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Abstract

The work presents the study results of the stress-strain state of the soil, as a continuous medium filled with
abrasive particles under the action of the working bodies of soil tillage and earthmoving machines. One of the
main properties of the soil, which determines the specifics of the force interaction of the working surfaces of the
working bodies of soil tillage and earthmoving machines with the technological environment, is taken into account,
namely the tendency of the contact layer of the treated layer to compaction.

The relationship between stress in the soil and the wear of the working bodies of soil tillage and
earthmoving machines has been established experimentally. A theoretical analysis is presented for the stress-strain
state of the local region of the strengthened surface layer that is used in the working bodies of soil tillage and
earthmoving machines, in which the filler, inclusion or strengthening phase is placed.

An analysis of the contact characteristics of the stress-strain state and their changes during friction and wear
was carried out based on the formulation and solution of the contact interaction problems of abrasive soil particles
with the inhomogeneities of the composite coatings components based on ultra-high molecular weight
polyethylene with fillers during strengthening of the working bodies of soil tillage and earthmoving machines.

Computer modeling was performed to study the nature of stress distribution in the reinforced surface layer
of the working bodies of soil tillage and earthmoving machines in the area of the contact zone in stationary and
dynamic conditions. The contact problem is formulated, the boundary conditions and the solution in the form of
components of the stress field are given. The characteristics of the filler, their content in the composite material
and coating are taken into account, the relationship between the stress-strain state and wear is established.

Key words: stress, contact, wear-resistant coatings, filler, composite material, ultra-high molecular weight
polyethylene, working body of soil tillage and earthmoving machine

Introduction

Modern agrotechnological trends in soil cultivation by the working bodies of soil tillage and earthmoving
machines (WBSTEM) set requirements for the producers of the agro-industrial sector to increase reliability and
reduce energy and material costs of such machines for their cultivation.

One of the main properties of the soil, which determines the characteristic of the force interaction of the
working surfaces of the WBSTEM with the technological environment, is the propensity of the contact area of the
tillage layer to compaction [1]. In the process of tillage, the movement of cutting element (CE) of WBSTEM leads
to partial compaction of soil particles in its layer, which are in contact with the working surface, as well as in the
contact layer. The fractional redistribution of soil abrasive particles (AP) is accompanied by a decrease in the
distance between them, pressing into the part of the layer above the cutting element and the formation of a reaction
force.

Mechanics of contact interaction is one of the leading directions in agricultural mechanics. Despite the fact
that solutions to a large number of contact problems have been obtained by both analytical and numerical methods,
the creation and study of contact interaction models remains relevant even today in connection with the
development of new composite materials and technologies, such as strengthening, due to the variety of processes
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and phenomena occurring in the contact zone during friction and wear of the surfaces of the working bodies of
WBSTEM, introducing new requirements for their operating conditions.

When setting classical contact problems, the model of a homogeneous isotropic body is mainly used and
the interaction of smooth surfaces is considered [1, 2]. With the development of mathematical apparatus and rapid
growth in computational power it became possible to take into account surface roughness and the viscoelastic
properties of contacting bodies, the presence of films and coatings on the contact surface, the occurrence of
adhesion, friction and wear phenomena when solving contact problems.

Research of contact interaction with bodies that have inhomogeneities of a mechanical, geometric and
tribotechnical nature, creation of material models of triboelements (TE), working (technological) environments,
formation of secondary structures (SS), movement of the boundary between phases under thermomechanical
influences [3] is of increased interest both from the point of view of fundamental and applied science. Attention
should be paid to research in the following directions: the introduction of additional parameters of the surface
layers state of the WBSTEM and the contact zones with the particles of the soil environment, the determination of
the ratios for these parameters, the experimental verification of the created physical and mathematical models, as
well as the consideration of interphase boundaries during the strengthening of the surface layer of the WBSTEM
and the kinetics of the new phase [4].

The improvement of any technological process of soil cultivation implies a decrease in its energy
intensity.

The development of modern areas of materials science is associated with the development and application
of promising materials based on various initial components, with the involvement of a wide range of resources and
technologies, using different research methods, with the modification of components in order to obtain materials
with improved properties or acquiring new functional properties that allow expand the scope of their application
[1-8].

