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Abstract

The work investigated the microstructure, phase composition and wear resistance of plasma coatings based
on self-fluxing nickel alloys obtained from PG-10N-01 powder and intended for strengthening internal combustion
engine valves. It was established that due to high heating and cooling rates during plasma spraying, a lamellar
structure with the presence of amorphous and crystalline phases, oxide inclusions and pores is formed. It was
shown that heat treatment provides partial crystallization of the amorphous phase, a decrease in porosity and an
increase in the microhardness of the coating. The distribution of microhardness along the depth of the layer was
studied, which is characterized by relative stability within the coating and a gradual decrease in the transition zone
to the base. The effect of composition modification (introduction of ferrosilicon) on the structure formation and
porosity of the coating was established. According to the results of tribological tests, an increase in wear resistance
and a decrease in the coefficient of friction after heat treatment were determined. The adhesive wear mechanism
caused by the structural heterogeneity of the coating is substantiated.

Keywords: plasma spraying, NiCrBSi, microstructure, wear resistance, microhardness, heat treatment,
phase composition, porosity, friction coefficient, internal combustion engine valve

Introduction

Increasing the durability and reliability of machine parts operating under conditions of intense friction and
wear is one of the key tasks of modern mechanical engineering and materials science. This problem is of particular
relevance for friction units of vehicles, energy and technological equipment, where the combination of high contact
loads, temperature effects and aggressive environments leads to accelerated destruction of surface layers. Such
critical elements include valves of internal combustion engines, which operate under conditions of cyclic
thermomechanical loads, elevated temperatures, gas corrosion and intensive wear of contact surfaces. Destruction
or premature wear of valves leads to a decrease in the efficiency of the engine and a reduction in its resource.

In this regard, technologies for forming protective coatings are becoming widely used, among which plasma
spraying occupies a leading place due to its high versatility, productivity and the ability to obtain coatings with
specified functional properties. The use of plasma coatings to strengthen the working surfaces of valves allows to
increase their wear resistance, heat resistance and corrosion resistance, which directly affects the operational
characteristics of the engine.

Plasma coatings based on self-fluxing nickel alloys are characterized by high hardness, resistance to
corrosion and abrasive wear and the ability to form dense protective layers with good adhesion to the base. The
formation of the microstructure of such coatings occurs under conditions of extremely high heating and cooling
rates of powder particles, which leads to the formation of a lamellar structure with the presence of amorphous and
crystalline phases, oxide inclusions, pores and interparticle boundaries. It is these structural features that determine
the mechanical and tribological characteristics of the coatings, in particular their hardness, wear resistance and
resistance to fracture under contact interaction conditions.

Analysis of modern research shows that improving the operational properties of plasma coatings is achieved
by optimizing their phase composition, reducing porosity, forming strengthening carbide and boride phases, as
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well as using additional technological operations, in particular heat treatment or remelting. Thermal stabilization
of the structure contributes to the transition of the amorphous component to a more stable crystalline state, reducing
residual stresses and increasing the cohesive strength of the coating. Another promising direction is the
modification of the composition of powder materials, which allows for targeted influence on the formation of the
structure and properties of coatings.

However, despite a significant amount of scientific research in this area, the relationship between the
microstructure of plasma coatings, their phase composition and wear mechanisms remains poorly understood,
especially for coatings used to restore and strengthen internal combustion engine valves. The influence of
technological parameters of spraying, heat treatment and modification of the powder composition on the formation
of structural heterogeneity and its role in the processes of friction and fracture needs to be clarified.

In this regard, the purpose of this work is to study the microstructure and wear resistance of plasma coatings
based on self-fluxing nickel alloys, establish the regularities of the formation of their structural state, and evaluate
the influence of composition modification and heat treatment on the performance characteristics of coatings
intended for strengthening internal combustion engine valves.

