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Abstract

The course of friction and wear processes in the surface layers of conjugations of machine parts is
clarified on the basis of the idea of dilaton and compression bonds of atoms in the materials of parts. Dilaton-
compression connections are random in nature, and therefore in this work the theory of destruction of parts by
S.M. Zhurkov, thermodynamic and quantum physical approaches. The entropy at the macro-, meso- and
microscopic levels and the local regions of the materials of conjugation of the parts subject to friction loading are
considered. In the diagram of the state of atomic-molecular bonds the dependence curve Fi(ri) or Ti(ri) is
considered and the analysis of transformations of bonds according to the specified diagram is carried out. From
the point of view of solid state physics and tribophysics, the manifestation, evolution and consequences of the
influence on the characteristics and properties of the friction zone of dilaton and compression bonds of material
atoms are considered. Composite materials (composite coatings) are substantiated in more detail. This takes into
account the assessment of the concept of material stresses in the friction zone, the ability to relax it, as well as
the presence of the SD effect. The fracture process is associated with the modulus of elasticity of the components
of the composite material and the bulk content of the filler. An appropriate condition is proposed, which
determines the tribological efficiency of composite materials and coatings.

Key words: dilaton and compression connections, state diagram, entropy, fracture, composite material
(coating), SD-effect, stress concentration.

Introduction

Increasing the intensity of load application to the materials of conjugations of parts, assemblies and units
of machines determines the speed of their deformation, increasing the stress state and changing the tensile
strength [1]. Under such conditions, the behavior, characteristics and properties of parts, local areas of their
materials and work surfaces differ significantly. The nature of the processes of friction and lubrication that occur
in the surface layer of parts is multifactorial. The micro-impact load in the process of collision of abrasive
particles and wear particles with the working surfaces of parts, friction, as well as the destruction of the material
is determined by its impact strength and strength [2, 3]. The behavior of the material of parts in such conditions
is primarily determined by the following factors: the structure and properties of the material of parts;
composition, properties and wear capacity of the working environment; the magnitude and nature of the load of
external forces; their distribution, etc. [4, 5, 6].

The destruction of the materials of tribocouples of parts during operation has a thermofluctuation nature
[7, 8]. For crystalline materials, an active specific change in the state of their surface layers under load has been
established: from nanostructuring to amorphization, intensive dislocation processes to the formation of cracks,
and so on.
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The Kinetics of friction and wear of materials in tribophysics is considered at the atomic-molecular level,
taking into account the state of the electronic subsystem of materials under load. Mechanical loading of the
surface of materials leads to perturbations in the electronic subsystem, and the rupture of interatomic bonds
means a sharp excitation of electronic states. In the kinetics of wear, the interlevel transition of processes is
important. The results of detailed studies of the properties of the surface layers of materials indicate a close
connection between mechanical processes and electronic ones. The nature and characteristics of the phenomena
of wear of surface layers can be substantiated by tribophysical methods on the basis of the proposed
methodology [9].

The operational wear resistance of most parts and working bodies depends on their working condition and
the complex of physical-mechanical and operational properties of the working surfaces of the parts [9, 10, 11,
12, 19]. Their failure is primarily due to the size and nature of wear, as well as fatigue of the material.

Purpose

The purpose of this work is to clarify the possibility of using the theory of destruction of materials of
parts S.M. Zhurkov and ideas about local areas of compression and dilaton connections, to explain the state and
behavior of the material in the friction zone of the conjugation of parts, components and units of machines.

Results

During operation, the transition of materials of tribocouples of parts in the contact zone from
nonequilibrium to equilibrium, the formation of micro-, meso- and macroformation in it depends on the
formation of electromagnetic dipoles of local areas of dilaton or compression connections between them and
their mutual transition. According to the theory of S.M. Zhurkov, from the point of view of thermodynamics [13,
14, 15, 16], the state of the i-th local region of the material of the part can be described by the equation:

F)IdVI =TidSi , (1)

where P; — is the load in the i-th local region with a volume of dVi, which causes the formation of
residual stresses;

dSi — change in entropy associated with the development of defects in the structure of materials (internal
entropy);

Ti — thermodynamic temperature;

i=1n.