A promising material with a wide range of functional properties, which is used today in the field of
production of WBSTEM to solve various tasks of increasing wear resistance and energy efficiency, is ultra-high
molecular weight polyethylene (UHMWP). The advantages of UHMWP are a combination of high wear resistance,
resistance to aggressive environments, low coefficient of friction, high impact strength, low brittleness
temperature, which allows the use of products based on UHMWP, including extreme operating conditions (the
brittleness temperature of the material is up to -200 °C) [2]. The limiting factors for the use of UHMWP are the
low melting point (135-190 °C), due to which the upper limit of the material's operating temperature is 90 °C, as
well as the high viscosity of the polymer melt, which complicates the process of its processing [3].

Inclusions, fillers, new phases are not only stress concentrators, but also their source, the local density
changes, residual stresses arise. Technological residual stresses during the strengthening of WBSTEM can play
both a positive and a negative role in the process of operation.

Literature review

A classic work, which presents a model for determining residual stresses caused by phase transformations
in an unbounded body, is work [5]. This model, based on the solution of the planar problem of the theory of
elasticity, determines the residual stresses inside local areas, inclusions, fillers, and phases and are resolved by
means of a boundary transition. At the same time, it is assumed that the elastic characteristics do not change during
the transformation process.

The solution of the planar periodic contact problem for the stamp system, taking into account the frictional
forces, is given in works [1,4], where there is also an analysis of the stress-strain state of the surface layers. In [7],
a periodic contact problem for a surface with sinusoidal undulations in two mutually perpendicular directions is
considered. The general method of solving spatial and flat contact problems with wear at a constant contact area
is described in [8]. The contact condition using the linear law of wear and integral representation of elastic
movements due to contact pressure allows reducing the problem to the determination of eigenvalues and
eigenfunctions of some integral operators. It has been proven that the pressure distribution at the point of contact
assumes a stationary value during a steady mode of wear.

In works [9, 10], as well as in monographs [11, 13], mathematical formulations of a number of wear-contact
problems for heterogeneous elastic bodies with variable surface wear resistance are considered. Such tasks arose
in connection with the strengthening of WBSTEM with composite materials (CM) and composite coating (CC),
local strengthening of their working surfaces. Some types of continuous surface strengthening are also taken into
account, in particular with laser technologies, when it is impossible to achieve a uniform change in the surface
structure of the WBSTEM. The latter issues play a decisive role in the problem of increasing the reliability and
wear resistance of WBSTEM, and therefore require a solution.

Purpose

An analysis of the contact characteristics of the stress-strain state and their changes during friction and wear
was carried out based on the formulation and solution of the problems of contact interaction of soil particles with
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inhomogeneities of CM (CC) components based on ultra-high molecular weight polyethylene with fillers during
strengthening of WBSTEM.

Methods

In the interaction process of WBSTEM with the soil, the latter undergoes a certain deformation, the load
amount and bulk mass are constantly changing [4]. The movement of the working body causes compression
deformations of the internal stress of the soil environment, the direction of action of which coincides with the
direction of the absolute movement of soil particles of the compressed volume (contact layer), and the intensity
decreases as it moves away from the executive surface into the depth of the interacting part of the formation.

Deformation of dense soil at a low stress level leads to an increase in volume, that is, its dilatation
(volumetric expansion). Since the soil becomes less dense in places where the volume increases, which contributes
to further deformation and increase in volume, the process is unstable. This indicates that deformations in the soil
can concentrate, which leads to the appearance of fracture surfaces. Along the surfaces of the fracture, there are
very thin expansion bands that differ in properties from the main mass of the soil. Deformation in dilation bands
is greater in cases of shear failure than tensile failure, since friction processes are taken into account.

