this
reason, up to the present time it haven’t been taken into
account, though the authors mentioned the wave component both in past and at present. Indeed, I.V. Kragelskiy [2], while explaining the elastic deformation of a
material at friction, demonstrated that the contacting
points cause the elastic deformation of a material, and
the unlocked contacts start to oscillate, it means that, in
practice, a wave component of the force of friction is
under formation [2].
The findings of the study of elastic contact at friction, given in published works [13; 14], prove that the
oscillations under certain conditions may serve as an
additional channel of dissipation of energy supplied to
the tribosystem.
Conditions of formation of real tribosystems operating exclusively in the elastic range are given in published works [7; 14–16].
The theoretical basis for using wave effects to
achieve anomalously low friction and wear is A.I.
Veinik’s published work [13], where the author, basing
on the thermodynamics of non-equilibrium processes,
formulated conditions needed to achieve both zero and
negative external friction.
Making analysis of reversible and irreversible
processes, the author of this paper came to the conclusion that the numerical value of the work of the force of
friction may be considered as the criterion for process
irreversibility assessment (“irreversibility coefficient”).
The concept of the irreversible process at friction is extremely conventional because the irreversibility, since
Clausius, is interpreted as the strict one-directional flow
of all real processes. In reality, according to A.I. Veinik,
the processes with negative friction occur widely in the
nature, just as the processes with positive friction.
While considering the interaction of microroughnesses in the contact zone of the tribosystem similarly to
the example given in [13], the effect of transformation
of mechanical energy into heat energy Q D in the tribosystem at elastic interaction of microroughnesses, if the
interacting masses (which are microroughnesses on the
surface) of the movable and immovable friction bodies
are equal, may be estimated as follows:

Q D  1 2  PmD m  1 2  m  с2  2  ,

(3)

here PmD is the difference of kinetic energies of interacting microroughnesses; m is the acquired (lost) mass
of microroughnesses; с is the initial velocity;  is
final velocity.
At elastic interaction of microroughnesses Q D depends on the grade of perfection of the interaction,
which is estimated as the value of losses caused by plastic deformation or destruction. In case of absolutely
elastic interaction of bodies with immovable obstacle,
the velocity of the mass before interaction equals its
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velocity after interaction. Deceleration of the mass is
accompanied by emission of dissipation heat Q D , and
its acceleration, until it gains the previous velocity, is
accompanied by absorption of the same amount of heat
Q D . As a result, the screening (dissipation) effect becomes zero. It results from (3), because after substitution of the total flow of the kinetic component of the
total energy of the body it becomes zero. However, the
presence of the difference of squared velocities in (3)
evidences that the question of which one of the velocities, initial or final one, is bigger, is extremely important. If the initial velocity с is bigger than the final
velocity  after collision, in other words, if the activity
of the kinetic component of the total energy of the body
decreases due to the screening effect, then the dissipation heat is positive and it is emitted (positive friction).
If the initial velocity с is less than the final velocity
 , in other words, if the activity of the kinetic component of the total energy of the body increases due to the
screening effect, then the dissipation heat is negative
and it is absorbed (negative friction).
In view of the above, the energetics of the surface
does not allow considering the roughness only from the
geometrical standpoint. An interesting physical effect of
formation of Benard cells [17] is known in the theory of
dissipation. If the energy is continuously supplied to the
surface and the amount of this energy reaches certain
value, then more intensive external energy output (dissipation) is needed. Bifurcation with the consecutive
self-organization of surface structure takes place, at the
same time the surface spontaneously breaks into individual elements, and each of them dissipates more intensively then before the bifurcation [18].
Let us analyze the energy exchange between wearing surfaces by representing roughnesses as energy
cells, each of them gives its energy to the counterbody
and receives energy from the conterbody. This energy
exchange shall be estimated with surface-averaged energy flows. If we consider these flows locally, then,
depending on elastic-plastic characteristics of triboelements the conditions of positive and negative friction
shall be also achieved, with account of proportion between molecular-mechanical and wave components of
the force of friction.
So, if the real tribosystem is represented as an assembly of interacting elastic microroughnesses, then the
principal reason of minimization of values of tribological parameters (wear rate, temperature in the contact
zone, force of friction, etc.) is the kinetic nanofield (reaction of masses of microroughnesses on external action
that appears in local points of the elastic interaction of
friction bodies). The conditions when the two effects,
that of dissipation and antidissipation, become exactly
equal to each other, shall be possible, because the work
of forces of the nanofield always equals the work
130
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needed to decelerate or accelerate masses, however, the
signs of these works are opposite.
The amount of the dissipative component d D
which is emitted or absorbed heat, is proportional to the
change in the activity of the nanofield kinetic component dQ D , and amount of the transferred heat caused by
local interactions dE , and inversely proportional to the
absolute temperature T of the carrier, which may be
described by stochastic equations whose final solutions
may be represented [18] as:
d D dQ D T  dPD dE T .

