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Abstract

The paper considers possibilities to increase the wear resistance, corrosion resistance, and service life for
parts machines and mechanisms via their hardening and renovating using electric arc coatings characterized by
high density, adhesion strength, and micro hardness thanks to activation of the spraying process. Also, the
possibility of controlling the properties of restored surfaces owing to choice of the related equipment with
required structure and characteristics in order to prolong the service life of machinery parts is shown. The right
choice of equipment for spraying makes it possible to increase the speed and temperature of the spraying gas and
particles, reduce the droplet diameter, increase the density and reduce the oxidation of coatings.

The influence of spray factors such as the flow rate and pressure of working gases, composition of
combustion mixture, spraying distance, dispersion of the spray, properties of wire material, etc. on the properties
of the coatings obtained has been investigated. The possibility of controlling the properties of surfaces owing to
choice with required characteristics electric arc coatings is shown. The influence of spray factors such as the
flow rate and pressure of working gases, composition of combustion mixture, spraying distance, dispersion of
the spray, properties of wire material, etc. on the properties of the coatings obtained has been investigated.

The use of coatings makes it possible to increase the wear and corrosion resistance of working surfaces of
machine parts and mechanisms, in particular ship parts, and so to reduce the costs of alloyed steels and alloys.
The coatings application is associated with implementation of a fundamentally new approach, according to
which the strength and carrying capacity of a part is provided by its basic material, whereas the resistance to
corrosion, wear, and other factors may be increased via using hardening protective coatings. There are many
alternative methods for producing coatings, from which it is advisable to choose an optimal, easy to implement,
and inexpensive one.

Of the variety of methods for hardening coating deposition, the most common technologies used to
restore and improve the performance properties of parts are gas-thermal spraying techniques, among which the
cheapest and simplest method is electric arc spraying (EAS), whose current improvement is aimed at modifying
and activating the spraying process. Such combined technologies do not require additional expensive equipment
and operations, which predetermines a reduction in the cost of hardening processes.

Key words: electric arc coating, wear resistance, corrosion resistance, adhesion strength, spraying
process

Introduction. The state of the problem and the purpose of the research.

In the practice of restoring and hardening parts through the use of hardening protective coatings,
extensive experience has been accumulated in the application of coatings by methods of gas-thermal spraying
(GTS) [1-3]. The reasonability of using GTS is evidenced by the appearance of a number of special firms for
manufacture of equipment and materials for spraying, for example, Metko, Wall Cobmonoy Corp. Linde Div.,
Union Carbide Corp. et al. [4-7]. The produced domestic and foreign GTS units [8], spray materials [6-10], and
published recommendations have made it possible to solve a series of items related to the repair, restoration, and
prolongation of the service life of parts [1-3].
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In the development of techniques for restoration of parts, it is necessary, of all the possible GTS
methods (Table 1) [4-6], to choose such one that provides the longest service life of a part and the lowest cost of
its recovery as well as can be fairly versatile, simple, and easy to implement [8].

When choosing a method for GTS, it is necessary to consider the basic conditions for high-quality coating
formation [4]: i) thermal effects on the part must prevent the phase or structural transformations in the base
metal; ii) participation of the base metal in the coating must be negligible, and iii) in the contact zone, no
relaxation process capable to change its phase composition and structure should arise.

Table 1
Characteristics of spraying modes
Parameter Spraying mode
Electric arc Gas-flame Plasma Detonation
Efficiency, kg/h 3-31 1-10 05-8.0 0.1- 6.0
Coefficient of material 0.8-0.9 0.8-0.95 0.4-0.9 0.3-0.6
Adhesion strength, MPa to 40 to 50 to 60 to 200
Temperature of part heating , °C 100-150 100-150 150 -200 100-150

From the standpoint of these conditions, the use of electric arc spraying (EAS) is promising [9, 10]. EAS
is widely used in the European countries and displaces the traditional gas-flame method [7]. This is due to the
simplicity of the equipment, the availability of energy source for metal melting, higher thermal efficiency,
which reaches 57% compared to 13 and 17% for gas and flame spraying [9, 10].

