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Abstract

The article elucidates the essence of nanotribological processes in the materials of conjugation of samples
of parts by the methods of the surface force apparatus, scanning tunneling and atomic force microscopy. The
substantiation of the mechanisms of their occurrence is given by the methods of molecular dynamics and classical
contact mechanics. Attention is paid to dry adhesive and contactless dynamic friction of conjugated samples,
physical processes in "sticking-sliding” tribocontacts, adhesive effects, etc. The values of the lateral and normal
forces acting on the probe were analyzed. The probe was considered as a collection of point particles of
concentrated mass with a multiatomic structure of the material. The contact and movement of the probe with the
surface of the sample was considered in the "probe-surface” system with minimal potential energy and lateral load
and taking into account conservative and dissipative forces.

The effect of "sticking-sliding" is substantiated with the help of the apparatus of surface forces. The atomic
periodicity of the effect is explained on the basis of the model of the formation and breaking of adhesive bonds
and the "atom-magnet" model. It is shown that the patterns of "sticking-sliding" processes can be determined by
using the parameters of shear stress and specific work of adhesion.

It is advisable to use the Johnson-Kendall-Roberts theory to explain the elastic adhesive contacts, and the
Deryagin-Mullier-Toporov theory for the residual friction force and probe separation force.

It is shown that there is a significant connection between friction and adhesion processes. The correlation
between the macroscopic value of the surface energy of materials and their shear modulus for homogeneous
contacts was determined.

On the basis of adhesive effects and the effect of "sticking-sliding", it is possible to control frictional forces
and create favorable conditions for their absence, which gives grounds for obtaining high wear resistance of tribo-
joints of parts, their reliability and maximum efficiency of the functioning of machines and mechanisms.

Key words: adhesive effects, sticking-sliding, conjugated surfaces, lateral forces, friction, wear resistance,
reliability, efficiency.

Introduction

The study of the physical nature of the processes of friction and wear at the atomic level of the materials of
the joint parts became possible after the creation of atomic force microscopes. The intensive development of this
technique led to the formation of nanotribology, which combined experimental and theoretical studies of adhesion,
friction, wear, lubrication, chemical activity and triboelectromagnetism at the nanostructural level. As a rule, the
problems associated with friction are mostly engineering in nature and are considered physics with macroscopic
contacts of mating surfaces of parts contaminated by the presence of adsorbed particles, wear products, and
lubricants [1].

The stimulus for the development of nanotribology is considered to be a fundamental understanding of the
role of a set of microcontacts that occur when the surfaces of tribocoupled parts are in contact. At the same time,
the total area of actual contacts may be significantly less than theoretical estimates [2].
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Level approach in tribology [1-3] shows that the phenomena and processes in the contact area of
tribojunctions of samples and parts are studied at the macro-, meso-, micro- and nano-levels. With the transition
to a qualitatively new nanolevel of research, it was found that the physical processes in tribocontacts are much
richer and more diverse and include many new phenomena: phase transitions due to the shear arrangement of thin
films in the “probe-part surface” contact; the formation of contact "jumpers”; chemical, electrochemical and
triboelectric effects; effects related to humidity, superconductivity, etc.

Literature review

An important place in the study of nanotriboeffects is occupied by questions that are considered using the
methods of the surface forces apparatus and the quartz crystal microbalance technique. These methods are
currently the most promising for nanotribology. To them can be added methods of surface nanoindentation
technique, methods of scanning tunneling microscopy and atomic force microscopy [4-7].

The study of friction processes at the nanostructural level is of considerable interest for a wide range of
technical applications: the technology of production and surface coating of hard magnetic disks for computers;
production of microsensor sensors, etc. Engineering applications of tribology and tribotechnics in mechanical
engineering require a deeper understanding of the tribological properties and characteristics of materials at the
atomic level in order to optimize and predict the tribotechnical characteristics of joint parts. The successful solution
of these tasks requires the reduction of the existing gap between the macro-, meso-, micro- and nanostructural
levels of research on the materials of tribojunctions of samples and details of machines and mechanisms.