For a theoretical analysis of this influence, we will use the equation of mechanics of mixtures [13]. The
condition of quasi-static deformation of heterogeneous materials can be presented in the form of an equilibrium
equation:

aai(jk) - /0x; = 0, (1)

where O i(jk) R

the CM (CC). At the same time, the stress state in local areas has two components:

cr are the averaged component of the stress tensor and the content for the £-th component (phase) of

R 1 2
crl.(j ) = O'i(j) + ai(j). )
where O 15‘1) - stressed state of an infinite elastic plane with a filler (inclusion) of spherical shape;
(o3 ,;2) - stressed state of the half-plane resulting from the action of a distributed load on its boundary (z = 0):

2 1
pr(x) = =021z = 0,4, (x) = —1;)|z = 0,
which is introduced to implement boundary conditions. For this, it is necessary to fulfill the equality:
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Solving the contact problem for a filler of size » makes it possible to estimate the stress O ; ) in the
cylindrical coordinate system:
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Solving the contact problem to find the stress O ; ) requires following boundary conditions:
pf(x) - ATZ xiZ’ |.X'| >, qf(x) =0 1 Z = 0. (7)
. . 2
If a normal load is applied to the boundary of the half-plane, then the stress components G)Ez) 5 O'iz) o ; )
and Tizz) that are acting in the half-plane are as following:
@ _ 2z (2 pOEs @) 220 po  py0)ds @) 227 o prO=9)ds

Oy " = T f_w ((x-5)2+22)2° 2 - T f_go ((x—5)2+22)2> %2 - T f_w ((x—5)2+22)2" (8)

The study of the distribution of stresses in the area of local contacts of the surface reinforced layer of
WBSTEM CM (CC) shows that the stress-strain state in these areas is a concentrator of residual stresses, and the
most dangerous place, from the destruction point of view, is the area of the main material near the surface of the
half-space. This result is in good agreement with experimental research and simulation data. A local maximum
Tmax OCcurs on the axis of symmetry of the filler in the main material.
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When studying the contact interaction of soil particles and an elastic half-space with fillers (inclusions)
coming to the surface, it was assumed that the main material and the filler material (inclusions) are elastic and
have the same Young's moduli E and Poisson's ratios z. At the same time, the boundary conditions on the surface
of the half-space at z = 0 are as follows:

_o_(Pxy) (xy)€Qn —0= —0=
JZ|Z—0—{0 (xy) & 2’ Tz|2=0=1y,]2=0=0, 9)

where p (x, y) is a pressure inside the contact area.

It is assumed that the stress state that occurs during contact interaction does not lead to a change in the
shape and size of the filler (inclusion) and the problem of determining the internal contact and residual stresses
can be solved separately.

The stressed state of the half-space with a filler (inclusion) during contact interaction is determined by

the superposition method:
c R
O-ij ( ) + O-L(] ), (10)
o9
where O;

(R)
0

When solving the specified contact problem, the stress components are determined by ratios:

- internal stresses arising as a result of contact interaction,

- residual stresses.

= __ff p&m) <Z (3(x o -(1- 2,11)) +(1-2v) ((y_")zﬂz - rit:i;)) dédn;(1 1)0350) =

r3(z+1)
3 _&24,2 _2
— [P & n)(z (05— (1 - 2w) + (1 — 2w) (S5 2 —fzy(zfi)z)) dgdn; (12)
3
0.9 = ——[[,3p (¢, m) S dédn; (13)
1 3(x=H(y- -Hy-n)(z—2r)
v = == M ) (5 (FFEE - (1 - 2w) + (1 - 20) D) dgan; (14) 7)) =

~ L 1,30 € m 2 dgdn, 79 = — L[], 3p (6,0 2% dgdn, (15)

where 7> = (x = &)’ +(y—n)* + z°, and the distribution of residual stresses O ( ) is calculated by the formula:

(R) - U(O'(R) + G(R)) (16)

At the same time, it is assumed that the indenter or a soil particle is spherical. Then the distribution of
contact pressures is determined by the theory in works [1, 13], and the contact plane is a circle of radius a.