Despite the large number of innovations concerning electric arc spraying (EAS), researches on the
improvement of this method and required equipment are actively being carried out and has become aimed at
activating the spray process using various techniques, methods, and devices [11-13]. The spray process
activation is the basis for improving the technology and equipment for deposition of high-density wear-resistant
layers. In practice, the following procedures for spray process activation have been implemented [11-13]:

- intensification of mixing working gases;

- provision of sprayed particles and the substrate with additional energy via heating them;

- diminution of the sprayed particles size;

- activation of the particle and the substrate surfaces by mechanical methods (increase in roughness) or by
reduction of oxides;

- increase in the enthalpy of the spray flux by introducing thermo-reactive components;

- coating with the use of external effects (ultrasonic waves, electromagnetic fields, etc. [14];

- heat treatment [15, 16] or chemical heat treatment of coatings [17, 18], etc.

On the basis of studying the problem of hardening and restoring parts of the using electric arc spraying
(EAS) coatings, the aim of the work was set up to increase the wear resistance and service life of parts via
combining electric arc spraying (EAS) coatings characterized by high density, adhesion strength, and
microhardness due to the activation of the spray process and nitriding of the coatings sprayed.

The influence of choice of design parameters for of electric arc spraying equipment on the factors
of spray process and properties of coatings

The quality of electric arc spraying (EAS) coatings used for renovation and hardening of the working
surfaces of parts markedly depend on the technical characteristics of the equipment used.

Currently, there is in operation a wide range of power sources and devices for spraying produced by
various companies [19-22]. However, a comparative analysis of the influence of the main technical
characteristics of spray units and power sources on the physicomechanical properties of the coatings obtained
has not been carried out; and no science-based recommendations on the use of electric arc spraying (EAS)
equipment have been made. The above reasons make it difficult to choose the right equipment for electric arc
spraying (EAS) that could provide high performance and quality of the recovered parts. This paper presents the
characteristics of the most used units and analysis of them in order to ensure their correct choice. The
characteristics of the power source and the design of an apparatus for an electric arc determine such electric arc
spraying (EAS) factors as the welding current; the type, pressure, and flow rate of the spraying gas; the diameter
and shape of the nozzle, and the scheme of a blowing system. To create electric arc spraying (EAS) coatings,
units with various blowing systems and nozzle geometry are used [23, 24]. Currently, there are several schemes
for the formation of the metal-air flow for electric arc spraying (EAS), namely diaphragm, central-nozzle,
differential, and closed ones. In particular, the most widespread diaphragm scheme is used in the manufacture of
electric arc spraying (EAS) units at the Barnaul plant (Russia) and firms "Metco" and "Mogul" (the United
States). For this scheme, formation of a fairly wide metal-air flow is characteristic. The use of it is effective for
obtaining anti-corrosion coatings. The central nozzle scheme is used in the electric arc apparatus EM-17
(Barnaul), where a narrow metal-air flow is created, which is particularly efficient for coating of bodies of
revolution, for example shafts, including crankshafts [23, 24].