Adequate theoretical description of many experimentally detected tribophysical effects continues to be
unsatisfactory, despite the fact that recently a number of important results were recorded, which were predicted
and interpreted using the method of molecular dynamics and classical contact mechanics [8,9]. The mode of dry
friction at the macroscopic level does not depend on the visible contact area and practically does not depend on
the sliding speed. At that time, it is caused by a complex variety of surface properties, the presence of numerous
microcontact zones, adhesive and deformation effects, as well as "ploughing™ of the surface with microroughnesses
and wear products [10,11]. To understand the nature of the most complex and least studied mechanism of adhesive
friction, it is advisable to use a level approach in tribology.

One of the sub-levels of the nano-level is related to the need to build a detailed atomistic theory of
triboprocesses, which describes the processes of adhesion, friction and wear within the framework of atomistic
models of chemical bonding and elementary electron-phonon processes, which lead to energy dissipation in the
surface layers of tribocoupled materials of samples and details [12].

Another sublevel of the nanolevel concerns the nature of the sliding mechanism, in which it is not clear
whether the relative movement of the touching surfaces is continuous or consists of a series of discrete acts of
sticking and sliding processes. The implementation of the latter processes requires the detection of the scale of
distances and the time interval corresponding to elementary microslip. Experimental studies indicate that the
sticking-slip processes are characterized by the periodicity of the material lattice, allowing to obtain the atomic
contrast of the surface in the lateral contact mode of atomic force microscopy [1 3,14 ]. Note that this is possible
only in the case of atomically smooth surface conjugations. Much more often, the contact area is contaminated by
the presence of adsorbed substances and wear products.

The analysis of experimental and theoretical results obtained in the field of nanotribology in recent years is
highlighted in the works of the following foreign authors [11-14]. It can be seen that an attempt is being made to
construct some integral physical picture that is specific to nanotribocontacts as elementary friction zones. It should
be noted that the results presented in the literature review were practically not discussed, and attempts to
systematize theoretical ideas are fragmentary due to the fact that the main calculation models are in the stage of
development and evaluation. Nanotribological adhesion-sliding processes based on models of adhesive friction
forces and dynamic mechanisms of non-contact friction also require substantiation.

During the discussion of theoretical models of the tribon nanolevel in works [15, 16], much attention is
paid to the problem of dry adhesive and contactless dynamic friction in a vacuum. At the same time, elementary
processes are in the field of attention, the understanding of which brings researchers closer to the understanding
of the nature of friction as a whole. Theoretical justifications of the effect of "plowing", wet friction,
thermodynamic aspects of nanotribology and a number of other issues that require special consideration are
considered in detail in literary sources.

This is a brief description of the main modes of operation of atomic force microscopy and other methods
used in experimental research of micro- and nanocontacts [17,18]. Physical processes in tribocontacts, such as
"sticking-sliding", adhesive, chemical and others, are discussed on the basis of available experimental material. At
the same time, the existing theoretical concepts that allow the interpretation of these experimental data are
considered.

The approximation of classical contact mechanics in the interpretation of atomic force microscopy data on
"dry" adhesive friction in a vacuum is discussed. Simple models of the lateral movement of the probe are
considered, which allow the interpretation of experimental images of the investigated surfaces of samples and
parts. A detailed analysis of the evolution of the nanocontact structure using the molecular dynamics method is
carried out. The mechanisms of static and dynamic friction are considered, the application of theoretical models is
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analyzed to explain the experimental dependence of the friction force on the load force, adhesion-sliding processes,
interpretation of the damping effect of the motion of adsorbed films in experimental studies with a quartz
microbalance [19,20].

The interaction of the tribodiagnostics probe and the surfaces of samples and parts allows not only to
diagnose the structure of the contact zone on an atomic scale, but also to modify some properties of the conjugated
surfaces.

It was revealed [21,22], to reduce the time of contact scanning of the technological process, it is necessary
to increase the scanning speed to 1cm/s It is noted that scanning probe microscopy, nanotribology and
nanotechnology can lead to significant changes in mechanical engineering.

Purpose

The purpose of this work is to find out the influence of nanotribological processes occurring in the materials
of conjugated samples of parts on their wear resistance, reliability and efficiency of the functioning of machines
and mechanisms.