Literature review

The microstructure of plasma coatings is formed as a result of the impact of molten or semi-molten powder
particles on the surface of the substrate, their rapid cooling, deformation and layering. As a result, a typical lamellar
structure is formed from individual flattened particles, interlamellar boundaries, pores, oxide inclusions and local
areas of incomplete fusion. It is this heterogeneity that largely determines the hardness, wear resistance and
corrosion behavior of coatings. NiCrBSi coatings are characterized by a combination of a hard metal matrix with
boride, carbide and silicide phases, which increase microhardness and resistance to abrasive wear [2], [5], [7]. At
the same time, excessive porosity or weak interlamellar bonding can reduce the cohesive strength of the coating
and contribute to fracture under contact loads [7], [8].

An important way to improve the structure of plasma coatings is heat treatment or remelting. Short-term
heat treatment of NiCrBSi coatings promotes relaxation of residual stresses, partial compaction of the structure,
formation of more stable crystalline phases and increase of microhardness, which positively affects wear resistance
[6], [8]. Laser or automatic remelting provides a denser structure with fewer pores and cracks, improves
metallurgical bond with the base and increases the mechanical characteristics of the coatings [2], [9]. Such changes
are especially important for self-fluxing NiCrBSi alloys, since boron and silicon lower the melting point, facilitate
surface wetting and promote the formation of a dense wear-resistant layer [11].

Increasing the wear resistance of plasma coatings is often achieved by introducing hard reinforcing phases,
in particular WC—Co. With an increase in the WC—Co content in NiCrBSi-composite coatings, the proportion of
hard carbide inclusions increases, which counteract microcutting and plastic deformation of the surface during
friction [3], [10]. However, excessive content of hard particles can increase the brittleness of the coating, promote
the formation of microcracks and worsen the uniformity of the structure. Therefore, optimal wear resistance is
ensured not only by high hardness, but also by a balanced combination of hard phases, a plastic matrix, low
porosity and sufficient adhesion to the base [3], [10].

Amorphous and nanocrystalline coatings based on Fe and Ni alloys are characterized by increased structural
homogeneity, the absence of large crystal grains, and high hardness, which contributes to increased resistance to
wear and corrosion failure [1], [5], [6]. Nanocrystallization of amorphous NiCrBSi alloy after spraying can
improve operational properties due to the formation of finely dispersed strengthening phases [5]. However, the
corrosion resistance and durability of such coatings depend on the condition of the substrate surface, the quality
of preparation before spraying, the coating density, and the presence of defects that can be penetration paths for
aggressive media [1], [4], [12].

Thus, the analysis of literature sources shows that the wear resistance of plasma coatings is determined by
a complex of structural factors: lamellar structure, porosity, phase composition, the presence of solid boride and
carbide phases, the quality of interparticle bonding and the state of the “coating—base” interface. The most effective
directions for increasing their performance are optimization of spraying parameters, use of composite powders,
heat treatment, laser remelting and formation of a dense finely dispersed or nanocrystalline structure [2], [6], [8],

[9].
Purpose and objectives of the study

The purpose of this work is to establish the regularities of microstructure formation and study the wear
resistance of plasma coatings based on self-fluxing nickel alloys, as well as to assess the influence of powder
composition modification and heat treatment on their physicomechanical and tribological properties.

To achieve the goal, the work performed a microstructural analysis of plasma coatings, determined their
phase composition and features of structure formation depending on the deposition conditions, investigated the
distribution of microhardness across the coating cross-section, and established the effect of heat treatment on its
structural state and mechanical properties. Special attention was paid to assessing the effect of modifying the
powder composition, in particular the introduction of ferrosilicon, on the porosity and structural characteristics of
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the coating, as well as conducting tribological tests to establish wear patterns and determine the mechanisms of
surface destruction under friction conditions.