76 Problems of Tribology

At the Physical-Mechanical Institute (PMI) of NAS of Ukraine (Lviv), through improving the design of
electric arc spraying (EAS) equipment and increasing the protective-energy level of the spray arc flame, the
problem of increasing the physicomechanical properties of coatings was solved by weakening the dispersed
metal oxidation in the spray flame and increasing the velocity of particles [23, 24]. In order to improve the
quality of coatings, an electric arc apparatus with a spray head was used [23,24], which was based on a closed
scheme for the formation of metal-air flow. Such a scheme is used in the units manufactured by the GMP
"Gasothermic" at PMI of NAS of Ukraine. The advantages of EM-14 units with a closed scheme and a
differential nozzle over an open scheme and a central nozzle are considered in [24]. The closed scheme of metal-
air flow formation allows the manufacture of extremely fine fractions of sprayed particles (below 50 um) thanks
to their high flight velocity (50-130 m/s) from the burning arc zone to the surface being restored (Fig. 1, a, b).
Such a spray scheme should be used when the need arises in fine-particle (50 - 200 um) coatings via spraying
wires that include refractory components. If the metal-air flow scheme is closed, the arc burns in a channel
bounded with the spray head of the electric arc spraying (EAS) apparatus. This scheme realizes its advantages
when the arc cross section size becomes commensurate with the cross section of the cylindrical channel where it
burns. The closed metal-air flow scheme allows two deposition modes: continuous and pulsed. Upon reducing
the diameter of the nozzle cylindrical part, the pressure in the nozzle may become equal to that in the arc gap.
With this, cold air may actively penetrate into the arc burning zone and so help decrease its length. When the arc
length decreases so much that the melt can close the arc gap, a pulsed mode is realized. The pressure in the arc
markedly depends on the nozzle diameter and arc power.

It was established experimentally that the larger the nozzle diameter, the greater the arc power should be
in order to realize the pulsed mode of the electric arc apparatus operation. When the pulverization apparatus is in
the pulsed mode, the wire tips become parallel. The liquid phase closes the tips, and the reycotron effect is
realized, which is manifested in the fact that an electrodynamic force acts parallel to the surfaces of wires, which
melt in the gaps between the two parallel wires-electrodes. The melt is ejected from the gap by electrodynamic
forces, and after a pause the cycle repeats. The frequency of emissions depends on the wire feed speed. Portions
of the liquid metal receive an additional impulse owing to the reycotron effect, which increases the velocity of
particles and contributes to the melt dispersion.

The use of the closed scheme for the formation of metal-air flow during EAS [23, 24] allows production
of coatings with a density of over 90% and adhesion strength to 180 MPa. The maximum size of sprayed
particles does not exceed 50 um. Thus, the EM-14 spraying system (Fig. 1, c), which provides arc burning in a
channel bounded with the nozzle walls or in the formed flow of pressing air, makes it possible to produce
droplets with a high flight velocity, which improves the properties of the surfaces being restored.
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Fig. 1. Dependence of the velocity of metal particles on their size for different modes of metal-air flow
formation (a, b): central nozzle scheme (a) and closed scheme (b); apparatus EM-14 for electric arc spraying (c);
d) unit for electric arc spraying (EAS) with a propane-air combustion chamber

In the apparatus EDM-6GD designed by the Mariupil State University and the company TOPAZ, spraying is
performed with gas-dynamic dispersion of metal and using an external chamberless combustion scheme. Here the
energy source (electric arc and compressed air) is replaced by an electric arc and a fast jet of the products of liquid
hydrocarbon fuel combustion [25]. This design allows reduction in the oxidation potential of the medium compared to
air by twice and improvement in the properties of surfaces restored. The adhesion strength of coatings increases by
56% and hardness by 18%, while the porosity of coatings decreases by 2.6 times. At the same time, the cost of the
electric arc spraying (EAS) process decreases thanks to the replacement of cored wires with 2-3 times cheaper
standard solid-drawn ones.