Results

Investigating the physical processes in the nanotribocontacts of the conjugated surfaces of the sample parts,
we will focus on the theoretical justification of various experimentally observed phenomena. Among which the
"sticking-sliding" effect is the key effect for the contact mode of atomic force microscopy. For the first time, the
effect was observed at the atomic level when measuring the lateral forces acting on a tungsten probe sliding over
the surface of highly oriented pyrolytic graphite. Similar measurements were carried out on a wide range of
contacting materials from soft to hard.

Comparative studies of the "sticking-sliding" effect were conducted under the leadership of Fujisawa [2,3]
for various combinations of probe and sample materials. At the same time, the observed periodicity of the sliding
of the probe on the surface of the sample corresponded to the topography of the atomic relief of the surface itself,
obtained in the normal mode of atomic force microscopy. At the same time, the positions of the maxima of the
lateral and normal forces were slightly shifted relative to each other. The observed periodicity of the lateral
interaction is believed to be responsible for all the observed contrast, including topographic images in the normal
mode. The effect of "sticking-sliding” is revealed in experimental studies with the apparatus of surface forces
[11,12]. The transition to continuous sliding without wear is observed at significantly higher speeds. At the same
time, the question of the effect of the observed "sticking-sliding"” periodicity on the fact that the atoms of the probe
relax into a structure comparable to the atoms of the sample should be clarified. It was found that even for probes
with a disordered atomic structure, periodicity of lateral forces is observed, which corresponds to the translational
symmetry of the sample material. In a typical experimental situation, as a rule, there is both lateral and longitudinal
deformation of the cantilever, but the latter deformation can also be caused by a change in the normal force. It was
found that there is always a connection between the corresponding signals in the lateral and normal modes. If this
connection is not controlled, then the measurement results are distorted.

Schematically, the principle of measuring the investigated surface by atomic force microscopy is shown in
fig. 1.

Fig. 1. Block diagram of the principle of measurement of the examined surface in an atomic force microscope: 1 — the
examined surface of the sample; 2 — probe (probe); 3 — cantilever; 4 — laser beam; 5 — photodiode; 6 — electronic
conversion and feedback device

In an atomic force microscope, a thin probe (2) located at the end of a cantilever beam (3), known as a
cantilever, scans the surface (3). High-precision movement of the probe is carried out with the help of piezoelectric
elements that change their length under the influence of voltage. When driving over an uneven surface, the dipstick
rises and falls. These very small vertical movements are detected with the help of a laser beam (4), which is
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reflected from the upper surface of the cantilever equipped with a mirror. Even with small displacements, the beam
undergoes a large deviation, which can be measured by a matrix photodetector (5).

The received signal is analyzed using an electronic device (6) and converted into an image of the surface
of the sample. An electronic feedback mechanism is used to ensure a constant force between the sample surface
and the probe and to prevent possible damage.

Knowing the role of the atomic structure in the relative movement of contacting surfaces, researchers tried
to explain the "sticking-sliding" effect based on the modernized classical ideas of Tomlinson and the method of
molecular dynamics [24]. Since modern models of probes are considered as a collection of point particles with a
concentrated mass that has no internal degrees of freedom, or taking into account a multiatomic structure, the
visual picture of the "sticking-sliding" effect is significantly simplified.

Initially, the probe is at the minimum point of the potential energy of the "probe-surface” system. This
interaction is characterized by a periodic potential that reflects the translational symmetry of the atomic structure
of the surface of the part. An essential feature of this model is the assumption of the possibility of applying
adiabatic conditions at each step of the probe's movement. In lateral contact loading caused by cantilever scanning,
energy is stored in the form of elastic energy of the cantilever-specimen contact. The relative sliding of the probe
on the surface of the part sample begins at the moment when the accumulated energy in the material is large enough
for the probe to jump out of the potential well and be fixed at another point on the surface. After that, the system
relaxes and excess energy quickly dissipates from the contact area through the electron-phonon subsystem. Note
that a very short dissipation time is observed, since the characteristic velocities of electrons and phonons (10 7 -
10 “#m/s) are many orders of magnitude higher than the typical scanning speeds of an atomic force microscopy
probe.