Analysis of the structure of plasma coatings

During plasma spraying of PG-10N-01 powder on 40X steel, a hardened layer is formed, which evenly
covers the surface of the part. The coating thickness is 300—-350 pum and is characterized by uniformity over the
entire area (Fig. la). The average hardness of the coating does not exceed HV 550. The resulting layer is
characterized by a fine-grained structure and uniform distribution of structural components after melting with the
formation of a transition zone between the coating and the base.

The formation of the coating structure occurs under conditions of high rates of heating and cooling of
particles (10°-10® K/s), which is accompanied by their complete or partial melting. The starting powder contains
nickel, chromium, boron, silicon, iron and carbon, which causes the formation of a significant proportion of the
amorphous phase in the coating. During the deposition process, the molten and semi-molten particles are deformed
and form a lamellar (plate-like) structure of the surface layer, which determines the main physical, mechanical and
tribological properties of the coating.

b)

Fig. 1. Microstructure of plasma coating and structural components of the deposited layer

The formed coatings are characterized by a complex heterogeneous structure (Fig. 1b), in which three main
types of particles are distinguished: unmelted and undeformed (1), unmelted but plastically deformed (2), and
completely molten particles (3). The proportion of unmelted particles is insignificant and does not exceed 10%.
The main operational properties of the plasma coating are determined by particles of type 3, since it is they that
form a dense structure with increased hardness, reaching 1000 HV, during crystallization.

It was found that the choice of spraying modes significantly affects the quality of the formed coating. High
cooling rates of molten particles contribute to the occurrence of residual tensile stresses. If these stresses exceed
the adhesion strength to the base, the coating may peel off. Important factors determining the morphology and
specific surface area of the coating are the size and shape of the powder particles: a decrease in size and an increase
in their irregularity lead to an increase in the specific surface area and affect the features of structure formation.
The results of the analysis of the morphology of the coating obtained from the PG-10N-01 powder are shown in
Fig. 2a.

a) b)
Fig. 2. Morphology of the cross-section of the PG-10N-01 powder coating.

The coating is characterized by a uniform thickness without pronounced macrodefects, such as cavities or
cracks, which indicates the stability of the deposition process and sufficient adhesion to the substrate. At the same
time, individual spherical inclusions are detected in the structure, which correspond to semi-molten or unmolten
particles of the starting powder that have not undergone full thermal action in the plasma jet. The reason for their
formation is insufficient thermal input or limited duration of the particles in the high-temperature zone, which
makes it impossible to form an amorphous phase. Such solid inclusions are evenly distributed in the amorphous-
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crystalline matrix of the coating (Fig. 2b) and can act as local stress concentrators.

Microstructural analysis showed that the vast majority of structural elements of the coating have sizes up
to 200 pm, while the fine component is represented by grains with a size of 3—8 um. The morphology of the grains
is heterogeneous and includes leaf-like and dendritic forms (Fig. 3), which indicates non-equilibrium
crystallization conditions. The formation of such a structure is due to high cooling rates of molten particles, which
leads to the development of dendritic growth and the formation of fine phases, which determine the mechanical
and tribological properties of the coating.

Fig. 3. Grain structure of the applied coating from PG-10N-01 powder

During spraying, a significant number of sprayed particles are produced, which settle on the surface
of the part in a semi-molten or molten state, cool and deform into flat particles. As a result, a layered coating
surface is formed. The surface roughness Ra is 0.224 um.Stabilization of the structure of the resulting coating
occurs during the following heat treatment, which involves annealing at temperatures below the Trek temperature
(recrystallization) to convert the amorphous structure into a crystalline one. Annealing was carried out at a
temperature of 863 K (590 °C) with a holding time of 1 hour. Heat treatment improves the functional properties
of the coating: the structure is stabilized due to the transition of the amorphous component to a crystalline one,
crystals of the strengthening phases CrNi3 and Fe3Ni appear; the cohesive forces of adhesion of the coating to the
base increase and porosity decreases. In the X-ray diffraction pattern taken after heat treatment [1-5], a wide peak
indicates the transition of the amorphous phase to a crystalline one Fig. 4.