The units for electric arc spraying (EAS) produced by NPOOO "MAD" (Minsk) combine the advantages
of electric arc and fast spraying [19-22] (Fig. 1, d). The main distinguishing feature of the electric arc spraying
(EAS) unit is the presence of an efficient small-sized chamber for propane/air mixture combustion. A fast jet of
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the combustion products leaves it with a speed of 1500 m/s at the outlet. The unit operates on the basis of
melting wires by an electric arc and spraying molten wire droplets with the fast jet of combustion products. It
requires supply of compressed air with pressure from 0.6 to 0.8 MPa and propane with pressure from 0.3 to 0.45
MPa as well as a source of welding current with a “hard” voltage-current characteristic (of the “VDU-506"
type). By varying the consumption of propane and air, it is possible to create a neutral or reducing atmosphere in
the melting zone of the electrode wire and thereby to weaken metal oxidation and burnout of alloying elements
[19-22]. Moreover, the design features of such units make it possible to increase the velocity of sprayed material
particles and the coefficient of material utilization to 0.85; herein the jet angle does not exceed 10°. The EAS-10
unit has an electric drive which provides the required speed of wire electrode feed. It is powered from a three-
phase network of 220 V, frequency 50 Hz [22]. In the case of using an alternating current, the electric arc
burning proceeds with periodic interruptions that occur as a result of the voltage drop. The power supply for the
electric arc apparatus with a direct current forms the necessary conditions for obtaining coatings with a uniform
thickness. Analysis of the research results made it possible to recommend the EM-14 apparatus (Fig. 1, ¢) and
the EAS-10 unit (Fig. 1, d) for deposition of EAS coatings. The proper management of the design parameters of
equipment for electric arc spraying (EAS) provides the creation of coatings with high performance
characteristics, which is very important for increasing the service life of parts. Thus, the work shows the
possibility, through the selection of design parameters and characteristics of equipment for electric arc spraying
(EAS), to control the properties of coated surfaces in order to increase the service life of restored parts. The right
choice of equipment for electric arc spraying (EAS) allows one to increase the speed and temperature of the jet
of spraying gas and particles, decrease the size of droplets, increase the density and reduce the oxidation of
coatings. Additionally, it has made it possible to use standard solid-drawn wires from martensitic steels 40Kh13
and 95Kh18 and austenitic steels Kh18N10T and 12Kh18N10T instead of more expensive cored wire FMI.

Study influence factors of the spraying process on the properties of electric arc spraying coatings.
Control of structure formation processes in sprayed coatings

A distinct feature of the martensitic and austenitic steels is the ability for phase transformations and
structural changes during deposition and processing of coatings, which results in improving the
physicomechanical and operational properties of hardened surfaces. The process of restoration of surfaces via
electric arc spraying (EAS) coating is divided into three main stages: surface preparation, coating, and
subsequent treatment of the surface coated. Studies of the effect of the average particle size of spray wires from
20Kh13, 12Kh18N10T, and nichrome on the physicomechanical properties of coatings revealed that coatings
made from steel wires show a decrease in adhesion with increasing porosity, whereas nichrome does not obey
this rule. Comparative tribological tests were conducted for coatings from steel 40Kh13. For comparison,
samples from rolled steel 40Kh13, which was pre-quenched and tempered at 970 K for 5 h (H, = 27 GPa), were
tested as well. Under friction without lubrication, an adhesion interaction of the coating material with the
counterbody occurs, accompanied by a tear and intense weight wear of the coupling materials (Fig. 2).

As seen in the figure, the curve of accumulated weight wear of tempered steel has a characteristic stage of
running-in and a steady wear stage with almost linear dependence of the weight wear on the friction path. For
electric arc spraying (EAS) coatings, the stages of steady wear periodically alternate with the relatively short-
term stages of accelerated wear, i.e., wear of electric arc spraying (EAS) coatings is pronouncedly cyclical (Fig.
2). The highest averaged weight wear rate was 0.41 mg/m (Table 2).
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Fig. 2. Dependence of the weight wear on the friction path for electric arc spraying coatings from steel 40Kh13
(friction without lubrication, pressure 1.5 MPa, counterbody from hardened steel 60)
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Table 2.
Wear rate and coefficient of dry friction for electric arc spraying coatings
and tempered cast steel 40Kh13

Material Wear rate, mg/m Coefficient of friction
Cast steel 40Kh13 0.11 0.80-0.92
EAS coating 0.28 0.85-0.95
EAS coating 0.41 0.95-1.05

A number of researchers have noted that the structure of coatings obtained by spraying the same wire
material by different modes can differ not only in the number of pores, but also in the phase composition [19-21,
26-29]. This paper presents the results of studies of the structural features of electric arc spraying (EAS)
coatings. As spray materials, 40Kh13 wires with a diameter of 2 mm were used. Spraying was performed using
an apparatus for electric arc spraying (EAS) in the following modes:

- mode 1: spaying of metal melted in an electric arc with a reactive jet of combustion products of
propane/air mixture with an excess of propane (reducing atmosphere);

- mode 2: spraying of metal melted in an electric arc with a reactive jet of combustion products of the
propane/air mixture with an excess of air (oxidizing atmosphere);

- mode 3: spraying of metal melted in an electric arc with a fast air jet.