Let's consider the stress-strain state of the surface layer of the WBSTEM upon contact with the AP of the

soil from an analytical point of view. The rate of change of the energy of the CM (CC) in the volume Vsl bounded
by the surface of S is equal to:

av
fVEdV = ax; o — AU | dVy, (7

where dU / dt, AU ;. — rate of change of internal energy and change of energy of interaction between
AP and components (phases) of CM (CC);

v{® — speed of the i-th AP interacting with the k-th component (phase).
On the other hand, there is a following equation for the plane of contact interaction:

J,du/dtavy =V [, v06l - ¢, -y dvy, (18)
where n; — projection of the normal on the x-axis to the plane of contact interaction of the AP with the
region of the k-th component (phase) of the CM (CC).
Taking into account the stress-deformed state of the surface layer of CM (CC) during friction and wear,
the right-hand side of expression (17) takes the following form:

k k k) _(k k k k
Vvi( )60L.(j ) cedVyy [ 0x; +J, cka( ) ( )dVl =05/, cka( ) (817( ) [ox; + av( )/axj) dvg, (19)
where ;¥ — components of the strain tensor of k-th component;

v;, v; — velocity components on the corresponding axis x; x; of the contact plane of the i-th AP with the
k-th component (phase). The specific potential energy of deformation of CM (CC) is equal to:

k k
Usen = 0,5 - cka(]) ei(].). (20)
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In the case of two-component CM (CP), we have the following equation:

ENG) G NORO)
Usen = 0,5 - <c,,1 <crl.(j) . ei(j) +4 (al.(j) . el.(j))) + c,,zai(j) . sl.(j)), 2D

where €, C,, — corresponding matrix and filler content in CM (CC): ¢, +¢,, =1.
The change in the specific potential energy of deformation at the "filler-matrix" interface is equal to:
AU,,, = 0,5 - ¢,y - 4 (O’T]l) : e(_]l)> (22)
Deformation hardening of CM (CC) is determined by the expression:
Ao, =k, 1708 = Ky - (£/2), (23)

where kq, Ky — respectively, parameters characterizing the physical essence of strengthening and

robustness and structural factors of CM (CC) [14]; A — the average distance between filler particles. Constant
ks 18 estimated by the formula:

0,5
kstr = CfCopEcm(cc) ' bB [,0 + (Cfcoppd + 1/bB)€] s (24)

where Cr, C,,, —respectively steel, characterizing the conditions of formation and operation of CM (CC);

Ecm(ce) — elastic modulus of CM (CC); bg — Burgers vector; pa— density of dislocations generated on the surface

of separation of components (phases). According to Orovan's theory, supplemented [4], the &y K» constant is
equal to:

Kir = @aEcmbp”°c;” - Ky, (25)

where a; — constant value characterizing the deformation conditions; Ky — filler shape parameter:
. 2 _3\05
K =2/((A-d) +5a) (26)
where d, — average size of components (phases); 5,210 — the average distance between the axes of
components (phases) of CM (CC). If correlation d./A €[0;1], then K € [2;5].
To evaluate the influence of the phase transition (PT) during the formation of CM (CC) and deformation

due to friction and wear, consider the strengthening of the matrix during the formation of the martensitic phase
[12]. At the same time, according to [11], the stresses in the matrix are equal to:

Om = ComNm(Ccp)™™, (27)

where com, n,, — constant coefficients characterizing the flow of PT in the CM (CC) matrix; c,» —
martensite content. Taking into account the autocatalytic nature of the martensitic transformation when coherent
deformations occur in retained austenite, we have:

Cm = kime™ecy. (28)
where klM — the proportionality coefficient characterizing the intensity of the flow of martensitic PT; n—

exponent that takes into account the catalytic effect; ¢4 — the content of austenite in the CM (CC) matrix. Because
cm + ¢4 = 1, then from (28) we have the following equation:

e/ (1 — ) = kyme™. (29)

This dependence is confirmed by experimental data and is consistent with the data of the work [14].

According to the autocatalytic nature of the martensitic transformation, n.~3. Considering formula (29), we have:

em = kime® /(1 + kyme®); cs =1 +kipme®)™" (30)

In the process of friction and wear, the deformation strengthening of the surface layer of CM (CC) can be
characterized by the ratio [13]:
0 = kg [In(1 + €)]7s; Ao =0 — 05 = hyAe%, 31
where kg, ps, hs, as — parameters of strain strengthening; A& — the amount of deformation without an
elastic component corresponding to the yield strength ay.
Based on relations (30) and (31), we have the following equation:

0 = ko [IN(1 + OIP[1 = (1 + 1/k1me®) ] + 0 (1 + 1/kye®) 50, (32)
where ng, — indicator of matrix strengthening by the formation of martensite.