Ni;B
y
R
«
-
£
w
=
2
=
Ni,B
MiCs Ni;B a
L 1 X ! X !
20 40 60 80

20 (°)
Fig. 4. X-ray diffraction patterns of NiCrBSi powder: a — in the initial state; b — powder after sputtering; ¢ —
powder after sputtering and heat treatment

The X-ray diffraction patterns of the NiCrBSi powder (Fig. 4) indicate phase transformations occurring
during spraying and subsequent heat treatment.

In the as-received condition (curve a), the diffraction pattern is characterized by pronounced peaks
corresponding to the NisB phase (in the regions of ~20 = 40—45° and ~75-80°), which is typical for boride
constituents in self-fluxing nickel-based powders. In addition, a peak of the carbide phase M-Cs (~20 = 50°)
is observed, indicating the presence of chromium-rich carbides in the structure. After spraying (curve b), a
decrease in intensity and noticeable broadening of the NisB peaks are observed, suggesting partial dissolution
or amorphization of the boride phase due to rapid solidification of the molten material. The M-Cs peaks are
still present but become less pronounced, indicating dispersion and refinement of the carbide phase.
Following spraying and heat treatment (curve c), recrystallization of the structure occurs, as evidenced by
the increased intensity and sharper peaks of NisB. At the same time, the carbide phases M-Cs become more
clearly defined, and additional carbides (such as those of the M23Cs type) may also be detected based on peak
positions in the corresponding 20 ranges. This suggests the formation of a more equilibrium and strengthened
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microstructure with a higher fraction of hard phases.

Thus, the analysis of the diffraction patterns (NisB, MsCs) demonstrates that spraying leads to partial
amorphization and phase dispersion, whereas heat treatment promotes recrystallization and phase
stabilization, which are key factors contributing to increased hardness and wear resistance of the coating.

Fig. 5 shows that the sputtered surface has two types of grains (Fig. 5, a and b): larger crystals in the
form of dendrites (a) — Ni3B, smaller (b) — grains up to 1 pm in size, almost spherical in shape, which
corresponds to chromium carbides Cr7C3, Cr7C23.

b)
Fig. 5. Morphology of two types of grains in the cross-section of the PG-10N-01 powder coating.

The results of spectral analysis showed that after heat treatment, the content of the chromium carbide
phase in the coating structure increases, and the content of the Ni3B phase decreases.

Microhardness study of the deposited layer

Hardness is one of the important operational characteristics of the material. The analysis of
microhardness along the cross-section of the coating was carried out to assess the mechanical properties of
the formed microstructure. The features of the plasma spraying technological process (high powder heating
temperature, high cooling rate of the applied coatings) cause an uneven distribution of the components of the
powder material over the surface of the part, as a result of which the applied coating has a heterogeneous
chemical composition and structure, as well as a different number of pores and oxides. Usually, a significant
proportion of the amorphous phase with a special structure and properties is found in the structure of plasma
coatings. All this provides an ambiguous nature of the change in hardness along the cross-section of the
coating. The microhardness of the coating applied to the surface of the part and the coating, which after
application was subjected to stabilizing heat treatment - annealing at 590°C, was determined. The results are
presented in Fig. 6. The average hardness of the coating is within 500 - 550 MPa, the thickness of the coating does
not exceed 300 - 350 microns. Between the hardness of the coating and the hardness of the base, there is a fairly
smooth decrease in values to the average values of the hardness of the base. As can be seen from the graphs, the
microhardness varies depending on the distance from the surface of the part, but within the applied layer it does
not change significantly.
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Fig. 6. Microhardness of plasma coatings of the Ni-Cr-B-Si system: 1 - coating of the Ni-Cr-B-Si system from
PG-10N-01 powder after heat treatment; 2 - coating without annealing; 3 - Steel 40X without coating.