To improve the adhesion of coatings to a steel 3 substrate, an intermediate layer from alloy Kh20N80 was
created. The velocity of molten particles was 120-130 m/s (modes land 3) and 400-500 m/s (modes 1 and 2).
The sizes of the particles from which the coatings were formed fell in the range of 5-40 um. The dominant
amount of oxides was formed as a result of the molten particles/air contact. In the work, the effect of the
spraying air flow rate on the amount of oxygen in the coatings obtained by electric arc spraying (mode 3) was
studied (Fig. 3). Here the oxygen content in electric arc spraying (EAS) coatings was 2.5-3 times that in gas-
flame ones (Fig. 4), with achieving the maximum concentration 3.8% at flow rates of about 0.5 m*/min.
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Fig. 3. Influence of the flow rate of spraying air on the oxygen content in coatings obtained by (1) mode 2 and

(2) mode 3.
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Fig. 4. The relative content of Fe;O,in coatings obtained using: (1) gas flame; (2) activated EAS in a reducing
atmosphere; (3) activated EAS in an oxidizing atmosphere; (4) spraying with air.
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An XRD analysis (diffract meter DRON-3.0, monochromatic CoKa, radiation, V = 30 kV, | = 10 mA)
revealed that the phase composition of the coatings includes: a-phase (martensite), y-phase (austenite), oxides
Fe304, y-Fe203 (traces), and Cr203 (traces) (Fig. 5). The hardness of the coatings obtained using various spray
schemes was within the HV range of 2800 - 3500 MPa.

Activation of electric arc spraying (AEAS) in a reducing atmosphere leads to the formation of dense
coatings with a porosity of 2 - 5% and hardness HV = 3000 MPa, characterized by low content of residual
austenite (Vy =~ 20 vol%) and oxides. The lattice parameters of martensite and austenite are ac= 0.2875 nm and
ay= 0.3592 nm, respectively.

Activation of electric arc spraying by a reactive jet with an excess of air provides the formation of a layer
with a porosity of 2 - 5% and hardness HV = 3500 MPa, characterized by substantial content of oxidation
products. The content of residual austenite in the coating is Vy ~ 20 vol%. The lattice parameters of martensite
and austenite are aoc= 0.2875 nm and ay= 0.3592 nm, respectively.

Coatings obtained by spraying with air had a hardness of HV=3200 MPa and a residual austenite content
of Vy=18 vol% at the porosity 6-8%. The XRD data fixed the highest concentration of oxidation products in the
coating after electric arc spraying (EAS) with air. Lattice parameters were ac, = 0.2875 nm and ay= 0.3596 nm
for martensite and austenite, respectively.

The results of the study of the phase composition and hardness of coatings from steel 40Kh13 indicate the
influence of the deposition technique on the structure and properties of the layer obtained. A distinctive feature
of deposited layers is the presence of an anomalously large amount of residual austenite (up to 30 vol%) and
oxides. Generally, the content of residual austenite in hardened steel 40Kh13 does not exceed 3 - 5 vol% [26-

29].
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Fig. 5. Fragments of XRD patterns (CoKa) from surface layers of gas-thermal coatings obtained under modes
1-4.