According to the work [14], the parameter p,=0,18, and g, is the stress of the matrix material, which
consists entirely of martensite and depends on the strength of the martensite and the carbon content of the steel.
This is explained by the proportionality of the formation rate of martensite nuclei to its volume fraction [5].

The change in stress at the PT during friction and wear of the CM (CC) is equal to:
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cs a -1 —str
Ag, = —"Sfjgg (1 - (1 + q%) ) +a, (1 + Cl%) , (33)
where k&, = C¢C,,1 - Ejyb?; v — parameter of the cellular dislocation structure. With a uniform
distribution of dislocations r* = 1.
Since friction and wear is a non-stationary process, the accumulated energy of elastic-plastic deformation
is equal to:
Ua(t) = [ o(e)de, (34)
where o(e) is determined by equation (33). Knowing the values Uspec, or U, g — critical power of flow
density, the amount of wear can be estimated:

u= CfCop/qkr = CfCop/Us3p/ezc~ (35)
In the case of a two-phase CM (CC), we have:
U = [ A0, de = CrCop - em™? NIV w = CrCop a3 e Pe, %, (36)

where &,,; — the limit value of deformation of the matrix material.
The deformation of two-phase CM (CC) can be estimated using the formula:

Eem(ce) = €am — Ae = g4 — Cfcop "E€mCz = E&gm — A - Cn//ina (37)

where ¢4, — matrix deformation at ¢,=0; Ae = f(c,, 1) — reduction of plasticity due to the presence of a
brittle phase (filler); &,, — matrix deformation: &, = C;C,,/A"; a, n — steels determined experimentally. If
expression (37) is substituted into (36), we get the following:

U = CpCop A,/ (egm — - ¢,/ A7) . (38)
Results

During the interaction of WBSTEM with the soil, three types of soil deformations can be identified:

- microscale deformation within dilatation bands along the fracture surface;

- mutual rolling and sliding of the formed soil particles;

- deformation within soil particles, which is possible due to high soil moisture.

In the first two cases, the deformation is accompanied by an increase in volume, in the latter, compaction
of soil particles may occur. Therefore, in the process of interaction of WBSTEM with the soil, the following
deformations can also be distinguished: at a constant volume; during compaction; during expansion in the process
of destruction. In field conditions, the general deformation of the soil consists of a collection of its various types,
but one of them is the leading one.

When describing the interaction of WBSTEM with the soil layer, the theories of continuous deformable
environments are quite acceptable. This approach allows to describe the process of deformation, movement and
mixing of soil particles on the working surface of the WBSTEM. Without researching these processes, it is
impossible to establish the regularities of the interaction of WBSTEM with the soil and to describe the stress-strain
state of the soil.

Research shows that by comparing the natural volumetric mass of the soil with the optimal one, it is possible
to determine the rational method of cultivation and the degree of action on the soil. The results of the study of the
amount and nature of the wear of standard WBSTEM during operation indicate their dependence on the type of
soil, the ratio of phase components and the stress-strain state. The dependence of the wear of cutting elements (CE)
on the amount of stress in the soil layer adjacent to the WBSTEM is shown in Fig. 1.
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Fig. 1. Dependence of the wear of the toe of the one-sided paw (1) and the horizontal CE slot cutter (2) on the amount
of soil stress in ordinary black soil (L=8,52 km, v= 1,4 m/s, W=10%)
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It is shown that the wear of CE of WBSTEM increases with an increase in soil stress.

At that time, during the interaction of abrasive particles (AP) of the soil with the surface of WBSTEM,
strengthened by CM (CC), the values of the components of the stress tensor o;; change in the local areas of the
surfaces. The results of computer modeling of the stress fields during the action of high frequency on the working
surface of the WBSTEM, carried out according to the developed methodology [14], in cases with unreinforced
and strengthened CM (CC) TE in the mode of static and dynamic loading are shown in Fig. 2.