Nowadays, to estimate a stress state of the surface
layer, the level of strains of certain sings is used which
cause compressive or lengthening effect in the whole
effective volume of the interaction and are equilibrated
in the section of contacting bodies.
In case of the kinetic nanofield, the value of local
strains may be represented by the effect of liquid cavitation, when microzones with high and low pressure exist
simultaneously, and the resulting value of the strain is
not stationary. At realizing these conditions in a tribosystem, the total change in temperature, force of friction
and wear at a load change in the zone of contact will
approach zero.
Therefore, the hypothesis of quasi-elastic interaction of surfaces accompanied by effects of zero friction
and negative friction proposed in published works [6,
13], comprises prospects for further development both
in the theory and in solution of the principal applied
problem of minimization of friction and wear for the
wide range of machinery and mechanisms tribosystems.
The existence of effects of friction and antifriction, dissipation and anti-dissipation makes us to
look with a fresh eye at the problem of irreversibility of
processes in tribosystems, and develop a fundamental
approach on this basis to diminish friction in and wear
of real tribosystems [19]. The self-regulation of tribosystems of this sort is realized through the channel of
excess production of entropy whish determines the tribosystem stability in conditions of non-equilibrium selforganization [17]. A change in increment of excess entropy  2S

тс

with time for non-equilibrium processes

described above, has the oscillatory type. Hence, the
sign will determine the proportion of dissipation and
anti-dissipation processes.
In addition to kinetic interactions which appear on
submicroscopic and finer levels, the behavior of surface
layer after stoppage of the tribosystem is also very important for the analysis of processes of the tribosystem selforganization. It follows from published work [20] that the
tribosystem stoppage results in exclusion of the boundary
layer disorganization, however, the processes aimed at selforganization continue during certain time, which causes the
better ordering of frictional contact and, consequently, de-
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crease in the force of friction during the next loading. This
circumstance allows to significantly change the methodology of program loading [15] to shift the tribosystem to the
higher level of self-organization when it leaves the stability
limits. The program loading provides for observance of
complete adequacy between the growth of applied load and
rate of relaxation of internal strains owing to diffusive and
micro-shift processes. After program loading a metal becomes more homogeneous with respect to the distribution
of strains. The structure of program-resistant metals is,
mechanically, more equilibrated compared with the initial
material, it demonstrates higher resistance against the initial plastic deformation and, at the same time, it is less
prone to brittle fracture [15].
However, the impulse loading applied to the tribosystem which is in a certain structural state, results in a
spontaneous transition of plastic deformations from a
substructural micro-level to a meso-level, that significantly exceeds the depth of a cold-work layer, and, at
the same time, abrupt changes in the properties of materials of the tribosystem are observed. A quasi-elastic
layer is formed on the surface, and in its central part,
hypothetically, a hydrodynamic deformation is possible,
while in the transition zone at the periphery an intensive
rotational elastic-plastic deformation is expected to appear, which is analogous to the structure of eddy formation in the near-wall layer when a liquid flows [21].
Basing on the works by I. Prigozhyn, A.I. Veinik in
the sphere of non-equilibrium self-organization, we carried
out two series of experimental studies. Their general idea is
to realize the wearing-in at the first stage of tribosystem
operation through the achievement of the conditions of
equilibrium self-organization in the tribosystem, which are
characterized by constant values of average surface temperature, force of friction and wear rate. At the second
stage, after the energy supply, the tribosystem passes over
the stability limit. These conditions were created owing to
impulse (program) loading (Fig. 1) [6].
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Fig. 2. Tribotechnical characteristics of the tribosystems 30Х3ВА-ВБ23НЦ that undergone the test at the
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With the purpose to carry out the program loading,
the friction machine 2070 СМТ-1 was modernized to
get the possibility to regulate the rate of loading within
the wide range of values and carry out the impulse loading of the tribosystem [22]. Specimens of steel 30Х3ВА
and bronze ВБ23НЦ were studied. Aviation kerosene
TC-1 was used as machining medium, its flow rate
equaled 3,5 L/h. Testing conditions were: the load at
operation in stationary conditions – 600 N; the angular
frequency of the transmission shaft – 500 min-1; the
environment temperature + 20 oC.
The program loading was carried out in accordance with recommendations given in published work
[6]. The quality of surfaces of the specimens prepared
for testing, was high. The wear rate was measured in
real time using the acoustic-emission method [19]. The
average wear rate (the ratio of integral value of the averaged power of acoustic emission and number of measurements) was used for comparative estimation of testing tribosystems wear. The results of testing the basic
tribosystem and tribosystems that experienced program
loading are given in Fig. 2–4.
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Fig. 1. Program loading when the tribosystem passes to
the higher level of non-equilibrium self-organization:
1 – beginning of loading; 2 – stability limit for tribosystem
transition to its damage; 3, 4 – getting the maximum uniform
distribution of strains in the surface layer; 4 – impulse loading;
5 – bifurcation point for the tribosystem transition
to the highest level of self-organization