One of the reasons for the appearance of the “austenitic effect” in coatings is a higher concentration of
alloying elements (chromium and carbon) owing to the complete dissolution of chromium carbides during
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melting of the wire and saturation of the molten droplets with carbon from the propane flame. This is confirmed
by the absence of Cr23C6 carbide particles in the coating. While analyzing the causes of austenite stabilization
in the layer, one should keep in mind that under spraying surface layers are heated to 500-670 K. As a result, the
sprayed coating undergoes isothermal aging at 520-670 K during its formation and cooling, which promotes
thermal stabilization of austenite [26-29]. A factor that increases the stability of austenite in the sprayed layers is
saturation of the molten droplets with carbon during melting and spraying with propane flame (Table 3).

The low velocity of molten steel particles and high concentration of carbon-containing propane in the
combustion products contribute to a deeper saturation of molten droplets with carbon.

These circumstances are associated with a high content of residual austenite in coatings obtained by the
gas flame procedure (technique 1).

The smaller amount of austenite in coatings obtained by activation of electric arc spraying (AEAS) in the
reducing atmosphere of the spray torch (technique 2) is due to the higher flight velocity of the molten particles,
which is characteristic for this technique.

In this case, the processes of diffusion saturation of the droplets with carbon from the reducing
atmosphere of the products of propane/air mixture combustion do not have enough time to complete (flight time
of molten droplets in the atmosphere of combustion products is not more than 5 10* s), and the content of
residual austenite in the layer decreases to ~ 20 vol%. An increase in the oxygen concentration in the mixture is
not accompanied by change in the amount of residual austenite in the coating obtained under conditions of
supersonic velocities of molten particles (technique 3) and at relatively low particle velocities (technique 4). In
both cases, the content of residual austenite in the layer does not exceed 20 vol%.

The carried-out studies made it possible to conclude that for electric arc spraying (EAS) there are such
regimes and steels that can provide the formation of a large amount of metastable austenite in the coatings,
which during the performance of the tribocoupling will turn into martensite.

Table 3
The influence of the composition of combustion mixture forming the spray on the carbon and
oxygen contents in electric arc spraying (EAS) coatings from steel 40Kh13

Technique Air/propane volume ratio Oxygen contentin | Carbon content in
of spraying in mixture coatings, % coatings, %

1 (Gas flame) propane/oxygen ratio 1/4 13 0.6

2 Activation of electric arc spraying (AEAS) 18 1.4 0.5

3 Activation of electric arc spraying (AEAS) 30 2.2 0.4

4 Activation of electric arc spraying (AEAS) clean air 3.3-35 0.4

The experiments established a relation between the temperature of the beginning of martensitic
transformation, Ty, for the wire material and the amount of metastable austenite formed in the resultant coating
(Table 4) [26-29].

In steels of group 1, as well as in corrosion-resistant martensitic steels, the temperature Ty, is within 550 -
700 K. When spraying wires from these steels, the volume content of metastable austenite reaches 45%.

Table 4
Metastable austenite content in electric arc spraying (EAS) coatings obtained by spraying various steel
grades
Group Temperature of heating Content of austenite in
of steels Steel grade Temperature, T), K under spraying, K coating, vol%
1 09G2S, 40KhN, 1700-2000 25-45
20Kh13, 40Kh13 550-700 2100-2500 17-20
> 2600 <6
2 9KhS, Kh12MF, 1700-2100 15- 25
9Kh12, Kh6VF, 420-540 2200-2500 8-12
35KhNM, > 2500 <6
40KhFVA, 65G
3 08Kh18N10, 1700-2000 95-98
12Kh18N10T, 70-110 2000-2500 90-95
110G13 > 2500 90 - 95

In the case of spraying wires from steels of the first two groups, the preservation of a large amount of
metastable austenite can be prescribed to the high rate of crystallization of steel particles in the course of forming
the sprayed layer and slowing down its cooling rate in the martensitic transformation region. The decrease in
austenite stability in coatings from steels of the third group, sprayed over 2500 K, is explained by the effect of
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manganese and chromium contained in the steel on the temperature range of its martensitic transformation. Thus,
a decrease in the manganese content from 5% to 1% leads to an increase in the temperature from 270 to 470 K
[26-29]. In this regard, one of the possible ways to increase the Ty temperature is reduction in the chromium or
manganese content in the austenitic phase of steels by oxidizing it during spraying.