Fig. 2. Characteristic graphs of stresses in the contact areas of WBSTEM when acting on the surface of the
WBSTEM: a — without coating V = 0 ; b — without coating V # O ; ¢ — with a single-layer CCon TE-2, Vv = 0;d -
with a single-layer CC, V # 0 ; e — with two-layer CC on TE-2, V = 0 ; f— with two-layer CC, V # 0 ; g— with a
three-layer CC, V = O;h-witha three-layer CC, V # 0

It can be seen that the region of the stress-strain state of the zone of contact with the AP is concentrated in
the reinforced layer of the CM (CC), and in the dynamic load mode, the stress profile is transformed in the direction
of the relative movement of the TE (Fig. 2, b, d, e, h).

Experimental studies have determined that the wear resistance of CM (CC) is primarily due to the presence
of the strengthening component molybdenum disulfide MoS: in 5 and 10 wt.% with preliminary dispersion (filler,
inclusion, phase) and phase transformation in the matrix.

The development of a mechanism for increasing the wear resistance of composites based on UHMWP
during the interaction in the WBSTEM-soil tribosystem involves taking into account a number of factors:

- lack of interphase interaction between the polymer matrix and filler particles pressed deep, which
determines effective absorption of energy without destruction of the composite during triboloading;

- the effect of filler particles on a change in size and shape, which in the vast majority of cases is
accompanied by a noticeable decrease in mechanical properties, but may not lead to a decrease in wear resistance;

- interaction of the surface of the steel counterbody with the polymer matrix and filler particles protruding
above its surface.

The microstructure of the surface reinforced layers of CE of WBSTEM was studied using a PEM 106
microscope. The PEM method allows studying the topography and chemical composition of the surface without
prior mechanical processing or etching.
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c
Fig. 3. The microstructure of the friction zones of the surface strengthened layers of CE of WBSTEM
UHMWP: a, ¢ - MoS: 5 wt.%, b, d - MoS:2 5 wt.%,

In the compositions of UHMWP MoS: n wt.% the smoothest wear surface is observed in the composition at
the content of MoS2 10 wt.%. A different pattern of changes in the supramolecular structure is observed with
increasing filler content MoS,, which determines the nature of samples destruction of experimental compositions.

Conclusions

1. The stress-strain state of the soil as a continuous solid medium under the action of the WBSTEM was
considered, and the dependence of wear on the stress in the soil for different types of WBSTEM was
experimentally revealed.

2. The solution of the contact problem of an abrasive soil particle action on the strengthened CM (CC) and
the unreinforced surface layers of WBSTEM was considered using the method of computer modeling of stress
fields. It was found that particles of fillers (inclusions) redistribute stress fields in both static and dynamic cases,
and for a given CM (CC) there is a certain thickness of the strengthened layer when the stress field is completely
concentrated in it.

3. From a theoretical point of view, based on the boundary conditions, the field of residual and contact
stresses of the surface layers strengthened by CM (CC) under loading by the action of an abrasive particle as an
indenter is considered.

4. Taking into account the stress-strain state, strain hardening and evaluation of the effect of phase
transformation during the formation and deformation of CM (CC) during friction and wear are considered. These
are primarily martensitic-austenitic transformations. The relationship between stress in the surface layer of CM
(CC) and wear characteristics was established, which makes it possible to design an effective reinforced layer on
WBSTEM.

5. Experimental studies have shown that the wear resistance of CM (CC) is primarily due to the presence
of the strengthening component molybdenum disulfide MoS2 in 5 wt.% and 10 wt.% with preliminary dispersion
(filler, inclusions, phases) and phase transformation in the matrix.
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88 Problems of Tribology

Tuxmit A.A., Ayuain B.B., Ilammnacskuii M.B., BopoBik A.€. TpuGorexHiuHI mpouecu B3aeMoii
cepelloBUIA IPYHTYy 3 pPOOOYMMH OpraHaMu TIPYHTOOOpDOOHHMX Ta 3€MJIEPUHHHMX MallWH, 3MiIHEHUMHU
KOMIIO3HUIITHIMU MaTepiaaaMu