Entropy is a general characteristic of irreversible thermodynamic changes observed in the material and
have a macro-, meso- and microscopic nature. Macroscopic changes in entropy determine the formation of
cracks, dents, streaks, porosity, scratches, various transitions from geometric shape, and others. Mesoscopic
changes in entropy are due to the ability of the structure of the structural material of the parts to phase
transitions. Microscopic changes in entropy are an indicator of the degree of perfection of the material structure
of machine parts. They need to take into account both the number of atomic-molecular bonds and their energy
evaluation.

According to quantum solid state physics (SSP), based on Debye's theory, there is a directly proportional
relationship between microscopic entropy and the number of atomic-molecular bonds and their relative energy:

Si =kgNipor; ; 2
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where kB — became Bora;

N; bon, O; — respectively, the number and coefficient of relative energy of atomic-molecular bonds;
T;, 6 — respectively thermodynamic and characteristic temperatures in the i-th region.
The state of interatomic or molecular bonds is determined by the local temperature T; and the free energy

Fi in this region. The condition of the material of the part is significantly affected by the processes occurring at
the microscopic level. Because the critical change in the material is the formation of microcracks in it, which are
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associated with the destruction of the crystal lattice.

The diagram of the state of atomic-molecular bonds of local regions of the material is graphically
represented by the curve dependence Fi(ri) and 7i(r;) (fig. 1), which consists of a depression (acceleration pit)
and a ridge (brake barrier).

The ratio of these thermodynamic temperatures is as follows:

Tp>T¢ >Ty. 4)

Let us analyze the state diagram of atomic-molecular bonds in the local region of the friction zone, in the
surface layer of conjugation details (fig. 1).
In the local region of the acceleration cavity (brake hole), state diagrams (r1, ) form dilaton types of

bonds in the material, and in the local region of the brake barrier (2, I's) — compression types. From the point of
view of SSP, the type of bond is characterized by the directions of spins of atoms (molecules) in the nodes of the
crystal lattice of the material [26, 28]: for dilatons spins are parallel, which causes electrostatic repulsion of
atoms (molecules) and back, which leads to the appearance of forces of attraction and the creation of local areas
of compression deformation.

Free energy, F,

Thermodynamic temperature, 7,

1 ] n . 3

Interatomic (intermolecular) distances, r

Fig. 1. Diagram of the state of atomic-molecular bonds
of local regions of the material as a function of free energy and thermodynamic temperature from
the interatomic (intermolecular) distance:
Td — the minimum thermodynamic temperature in the depressions,
which is characteristic of the dilatonic type of bonds of atoms or molecules;
Tp — thermodynamic equilibrium temperature;
Tt — phase transition;
Tc — the maximum thermodynamic temperature
in the ridge is characteristic of the compression type of connections

From the diagram of the state of atomic-molecular bonds it can also be seen that dilaton bonds are formed
in the low-temperature region with a minimum of free energy, and compression — in the high-temperature region
with a maximum of free energy. When phonons are emitted by compresses, the local temperature of the material
decreases and it passes into the dilaton region, while the dilaton region cannot pass into the compresson region.
Under the influence of friction loading in the dilaton regions of the materials of conjugations of parts there is a
fragile deformation and destruction, and in the compression, during their transition to the dilaton region - plastic.
Of course, these processes are random. At their imposing the whole macroregions of brittle or plastic
deformation, and also directions of development and distribution of microcracks in surface layers of material of
details can be observed.

It was found that metals and alloys capable of phase transformations (PT) [5, 17, 18] have mainly atomic
bonds of the compression type, while abrasive materials and solid fillers in composite materials have mainly
dilaton bonds. type. Based on the SSP, compresses and dilatons have an electromagnetic nature and are
electromagnetic dipoles. The flow of AF in the materials of parts indicates their role as energy characteristics of
the crystal lattice nodes, which in the process of friction and wear of the material go into nonequilibrium, and in
the transition to steady state dipoles emit a stream of electromagnetic wave energy [20]. Under the action of an

external load or the influence ,Z{pT of a physical field, the state of dipoles changes with intensity. Dipoles

perpendicular to the direction of the external field APT emit phonons and the temperature of the local region
approaches Td, and in the planes in which the dipoles are located along the field, the bonds absorb phonons at
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T = T., increasing the size of the local regions of the material.
The nonequilibrium state in the local region of the material of the part during friction is described by the
equation;