Studies show that in order to observe the instability associated with the “sticking-sliding” effect, it is
necessary to combine a "soft" cantilever with a "hard" surface of the part sample under the condition of strong
interaction. Moreover, more energy dissipates in the case of softer contacts. At that time, the models did not take
into account possible mechanisms of energy dissipation, in which the frictional force is proportional to the speed.

It should also be noted that the oscillatory model of the “probe-surface™ system describes this "sticking-
sliding" effect only under the condition of critical damping of the cantilever, which is its significant drawback due
to the high elasticity of the cantilever. To eliminate this contradiction, Johnson and Woodhouse [25] took into
account the elastic stiffness of the contact and found a relationship between the effective stiffness of the "probe-
surface™ system and the amplitude of the periodic friction force. The weakest point of this rationale is the
discrepancy between the point oscillator model and the actual situation with the atomic force microscopy probe.
The experimental fact is that the period associated with the "stick-slip™ effect coincides with the period of the
surface atomic structure. In the mode of contact lateral mode of atomic force microscopy, it is possible to talk not
about the actual atomic rarefaction of the surface of the part, as is the case in the modulation mode, but about the
atomic contrast. This is evidenced by the fact that there is no rarefaction of point atomic surface defects in the
contact mode.

Molecular dynamics calculations also indicate the presence of the "sticking-sliding" effect and friction
without wear at low loads. A decrease in the friction force is observed when the scanning speed increases. The
most serious objections related to the results of molecular dynamics calculations related to the interpretation of the
"sticking-sliding" effect. Their range of speeds (1-2000 m/s) causes them, which exceeds scanning speeds in
atomic force microscopy. At that time, numerical molecular dynamics experiments significantly enrich the
understanding of structural changes occurring in the contact zone.

At the same time, clear differences between conservative and dissipative lateral forces acting on the probe
should be taken into account. During the movement of the probe corresponding to the friction loop, we are dealing
with the maxima of the static force at which the probe begins to slide. When the real atomic structure of the contact
zone is unknown, there is no possibility to detect the movement of atoms inside it. It is believed that there will be
limited sliding of atoms on the periphery of the contact. This happens even with very small lateral forces. It was
found that the observed lateral force cannot be attributed completely to either dissipative or conservative. It
contains both of these components.

The lateral contrast recorded when the direction of movement of the probe is reversed is not unusual, since
the contrast does not directly show the atomic structure. If the probe is in the extreme right position, the system is
already ready for micro-sliding. The system does not care whether the probe continues to move to the right or
changes direction to the opposite. In both cases, the force modulus further decreases. As a result, after a sharp
decrease in the initial phase of the reverse movement of the probe, the lateral force turns out to be close to zero
and the "probe-surface” contact is unloaded. After that, a new growth of the lateral force (modulo) begins, which
continues until the beginning of the next sliding cycle. This indicates that sharp changes in the lateral force are
irreversible and are associated with the dissipative nature of the sliding process in the triboconjugates of the "probe-
sample of parts".

The atomic periodicity of the "sticking-sliding" effect can be qualitatively explained by the model of the
formation and breaking of adhesive bonds. At each position of the probe on the surface of the part sample, the
contact spot covers a certain part of it. Moreover, for a spot of a given shape, the number of surface atoms under
it varies depending on the lateral coordinates with the lattice period of the surface material. If the probe is located
in relation to the surface of the part sample at a point corresponding to the minimum number of adhesive bonds
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near the boundaries of the contact patch, then during its sharp micro-slip the dissipative force of friction will be
minimal, due to the fact that the number of broken and newly created adhesive bonds is relatively small Small
discrete jumps and a fine structure of the lateral force are not accompanied by a loss of stability of the
triboconjugation of the "probe-sample parts" that continue to accumulate energy. In the position that corresponds
to the maximum number of bonds along the boundaries of the contact spot, their rupture as a result of microslipping
with a subsequent sharp drop in the lateral force on the cantilever becomes catastrophic. At this moment, the probe
breaks off. Old adhesive bonds behind the contact spot are broken, reducing the resistance to the translational
movement of the probe, and new ones arising in front of the contact spot capture it forward. The nature of this
movement can be described by the model of "atoms-magnets", which are arranged on the surface in the form of a
regular lattice and have a vertical degree of freedom, and the probe, which has a flat shape, is installed on a
pendulum suspension, the axis of which moves with a constant horizontal speed. This model allows you to visually
visualize the atomic "sticking-sliding™ effect at the macro level.