Fluctuations in microhardness values are due to the heterogeneous structure of the applied coating.
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The presence of hard phases such as boron nitrides or chromium carbides in individual zones increases the
hardness of these zones. Areas of the coating where an amorphous structure has formed have lower hardness
values. Heat treatment contributes to the formation of a more uniform and stable structure, increasing the
hardness of the applied coating (up to HV 600) due to the separation of the carbide phase — Cr3C7 and
intermetallics Fe3Ni from the y-solid solution (Fig. 6).
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Fig. 7. Hardness along the depth of the plasma coating: a) impressions from the indentation of a tetrahedral
pyramid; b) hardness distribution along the depth of the coating [3-8]

The Vickers microhardness profile versus depth clearly reveals the interface between the coating and the
substrate, as well as the variation of mechanical properties across these regions (fig. 7). In the near-surface region
(0-0.25 mm), corresponding to the coating, the hardness remains high and relatively stable at ~550-600 HV, with
a slight maximum (~600 HV) in the middle of the layer. This indicates the formation of a strengthened structure
due to the presence of hard phases (borides and carbides) and rapid solidification during spraying. Near the
coating—substrate interface (~0.30 mm), a noticeable drop in hardness to ~500 HV is observed, indicating a
transition (diffusion) zone characterized by gradual changes in phase composition and microstructure. Within the
substrate (beyond 0.30 mm), the hardness decreases sharply to ~250—300 HV and then stabilizes at ~230-250 HV
with minor fluctuations. These values correspond to the base material without strengthening phases. Thus, the
hardness profile exhibits a gradient behavior: high hardness in the coating, a sharp transition at the interface, and
consistently lower values in the substrate, confirming the effectiveness of the coating as a strengthening layer.

Adding ferrosilicon (from 2 to 5%) to PG-10N-01 powder contributes to the formation of a greater thickness
of the applied layer and its porosity (Fig. 8).

a) b) c)
Fig. 8. Microstructure of the valve surface: a - - coating of PG-10N-01 powder with the addition of 5%
ferrosilicon; b - coating of PG-10N-01 powder with the addition of 2% ferrosilicon, c) - coating of PG-10N-01 powder
without the addition of ferrosilicon.
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Table 1
Dependence of coating porosity on ferrosilicon content
Powder composition Layer depth, um Porosity, %
PG-10N-01 290 0...1
PG-10N-01 + 2% ferrosilicon 330 10...15
PG-10N-01 + 5% ferrosilicon 350 20...30

When ferrosilicon is added to the powder, macrovoids are formed on the surface (Fig. 8, a, b). An increase
in the amount of silicon in the composition of the PG powder contributes to the formation of chromium silicides
(Cr38i, Cr5Si3), which contribute to an increase in the hardness of the resulting layer. An increase in porosity
when forming a coating with the addition of ferrosilicon has almost no effect on the microhardness, since
chromium silicides appear in the structure, the hardness of which is not inferior to the hardness of chromium
carbides (HV 1600). The porosity of the surface layer of the part significantly affects its oil capacity and lubricating
properties, therefore determining the durability of the friction surface under conditions of insufficient lubrication.
The changes that occur after the introduction of the powder into the coating significantly affect the formation and
growth of transition layers. This, in turn, leads to changes in the mechanical properties of composite materials.
Due to the short duration of the reflow process, the transition zone has an insignificant length of 10-15 pm.
However, this length is sufficient to remove residual stresses, increase density and ensure fusion of the coating
with the base, which is manifested in the penetration of the applied material into the surface layers. As a result of
coagulation processes, the shape of the pores in the coating becomes rounded. Results of microanalysis of the
chemical composition of molten plasma coatings of the Ni-Cr-B-Si system from PG-10N-01 powder with the
addition of ferrosilicon, carried out using a microanalyzer PEM 106 i.