Y (dVi/Vi +dp./pi)= kN, bonTi5i(dNibon/Nibon+dTi /T, +d5i/5i), (5)

in which the deviation from equilibrium is due to deformation dV; /V; and changes in load resistance

dp; / p; and is accompanied by a decrease in the number of connections dNibon/Nibon , thermal radiation

dT; /T; and disruption of energy connections dd&;/d;. The nature of the friction processes is determined

primarily by the strength of the flux of atomic-molecular bonds in the local regions of the material.
Static and dynamic tension in this case causes a reduction in the cross-sectional area of the material near

the fracture site, because NTC > NTd . Note that with tired wear Ny~ Ny . The fracture surface usually has

two zones: the actual fatigue fracture, which is formed due to the decay of the dilaton type of bonds at
temperature T4, and the final fracture at temperature T of the compressor type of bonds. The duration of stable
existence of atomic-molecular bonds of local regions of the material is determined by the range of

thermodynamic temperatures (T, Tq), which does not exceed 15 ... 20 % of the full temperature range [16]. At
critical temperatures T or Tq, the bonds are destroyed and energy is emitted in the form of a pulse:

G =kzd; p=(ka/hp)Arms?, (©)

where hp —is the Planck constant (hp = 6,62.10-%* J.s);

M — is the mass of interacting atoms.
If the difference in thermal deformation of the inhomogeneous material or matrix and filler in the

composite material when the temperature changes by AT is O, , then in the local areas of significant
inhomogeneity or matrix with a shear modulus G, around each filler particle there are stresses, the maximum
values of which reach 2G,,0; and can cause plastic deformation.

When the macrodeformation corresponding to the yield strength of the composite material o, shear stresses

are concentrated due to flat clusters of dislocations of local regions of inhomogeneity either in the composite material
and the coating around or in front of the filler particles [21, 27]. This leads to a decrease in reverse stress and an
increase in stresses in the main clusters of dislocations. In this regard, new flows of dislocations are generated, and

existing dislocations pass along the plane of sliding at a distance much greater than Ln . The value of the yield
strength is:

Or =01y + VGmGHBB /2 I‘nén ) (7)

where G,,, G,, — shear modules of the matrix material and filler particles;

& —numerical coefficient, ¢ n =30[21, 26];

O v — Vield strength of the matrix material. This is true for dispersed materials, when the maximum level of
hardening of parts is achieved provided: d, =2Gbg /o, . If d, <2Gbg /0, , then the radius of curvature of
the dislocation Iy = 4bg can not be neglected [27] and the yield strength of the composite material is equal to:

1 1
0, =05, +Gned/ 4c,| 082 —-c3 | ®)

where ¢, — is the volumetric content of the filler.

In parts reinforced with composite materials and coatings, the SD-effect can be observed [21], which consists
in the appearance of micropores in the vicinity of the filler particles during tensile deformation and their absence
during compression deformation. If the connection between the components of the material and the coating is strong,
the dislocations are repelled from the boundary of their separation. If a micropore is present, the dislocation is attracted
to the interface between the filler particle and the matrix. When the matrix is strengthened by solid particles of



Problems of Tribology 75

spherical filler [22, 23, 24], the maximum concentration of tensile stresses is on the surfaces of these particles. At
uniaxial tension (o, > 0), we have:

ONp / Op = 2/ @+ ,ucm(cc)) +]/ (4- 5/ucm(cc)) ; ©)

where o, — is the tensile stress on the surface of the filler particle at points with coordinates ¢ =0and
9 =180°
O, —applied tensile stress;

Hem(cey — Poisson constant of the composite material, and at a compressive stress of oy, <0, we obtain:

ONe /O-c = (1_ /Ucm(cc))/(l"' /ucm(cc)) - (5 - 5/Ucm(cc))/(8 _10;ucm(cc)) . (10)

If the interfacial boundary does not have sufficient strength, then the concentration of tensile stresses can cause
its local destruction. This determines the presence of SD-effect, the manifestation of which is influenced by: the ratio
of the modulus of elasticity of the matrix and the filler; chemical interaction at the interface of material components;
correspondence of their crystal lattices; volume content of filler; test speed and temperature. When compressing
stresses, such a concentration is not observed and the interface is not destroyed. Increasing the temperature increases
the ability of the material to relax internal stresses and at some value the stress concentration will be lower than the
strength of the interface of the material components, in which case there will be no breaks and SD-effect at the filler-
matrix boundary.