Adhesion effects are of significant importance in the problem of nanotribology (atomic friction), as they
determine the contact area and interaction of sample parts, as well as their interaction with the probe. Adhesion
forces can be directly measured by atomic force microscopy using the lead-pull mode of the probe, or by
measurements of friction force-load force relationships.

If contact mechanics is used to substantiate the obtained data, then two main parameters can be used to
substantiate the regularities of the "sticking-sliding" processes: shear stress and work of adhesion. The shear stress
is proportional to the critical lateral force that causes the probe to slide in the "stick-slide” mode. The work of
adhesion is equal to the specific energy related to the unit of tribojunction contact area of the “probe-sample of
parts” required for its rupture:

V=011V~ V2 1)

where y,,7,, 71, are the specific surface energies of the probe, the part sample, and the interfacial energy

of their contact, respectively.

Let's consider questions related to the dependence of the specified values on the atomic structure of the
contact, temperature, external pressure, chemical composition, and the material of the part sample. But at the same
time, we take into account the differences between model representations of "dry" vacuum conditions and the more
complex case of a "wet" surface, when intermolecular forces can change significantly due to the presence of solvent
or solute molecules.

In the case of "dry" friction, the work of adhesion is determined by the separation force of the atomic force
microscopy probe from the surface of the part sample. The pull-off force, which is negative in sign, corresponds
to the force applied to the cantilever required to separate the surfaces. In the theory of Johnson-Kendall-Roberts
[12] for elastic adhesive contacts of soft materials and a probe of a parabolic profile with a radius of curvature R,
, the separation force is equal to:

Fsep = _1157ZR27/' 2

Characteristic of the Johnson-Kendall-Roberts theory is that it describes the elastic contact of materials
with a strong short-term (attractive) adhesive interaction. The contact of rigid materials with long-range attraction
is better described by the Deryagin-Mullier-Toporov theory [11], and the numerical coefficient in expression (2)
can be replaced with 1.5 by 2.

In the Johnson-Kendall-Roberts approximation, the ratio for the residual friction force F, at the critical
point of probe separation and work of adhesion is:

IRy %
Fres:”T[SE—Zj ) (3)

where 7is the shear stress, E_. =(1—771)/ E +(0-1n,)/ E,,E,,is the composite modulus of

elasticity of the tribocoupled components of the probe materials and sample parts. In the Deryagin-Mullier-
Toporov theory F,, =0, the separation force corresponds to the van der Waals force of gravity, and for the
contact of a spherical probe with a flat surface, we have:

HGRZ
e = 6hZ

sep

: (4)
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where H ¢ - became Hamakera, R ; — probe radius, hsep — the distance between the probe and the surface of
the sample (parts) at the time of separation. Typical values of h s lie within 0.2...0.3 nm, and constant H ¢ — in the
range of 0.6...2 5 eV.

It was found that friction and adhesion processes are sensitive to changes in the structure of tribocouple
materials and chemical interactions in the contact zone. This behavior takes place regardless of changes in the
shape of the probe. The peculiarities of the mentioned processes can be explained by chemical or structural changes
in the contact zone induced by the scanning of the probe. It is assumed that similar changes in friction and adhesion
can be caused by a change in the nature of the proportionality of the probe materials and samples of details of the
contacting surface structures.

The weak dependence of the shear stress on the value of the work of adhesion is unusual, since most often
there is a linear proportional relationship between these values, in the absence of wear. The simplest model
explaining this dependence is the "cobblestone” model, which is equivalent to Tomlinson's model [24]. The sliding
of contacting surfaces should be considered similarly to the rolling of a wheel. At rest, the wheel falls into the
depression formed by the paving stones, so in order to set it in motion, it is necessary to apply a lateral force
sufficient for the wheel to get out of the hole. In this model, the role of surface attractive forces is played by gravity.
For an atomically smooth surface, cobblestones correspond to atoms. A similar picture will be for the contact
structure of the parts samples. Experimental studies performed on "sticking-sliding" on surfaces, layers of liquid
molecules, confirm this model. It was also found that for systems of chain molecules, the work of adhesion
increases in the case when conjugated surfaces are in contact with each other. There is also a hysteresis of the
contact area during the approach and separation of the mating surfaces, and the friction force increases with an
increase in the contact area.