0

0

0,49

0,2
а

b

c

Fig. 3. The rate of total wear of the tribosystem
30Х3ВА-ВБ23НЦ during 8 hour testing:
a – basic tribosystem; b – at program loading
(impulse loading equals 1400 N); c – at program loading
(impulse loading equals 1800 N)
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a
b
c
Fig. 4. Surface fractography of triboelements made
of bronze ВБ23НЦ ×250:
a – the basic tribosystem; b – at program loading (impulse
loading equals 1400 N); c – at program loading
(impulse loading equals 1800 N)

The test program provided for basic testing of wear
resistance with determination of principal tribological
parameters when load equaled 600 N. The second series
of experiments provided for the wearing-in at a given
load and tribosystem transition from the equilibrium to
non-equilibrium friction as a result of program loading.
According to the program, the value of the impulse load
equaled 1400 N and 1800 N, and then the operation load
of 600 N was used at the final stage of loading.
The analysis of the results proved that the changeover of the tribosystem operation to the conditions of
anomalously low friction and wear is characterized by
the sufficiently good reproducibility. The results of the
experimental study of friction couples 30Х3ВАВБ23НЦ with aviation kerosene TC-1 used as machining medium are given in this paper.
Let us analyze the results of anomalously low friction obtained in the course of program loading with impulse loading up to 1400 N, Fig. 1-3, b, from the standpoint of the local kinetic contact interaction in the tribosystem. In other words, let us analyze the physics of
kinetic nanofield formation in case of elementary elastic
contact of microroughnesses in the presence of external
friction.

Conclusions
Hence, in addition to molecular and mechanical
components of the force of friction at anomalously low
wear a wave component appears, and in this case the
effect of this component prevails. In essence, under
conditions of anomalously low friction and wear, the
phenomenon of Gray’s paradox is realized on the higher
level of self-organization. In our opinion, the transit of
the tribosystem from the normal to anomalously low
friction using the program loading generates the special
kind of wave resonance, which appears in the kinetic
nanofield together with progressive wave formation.
This effect does not appear under the conditions of equilibrium self-organization, as the principles of the thermodynamics of equilibrium systems and, in particular,
formation of the positive hardness gradient (Rehbinder
effect), impede it.
Summarizing the undertaken study we make the
final conclusion that the hypothesis concerning the existence of anomalously low and even negative friction
proposed by A.I. Veinik, is true, it is confirmed experi132
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mentally and has a great practical significance. For instance, the transit of the tribosystem to zero friction under conditions of program loading for steel-bronze tribosystem increases its wear resistance by up to 140
times comparing with the basic tribosystem, Fig. 2–4, a.
In this case, the wear takes place at the initial stage of
the program loading (wearing-in) and stops at the final
stage of the impulse loading, which is confirmed by the
results of observation of the wear rate using the acoustic
emission method.
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ТЕОРИЯ И ПРАКТИКА В ОБЪЯСНЕНИИ АНОМАЛЬНО НИЗКОГО
ТРЕНИЯ И ИЗНАШИВАНИЯ В ТРИБОЛОГИИ
В.Н. Стадниченко, О.Н. Трошин, Н.Г. Стадниченко
Результаты теоретических и экспериментальных исследований эффекта аномально низкого трения представлены в данной статье с позиций термодинамики неравновесных процессов, возникающих в условиях упругого взаимодействия микрорельефа элементов трибосистемы.
Ключевые слова: трибосистема, внешнее трение, внутреннее трение, кинетическое нанополе, волновая составляющая силы трения, аномально низкое трение, акустическая эмиссия.
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