V.1. Trefilov and V.F. Moiseev [25] identified two main factors influencing the nature of the destruction
of disperse-strengthened materials: the strength of the interfacial boundary and the plasticity of the matrix. In this
case, a qualitative characteristic of the strength of the interfacial boundary in the material may be the presence or

absence of SD-effect: if SD = 0, the interfacial boundary is strong and does not collapse to O, and if SD >0,

the interphase boundary collapses even in the elastic local region.
To assess the plasticity of the matrix of the composite material in the friction zone and the ability to relax

the stress concentration, you can use parameter K p [21]:
K, =(G,-G,)/(G,+G,). (11)
Studies show that the smaller the value of K, ,, the lower the level of stress concentration in the region of
dislocation clusters, and for the interface between brittle and plastic local regions of materials — K, = 0,3 [25].
Given the value of K, and the presence or absence of SD-effect, we have the following groups of

materials reinforced with composite materials and coatings:
— fragile matrix and weak interfacial boundary (K, < 0,3, SD > 0);

— plastic matrix and weak interfacial boundary (K, > 0,3, SD > 0);
— brittle matrix and strong interfacial boundary (K, < 0,3, SD =0);
— plastic matrix and strong interfacial boundary ( X', > 0,3, SD = 0).

In each of these groups of materials, the filler particles (strengthening phase) play a different role in
inhibiting the movement of cracks [8, 9]. Cracks can form both inside the filler particles and on the interface.
The test results [10, 23] show that the cracks tend to be located perpendicular to the direction of maximum
tensile deformation. J. Gerland [29, 30] proposed two theoretical models of the destruction of filler particles: the
mechanisms of loading and accumulation of dislocations. According to the first model, the increase in stresses in
the filler particles is associated with the shape or coefficient of their shape. The modulus of elasticity of the

material Ecmcc) is within:
EnE, /[(1_ Cn )En + CnEm] < Egmeey < (1_ Cn )Em +enEy . (12)

The left part of inequality (12) means that the filler and the matrix are equally stressed, and the right - that
they are equally deformed. Note that the particle size of the filler does not affect the modulus of elasticity of the
composite material (composite coating) Ey ), if the coefficient of thermal expansion (CTE) of the matrix and

the filler are almost equal. At the same time, if the CTE are different, cracks may appear around the larger filler
particles Egq ). The shape of the filler particles does not affect the value of Eqy ), if the particles are not
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oriented in the composite material. When the filler content is ﬁn > 0,3, especially if the filler is fine, pores may

form in the composite material and the value of Ecm(cc) will decrease [10, 11].

This indicates that the particles of the filler of the composite material depends on both strengthening and
destructive effects. They can be the initiators of cracks that occur under load of friction, and large particles are
more dangerous than fine ones. If cracks do not occur in the composite materials, then controlling the modulus

of elasticity of the components £, and E,,, you can influence the size and nature of the strengthening of the
materials of the parts, in their tribological efficiency.

Conclusions

1. The use of the theory of S.M. Zhurkov for the description of tribophysical processes in local regions of
conjugations of details of knots of systems and units of machines on the basis of the diagram of a condition of
atomic and molecular communications of them with dilaton and compression thermodynamic temperatures.

2. It was found that dilaton bonds are formed in the low-temperature region with a minimum of free
energy. If phonons are emitted during tribophysical processes, the compresses reduce the local temperature and
the material passes into the dilaton region, while the dilaton regions cannot pass into the compression region. In
the dilaton areas of the material there is a fragile deformation and destruction, and in the compression, in the
transition to dilaton - plastic. It is revealed in which cases metals and alloys have dilaton and compression type
of atomic-molecular bond of atoms.

3. Based on solid state physics, compresses and dilatons have an electromagnetic nature and are
electromagnetic dipoles. Phase transformations in materials can be associated with the influence of external
physical fields on the behavior of electromagnetic dipoles and changes in their state and orientation.