The relationship between the processes of friction and adhesion determined by the internal molecular
structure was determined. For dry tribocontacts of materials, adhesive and frictional hysteresis should not be
observed [1,26]. There is a model that establishes the relationship between shear stress and adhesion work (in the
case of dry contacts). The correlation between the macroscopic values of the surface energy of materials and their
shear modulus per atomic radius for homogeneous contacts was determined (Fig. 2).
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Fig. 2. Correlation between the value of the macroscopic shear modulus per atomic radius and the surface energy of
homogeneous contact materials

Since the shear modulus is directly proportional to the shear stress, it can be assumed that the values of G
and 7 change in a consistent manner. Figure 2 shows equally the correlation between the values 7 and . This

correlation shows that it is possible to distinguish two groups of materials with different proportionality
coefficients between 7 and y, due to a non-linear dependence. In this case, it is close to quadratic: 7 = ]/2 . The

results of the research claim that special attention should be paid to the comparative comparison of the value of
the work of adhesion, which is measured using the atomic force microscopy method, with the expected
macroscopic values of this value, and a similar comparison for the shear stress values.

In order to obtain the observed extremely low values of the work of adhesion, it is possible to assume in
accordance with formula (1) that the equality holds:

Y2=01t17,. (5)
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High values of y;,, in turn, should indicate a very strong rearrangement of the atomic structure of the
interphase boundary, which is unlikely in the case of contacts of solid materials. For the contact of conjugates of
samples of parts from homogeneous materials, we have y;, = 0.

The assumption that the order of magnitude of the macroscopic characteristics of materials when moving
to the nanoscale is preserved is not entirely obvious. This follows from the analysis of values of work of adhesion
in experimental studies. Much more complex adhesive effects are observed in the case of "wet" tribocontacts. It
should be noted that the measurements were carried out in the "input-outlet” modes. The application of atomic
force microscopy methods and techniques in this case is particularly promising. At that time, the observed
solvation forces require further research.

In the process of experimental research, a linear correlation was found between the macroscopic values of
the surface energy, which is measured by the marginal wetting angle, and the friction forces. Due to the small size
of the contact zone of the atomic force microscopy probe with the surface, quantization of adhesive forces was
detected. The probability of locating the probe at a distance s from the surface of the sample has the character of
the Boltzmann distribution:

p(S) ~ exp{— V}i”—ﬂ (6)

where WP(S)is the potential energy, kBand T is the Boltzmann constant and the thermodynamic

temperature. The minima of potential energy WP (S) had a periodicity of 0.15-0.3 nm.

A large number of other adhesive effects were observed by modeling methods: the formation of adhesive
avalanches, plastic flow of the probe material with the formation of crow ions and the generation of dislocations,
the vibrational mechanism of compression and destruction of metal nanoparticles during an inelastic impact. Of
course, there are certain contradictions between experimental studies and the results of molecular dynamics
modeling: experimental studies, unlike molecular dynamics calculations, do not always reveal hysteresis of
adhesive forces.

Nanotribological substantiation of the effects of "sticking-sliding" from the point of view of adhesion
indicates that it is possible to create conditions for the functioning of couplings of parts of machines and
mechanisms when frictional forces are minimal [23,24] . This condition determines the maximum wear resistance,
and therefore reliability, and the maximum efficiency of the functioning of machines and mechanisms.

Conclusions

1. It has been found that the study of nanotribological processes in the materials of the samples and parts
of machines and mechanisms should be carried out by the methods of the surface force apparatus, scanning
tunneling microscopy, and interpreted by the methods of molecular dynamics and classical contact mechanics.

2. During the consideration of theoretical models of the tribon level, much attention is paid to "dry" adhesive
and non-contact dynamic friction. At the same time, the effects of "ploughing™ and "wet" friction, thermodynamic
aspects of nanotribology are taken into account, physical processes in tribocontacts are discussed: "sticking-
sliding", damping of motion of adsorbed films, adhesive, chemical and others. The evolution of the structure of
nanocontacts is analyzed by the method of molecular dynamics.