Si system oting

Fig. 9. Microstructure of the Ni-Cr-B-

Table 2
Chemical composition of Ni-Cr-B-Si powder coating
Elements Mass fraction in volume percent, %
Transition zone 1 2 3 4 5
Ni 83.7 48.3 64.4 87.7 71.9
Cr 5.49 124 333 20.2 7.36 20.6
Fe 94.00 2.8 16.4 12.1 4.58 43
Yes 0.33 0.9 0.75 1.64 0.26 1.06

As aresult of chemical analysis of the distribution of elements in the structural coating, it can be concluded
that silicon inclusions are mainly concentrated in dark areas of the coating (Fig. 9).

Study of wear resistance of valves after plasma spraying

The study of the wear resistance of valves was carried out on the friction machine SMC-2 according to the
roller-flat counterbody scheme, which made it possible to establish the influence of nanodispersed inclusions on
the level of increase in the wear resistance of self-flux coatings of the Ni-Cr-B-Si system (PG-10N-01) (Fig. 10).
The dependencies that were obtained as a result of laboratory studies made it possible to analyze the kinetics of
wear of self-flux coatings, as well as the level of their wear resistance. The composition of the Ni-Cr-B-Si system
powder allows, after spraying onto the steel surface of a part made of Steel 40X, to obtain an increase in
microhardness and bond strength due to physicochemical processes that ensure an increase in operational
indicators (wear resistance, corrosion resistance). Wear tests conducted on SMC-2 showed that samples with a
coating that was subjected to heat treatment have higher wear resistance.
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Fig. 10. Wear resistance of plasma coatings from Ni-Cr-B-Si powder system: 1 — Steel 40X without coating; 2 — Ni-Cr-
B-Si coating from PG-10N-01 powder without annealing; 3 — coating after heat treatment.

Heat treatment has a positive effect on the tribological characteristics of the coating: it contributes to
a decrease in the friction coefficient and its greater stability during friction [2-7] (Fig. 10).
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Fig. 11. Character of change in the friction coefficient of the NiCrBSi coating after application to the
surface of the part (red curve) and after heat treatment (blue curve)[2-7]

Fig. 11 shows a comparison of the friction coefficient between the sprayed coating and the coating
that was subjected to heat treatment. The friction coefficient of the sprayed coating gradually stabilizes,
starting from 60 s, reaching values of 0.45. The friction coefficient fluctuated greatly, which negatively
affects the wear resistance of the material. For the coating that was subjected to heat treatment, the
stabilization of the friction coefficient was detected later - after 250 s, but its values are lower - 0.38. The
higher values of the friction coefficient for the applied coating are explained by the rather inhomogeneous
structure that was formed during spraying and the rather high surface roughness. The coating that was
subjected to heat treatment has a more homogeneous structure, so the friction coefficient undergoes smaller
fluctuations. To describe the wear mechanism of the sprayed coating, the morphology of the wear surface of
the coating that was subjected to heat treatment was investigated. The worn surface consists of both relatively
smooth particles, with a small number of cracks and an almost round shape, and areas where cracks have
expanded due to friction, the particles are displaced relative to each other and overlap. Amorphous nickel-
based coating is a typical brittle material with a large number of protruding particles on the surface, so the
friction force and compressive stresses cause cracks in the defects under the oxide layer during wear. The
boundaries of flat particles have a high content of oxides, which are prone to wear and delamination. The
reciprocating motion causes fatigue damage to the surface structure of the coating and creates fatigue cracks.
Under the action of a periodic tangential force, the fatigue crack expands and causes volume delamination.
The presence of multiple cracks in the middle and surrounding areas of an individual particle also indicates
that particles with poor flattening or insufficient fusion exist independently in the coating. A significant
amount of wear products was found in the friction zone (Fig. 12)
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Fig. 12. The coating surface is contaminated with wear products

In Fig. 11, a large amount of fine debris adhering to the coating surface can be seen. This indicates
that, unlike the wear mechanism of amorphous material, the wear mechanism of nanocrystals is
predominantly adhesive. Debris that accumulates on the surface of the part can significantly increase wear.
Cracks occur during friction, which are mainly caused by the presence of pores and oxides. The crack nuclei
are powder particles with a defective surface (incompletely melted particles).