B po0orti HaBe1eHO pe3yNIbTaTH JOCIIIKEHHS HAlPY KeHO-/1e()OPMOBAHOT0 CTaHy CEPEIOBHUINA IPYHTY, SIK
Oe3mepepBHOi MOJEIi HAIMOBHEHOI aOpa3sMBHUMH YAaCTHHKAMH, ITiJ €0 POOOYHMX OpraHiB IPyHTOOOPOOHUX i
3eMJICpUHHNX MamMH. BpaxoBaHO OZHY 3 OCHOBHHX BJIACTHBOCTSH IDYHTY, IO BH3HAYAE€ XapaKTEPHCTHKY
CHIJIOBOi B3aeMOJii PoOOYMX TIOBEPXOHB POOOYHMX OpPTaHiB IPYHTOOOPOOHMX 1 3EeMJICPHHHHX MAaIINH 3
TEXHOJIOTIYHHUM CEPEIOBHIICM, a CaMe CXMIIBHICTh KOHTAKTHOTO MIapy 0OpoOIIOBAHOTO IIACTY [0 YITUTEHEHHS.

ExcneprMeHTaIbHEM IUIIXOM BCTaHOBJICHO 3B'SI30K HANPYXKEHHS B CEPENOBHUILI IPYHTY 3 BEIUYHHOIO
3HOCY pPOOOYHMX OprafiB IPyHTOOOpOOHMX 1 3emylepuiiHHX MamuH. [IpencTaBIeHO TEOPEeTHYHHMHA aHAaIi3
Harpy>xeHo-/1e()OpMOBaHOTO CTaHy KOHTaKTYIO4Ol 00JacTi 3MIIIHEHOTO MOBEPXHEBOIO IIapy poOOYMX OpraHiB
IPYHTOOOPOOHUX 1 3eMJISPUHHUX MaIlIMH, 3 HAIIOBHIOBAYEM, BKIFOUEHHIMH a00 3MIIHIOBAIBHOIO (ha301o0.

[IpoBeneHo aHasi3 KOHTAKTHUX XapaKTEPUCTUK HANPYKEHO-Ie(OpMOBAHOTO CTaHy Ta IX 3MIiHU IPH TEPTi
Ta 3HOIYBaHHI HAa OCHOBI IIOCTAHOBKH 1 PO3B'SI3aHHS 33124 KOHTAKTHOT B3aEMO/Iil aOpa3sMBHUX YaCTHHOK IPYHTY
3 HEOJHOPIMHOCTSAMH KOMIIOHEHTIB KOMIIO3MLIHHMX MOKPHUTTIB Ha OCHOBi HaJBHCOKOMOJIEKYJSIPHOTO
MOJIETHIICHY 3 HAITOBHIOBaYaMH IPH 3MIlTHEHH] pOOOYUX OpraHiB IPYHTOOOPOOHUX 1 3eMIIEPUITHUX MAIlHH.

BukoHaHO KOMI'IOTEpHE MOJCNIOBAHHA JUIA JOCHI/DKEHHS XapakTepy pO3NOAUTy HampyXeHb B
3MIIIHEHOMY ITOBEPXHEBOMY IIapi pi3albHUX EJIEMEHTIB POOOYHMX OpraHiB IPYHTOOOPOOHHX i 3eMIICpHIHIX
MalIiH B 00JIacTi KOHTaKTHOI 30HH B CTAIlIOHAPHUX Ta JHHAMIYHUX yMoBax. ChopMysibOBaHA KOHTAKTHA 3a]a4a,
HaBeJICHO T'PaHUYHI YMOBH Ta PO3B'SI30K Y BUIIAAI CKIIAJIOBHX MOJIS HANIPYKSHHS.

BpaxoBaHo XapaKTepHCTHKH HAIOBHIOBAadYa, iX BMICT B KOMIIO3WIIHHOMY MaTepiami i MOKPHUTTI,
BCTaHOBJICHO 3B'S130K M)XK HAIIPY>KEHO-1e()OPMOBAHUM CTAHOM i BETMYMHOIO 3HOCY.

Keywords: HamnpyeHHs, KOHTAKT, 3HOCOCTIHMKI TOKPHUTTS, KOMIIO3UI[IHUN MaTepiayl, HAlOBHIOBAY,
HaJIBUCOKOMOJICKYJISIPHUH TOJIIETUIICH, MOKPUTTS, 3HOC, poOo4yuMii opraH IPyHTOOOPOOHOI Ta 3eMIIEPHIHOI
MaIlHY.