3. At the atomic level, the nanotribocontact effect of the conjugated surfaces of the "sticking-sliding" parts
samples was considered, with the measurement and analysis of the magnitude of the lateral and normal forces
acting on the probe. Various combinations of probe materials and samples of parts were subject to investigation.
The "sticking-sliding" effect was detected by the surface forces apparatus, which is characteristic of the
translational symmetry of the material of the parts samples.

4. An attempt was made to explain the "sticking-sliding™ effect based on the modernized classical ideas of
Tomlinson and the method of molecular dynamics. The probe was considered as a set of point particles of
concentrated mass, taking into account the multiatomic structure of the material. The contact and movement of the
probe with the surface of the sample was considered in the "probe-surface” system with minimal potential energy
and under conditions of lateral loading. When exiting the potential well, this system relaxes and excess energy
quickly dissipates from the contact region through the electron-phonon subsystem. Both hard and soft contact of
the atomic force microscopy cantilever with the surface of the part sample was considered.

5. Differences between conservative and dissipative forces acting on the probe whose movement
corresponds to the friction loop are taken into account. It was found that after a sharp decrease in the initial phase
of the reverse movement of the probe, the lateral force is close to zero and the "probe-sample surface™ contact is
unloaded. Sharp changes in the lateral force are irreversible and are associated with the dissipative nature of the
sliding process.

6. It is shown that the atomic periodicity of the "sticking-sliding" effect can be explained by the model of
the formation and breaking of adhesive bonds. Old adhesive bonds behind the contact spot are broken, reducing
the resistance to the translational movement of the probe, and new ones arising in front of the contact spot capture
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it forward. This can be described by the model of "atoms-magnets", the system of which moves with a constant
horizontal speed and visualizes the atomic effect of "sticking-sliding™ at the macro level.

7. Adhesion effects play a significant role in nanotribology, as they determine the contact area and the
interaction of the samples with each other and with the probe in the mode of "input-withdrawal" of the probe and
measurement of "friction force-load force™ dependencies. It is shown that the parameters: shear stress and specific
work of adhesion can be used to substantiate the regularities of the "sticking-sliding" processes. The first parameter
is proportional to the critical lateral force, and the second is equal to the specific energy relative to a unit of contact
area. The work of adhesion is considered both for "dry" and "wet" friction. The Johnson-Kendel-Roberts theory
and the Deryagin-Mullier-Toporov theory were used to explain the elastic adhesive contacts for the residual
friction force and the probe separation force.

8. It is shown that there is a connection between the processes of friction and adhesion, which is due to the
internal molecular structure and frictional hysteresis is observed. The correlation between the macroscopic values
of the surface energy of materials and their shear modulus for homogeneous contacts, as well as between the
tangential stress and the specific work of adhesion was determined. The substantiation of adhesive effects and the
effect of "sticking-sliding" testify to the possibility of controlling the force of friction and creating conditions when
the force of friction is practically absent. This state is characterized by maximum wear resistance, and therefore
high reliability and maximum efficiency of tribocouplings of parts of machines and mechanisms.
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AyJin B.B., Tuxuii A.A., Ky3uk O.B., Jlucenko C.B., I'punbkiB A.B., ’Kunosa L.B., JiBinbkuii O.M.
OOrpyHTYBaHHS BIUIMBY 3aKOHOMIPHOCTEH NMPOTIKaHHS HAHOTPUOOJIOTIYHMX HPOLECIB B Marepianax CIpsKEHb
JieTaieil Ha ITiIBUIIEHHS] 3HOCOCTIMKOCTI, HalliltHOCTI Ta e)eKTUBHOCTI (PyHKLIOHYBaHHS MallWH | MEXaHI3MiB