Conclusions

1. The effectiveness of the use of plasma coatings based on self-fluxing nickel alloys to increase the wear
resistance of heavily loaded parts, in particular internal combustion engine valves, is shown. Based on the planning
of a factorial experiment, the optimal spraying parameters were determined according to the microhardness
criterion: current strength 244 A, distance 100 mm, powder consumption 0.48 g/s.

2. It was found that the microstructure of the coatings is heterogeneous and includes amorphous and
crystalline phases. Heat treatment (annealing at 590 °C) promotes crystallization of the amorphous component,
formation of strengthening phases (Cr;Cs, NisB, Cr3Si) and increase of the microhardness of the coating by 100—
120 HV.

3. According to the results of microstructural and tribological analysis, it was established that the wear of
the coating is predominantly adhesive in nature and is caused by its structural heterogeneity, the presence of pores
and oxide inclusions, which act as stress concentrators and centers of crack initiation.

4. It has been proven that modification of the coating composition by introducing up to 5% ferrosilicon has
a positive effect on its operational properties: the porosity and oil capacity of the surface increase, which
contributes to a decrease in the intensity of wear under friction conditions.
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TEPMIYHOT 00pOOKH Ha MIKPOCTPYKTYPY 1 3HOCOCTIHKICTh HiKeIEeBHX IIa3MOBUX MOKPUTTIB I KiamaHiB JIB3

Y po0oTi TOCTIIKEHO MIKPOCTPYKTYPY, (ha30Buil CKiIaj i 3HOCOCTIHKICTh ITa3MOBUX TIOKPHUTTIB HA OCHOBI
caMO(QJIIOCIBHUX HIKENEBUX CIUIaBiB, oTpuMaHux i3 nopoiky [1I'-10H-01 Ta npusHaueHHX Al 3Mil[HEHHS
KJIallaHiB IBUTYHIB BHYTPIIIHHOTO 3TOpsSHHA. BCTaHOBIEHO, IO BHACTIIOK BHCOKHX MIBHAKOCTEH HArpiBy i
OXOJIOJDKEHHS i Yac IJIa3MOBOTO HANMJICHHS (OPMYETHCS JIAMESpHA CTPYKTypa 3 HasBHICTIO aMOpHHX i
KpUCTaTiYHUX (a3, OKCHUIHMX BKIIOYEHb 1 mop. [lokazano, mo TepMiuHa 00poOka 3abe3ledye 4YacTKOBY
KpHcTamizanito amopdHoi (asm, 3HWKEHHS TOPUCTOCTI Ta MiJBUIIEHHS MiKpPOTBEPAOCTI NOKPUTTS. JlociiKeHo
PO3IOJIN MIKpOTBEpAOCTI 0 TIMOWHI mapy, SKHH XapaKTepHU3yeThCs BIJHOCHOIO CTaOLIBHICTIO B MeXax
MOKPUTTS Ta MOCTYNOBUM 3MEHIIEHHSM y 30HI Iepexo/1y /10 OCHOBH. BcTaHoBIEeHO BILIMB Moandikamii ckiary
(BBeneHHs (epocHITiLiio) HA CTPYKTYPOYTBOPEHHS Ta HMOPUCTICTHh MOKPHUTTS. 3a pe3ylbTaTaMH TPHOOJIOTIYHUX
BUNPOOYBaHb BH3HAYEHO ITIBUIICHHS 3HOCOCTIMKOCTI Ta 3HIDKEHHS KoedillieHTa TepTs Micias TepMidHOi
00poOku. OOIpyHTOBaHO aAre3iHUA MEXaHi3M 3HOLIYBaHHS, 3YMOBJICHHH CTPYKTYPHOIO HEOJHOPIIHICTIO
MOKPHTTSL.
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