4. The material in the friction zone of the tribocouples of parts has a non-equilibrium state, the degree of
non-equilibrium of which is determined by the relative values of deformation and load, change in the
concentration of the number of bonds, relative intensity of thermal radiation and energy bonds.

5. For composite materials and coatings theoretically substantiated their behavior in the friction zone, the
ability to relax the stress concentration K, and the presence of SD-effect, using the theory of S.M. Zhurkov and

the idea of electromagnetic dipoles. Taking into account the specified parameters the characteristic groups of the
materials strengthened by composite materials and coverings are resulted, their characteristics concerning
formation of cracks are given.
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Ayain B.B., Jlucenko C.B., I'punbkiB A.B., Jlepkau O.[., Makapenko /1.0., Kuiaosa LB.
NeoperruHe OOTpyHTYBaHHs BIUIMBY 3MiHU JUIATOHHHUX 1 KOMIIPECOHHMX 3B’SI3KiB aTOMIB MaTepialiB feranei
MaIlMH Ha X TPHOOJIOTiYHy €()EeKTUBHICTb.

3'sicOBAaHO MPOTIKaHHS MPOLECIB TEPTS Ta 3HOLIYBAHHS B TOBEPXHEBUX IIapax CIPSDKEHb JeTalled MalluH
Ha OCHOBI YSBICHHS NP0 JUIATOHHI 1 KOMIPECOHHI 3B'SI3KM aTOMIB B Marepiajax paeraneil. JlimaTtonHo-
KOMIIPECOHHI 3B'S3KH MAlOTh BHUIIAJKOBY MPHUPOIY, & TOMY B IMaHii poOOTi BHKOPHCTAaHO TEOPil0 PyHHYBaHHSI
neraneit C.M. XKypkoBa, TepMOIMHAMIYHAN Ta KBAaHTOBO-(Di3MIHMIA migxoau. PO3TIstHyTO €HTpOIio Ha MaKkpo-,
Me30- 1 MIKpPOCKOMYHOMY pIiBHAX Ta JIOKaJbHI OOJIACTI MarepialliB CHpsDKEHHS [eTaliel, IO IIiUIATaroTh
HABaHTAKCHHIO TEPTAM. B miarpami ctany aTOMHO-MOJIEKYJISIPHUX 3B'SI3KiB PO3TISIHYTO KpUBY 3aiexxHocTi Fi(ri)
a6o Ti(ri) Ta 3xmificHeHO aHa3 MEPETBOPEHH 3B'I3KIB 3TiMHO 3a3HAYEHOI miarpaMd. 3 TOUYKH 30py Gi3uKH
TBEPAOTO TiNa Ta TPUOO]I3MKH PO3IJISIHYTO IMPOSIB, €BOJIOLIS Ta HACTIIKM BIUIMBY Ha XapaKTEPUCTHKH 1
BJIAaCTMBOCTI 30HM TEpTs [IIATOHHUX Ta KOMIIPECOHHUX 3B'A3KIB aToOMiB Marepiany. bijgpm neTaibHO
OOIpYHTOBAaHO KOMIIO3WIIMHI MaTepiaan (KOMIIO3MIiiHI mOKpUTTs). [Ipy LBOMY BpaxoBYEThCS OIiHKA
KOHILIETIIT Hampy)XeHb MaTepialy B 30HI TepTs, 3[4aTHICTh pelakcyBaTH ii, a Takoxk HasBHICTH SD-edexry.
[Ipouec pyiiHyBaHHS MOB'S3y€TbCS 3 MOIYJISAMH IPYKHOCTI KOMIIOHEHTIB KOMIIO3HMLIHHOTO Marepianry Ta
00'eMHOr0 BMICTy HaIOBHIOBaYya. 3allpOIIOHOBAHO BIAINOBIAHY YMOBY, $Ka BH3HAya€ TPHOOJIOTIYHY
e(eKTHBHICTH KOMITO3UIIHHNX MaTepialliB Ta MOKPUTTIB.

KawuoBi cioBa: mimaToHHI 1 KOMIOpPECOHHI 3B'S3KH, [iarpaMa CTaHy, CHTPOIIisA, pPYHHYBaHHS,
KOMIIO3UIITHUN MaTepian (MOKpuTTs), SD-edekT, KOHIEeHTpallis HallpYKEHb.