B craTTi 3'1coBaHO CYTHICTP HAHOTPMOOJIOTIYHHMX TIPOLECIB B Marepiajiax CIpsDKEHb 3pa3KiB JeTajen
METOAAMH amlapary HMOBEPXHEBHX CHJI, CKAHYyI04Ol TYHEIFHOI Ta aTOMHOCHIIOBOI Mikpockormii. OOrpyHTyBaHHS
MeXaHi3MiB iX MPOTiKaHHS TaHO METOAAMH MOJICKYIISIPHOI TMHAMIKH Ta KIACHYHOI KOHTAKTHOI MEXaHIKH. YBary
HAJIaHO CYXOMY aAre3iifHoMy i 0€3KOHTaKTHOMY AWHAMIYHOMY TEPTIO CIPsDKEHUX 3pa3KiB, (PI3SMUHUM IIpoliecam
B TpHOOKOHTAKTaxX "TPIINIAHHA-KOB3aHH", anre3iiiHi edextu Ta iH. [IpoananizoBaHi BETUUNHH JIFOUNX HA 30H]T
JaTepalibHUX Ta HOPMAIBHHUX CHJI. 30H[ PO3IIISIANHN SK CYKYIHICTh TOYKOBHX YaCTHHOK 30CEPEIKECHOI MACH 3
MYJIETHaTOMHOIO CTPYKTYpPOIO Martepiaiy. KoHTaKT i pyX 30Hy 3 HOBEpXHEIO 3pa3ka po3IJIsiaii B cuCTeMi "30H1-
MOBEpXHs" 3 MIHIMAIBHOIO IOTEHLIANBEHOIO EHEPri€l0 Ta JaTepajbHOr0 HABAHTAXKCHHS 1 BpaxyBaHHIM
KOHCEPBaTHUBHHUX 1 AUCUIIATHBHUX CHIL

Edekr "npuimnanHs-koB3aHHS" OOIPYHTOBAHO 3a JOIOMOTOIO0 anapary HOBEPXHEBHX CHII. ATOMapHY
NepioANYHICTh epeKTy MOSICHEHO Ha OCHOBI MOJIEINI YTBOPEHHS 1 pO3PHBY a/re3iiHuX 3B'I3KIiB Ta MoJeNi ""aToMu-
marHiTh". [lokazaHo, 1110 3aKOHOMIPHOCTI NMPOTIKaHHS MPOLECIB "MPUIUIAHHI-KOB3aHHSI" MOXIJIMBO 3'ICyBaTH
BUKOPHUCTABIITH ITapaMeTPH HAIIPYKEHHS 3CYBY i MUTOMY POOOTY aaresii.

s IOsICHEeHHST TPYXXHMX aAre3ifHUX KOHTAaKTiB JOIUIBHO BUKOPHCTATH Teopiro JIxoHcoHa-Kennana-
Pobeprca, a ayst 3aMMIIKOBOT CHIIM TEPTS 1 CHIIH BiIPUBY 30HAY — Teopiro epsrina-Mymiepa-Tomnoposa.

[Toxa3zaHo, 10 iCHYy€ iCTOTHHIA 3B'I30K IMPOIIECiB TePTs i aare3ii. BusHaueHO KOpemsmiiHy 3aJIeKHICTD MiX
MaKpOCKOITIYHIM 3HAYCHHSIM ITOBEPXHEBOI €HEPril MaTepiaiiB i iX MOAYIIEM 3CYBY U OJHOPIAHUX KOHTAKTIB.

Ha ocHoBi aaresiiiHux edekTiB Ta eeKTy "IpUIUNaHHA-KOB3aHHS" MOXHA YNPABJISATH CHUIIAMH TEPTA 1
CTBOPIOBATH CIpPUATIMBI yMOBI iX BIICYTHOCTi, HIO Ja€ MiACTaBH OTPUMAaTH BHUCOKY 3HOCOCTIHKICTBb
TPUOOCTIPSKEHB JIeTalel, IX HaJiifHICTh Ta MaKCUMaIIbHY €()eKTHBHICTb (DYHKI[IOHYBaHHS MaIlInH i MEXaHi3MiB.

KarouboBi ciioBa: anresiiiHi edexTH, NpUIUIAHHA-KOB3aHHS, CIIPSHKEHI MOBEPXHI, JIaTepalibHI CHIIH,
TEPTs, 3HOCOCTINKICTh, HAMIWHICTD, CPEKTHBHICTb.