Conclusions

The present work recommends to increase the wear resistance, corrosion resistance, and service life of
SMM parts via hardening and renovating them using combined electric arc spraying EAS coatings characterized
by high density, adhesion strength, and microhardness due to activation of the spraying process and subsequent
nitriding of the coatings sprayed.

It has been shown that by properly choosing design parameters and characteristics of equipment for
electric arc spraying EAS, it is possible to control the properties of restored surfaces in order to increase the
service life of parts. The right choice of equipment for spraying will allow one to increase the speed and
temperature of the jet of spraying gas and molten particles, decrease the droplet diameter, increase the density,
and reduce the oxidation of coatings.

Moreover, the phase composition and microhardness of coatings obtained by spraying wires from
austenitic and martensitic steel were investigated. The presence of an abnormally large amount of residual
austenite (to 50 vol%) in coatings from martensitic steel was established.

Studies of the resistance to fatigue failure showed that coatings deposited by electric arc spraying (EAS)
of wires provide a slight decrease in the fatigue strength limit to 10-13% (for comparison, coatings obtained by
vibro-arc surfacing reduce the fatigue limit by 35-40%).

In the course of tribological tests, the wear of sprayed coatings was established to be cyclical. The
cyclicity of weight wear of sprayed coatings is associated with the degradation of their surface layer under
friction, described in terms of physical mesomechanics of solids.
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AreeB M. C., Coaoux E.K., Jlomata B. H., Bypaauenko A.H., Burnusinckass H.B. JlocnimkeHHs
(hakTOpiB TpoIleCy HAMMMICHHS Ha BIACTUBOCTI CIICKTPOIYTOBUX TOKPHUTTIB

B poboti 3amporoHOBaHO MiJBUIYBaTH 3HOCOCTIMKICTb, KOpPO3iMHY CTIHKICTH i TEpMiH CIIyXOH
JieTalieil MamiH 1 MeXaHi3MiB NpH iX BigHOBICHHI 1 3MinHeHHI EJ[H-MOKpHUTTSIMH 3 BHCOKOIO IIUIBHICTIO,
MIIHICTIO 3YEIIeHHS 1 MIKPOTBEPIICTIO 32 PaxyHOK KEpyBaHHS IapaMeTpaMu IIPOIEeCy HAIWIEHHS Ta HOro
aKTUBALII€O.

B poGori po3risiHyTa MOXKIMBICTh 32 paXyHOK BHOOPY KOHCTPYKTHBHHX ITapaMeTpiB i XapaKTEPHCTHK
obnamnanns s EJIH kepyBaTu BIacTHBOCTSIMH BiJHOBJICHHX IIOBEPXOHb 3 METOIO MiJBHUILEHHS pECypcy
neranedd MamuH. [lpaBuibHHE BHOIp KOHCTPYKIII oOONamHaHHS Ui HAIMJICHHS JO3BOJHTH 301JIBIINTH
LIBHIKICTH 1 TEMIEpaTypy CTPYMEHs TpPaHCIOPTYEMHX Tra3y 1 YacTHHOK, 3MEHIIUTH JdiaMeTp Kpareib,
I ABUIINTH IUTBHICTD 1 3HU3UTU OKUCITIOBaHICTh MOKPHUTTIB. B poOOTI BUKOHaHI AOCII/IXKEHH BIUIMBY YNHHHKIB
TIPOLIECY ENEKTPOIYrOBOI0 HAIMJICHHS: BUTPATH I THCKY poOOYMX Ta3iB, CKJIJy TOPIOYOi CyMilli, AUCTAHIIi
HaITIOBAaHHS, JIUCIIEPCHOCTI PO3IMIICHHS, BIIACTUBOCTEH MaTepiay ApoTy i iH.

KirouoBi c1oBa: TOKPUTTS, OTPpUMAaHI CICKTPOMYrOBMM HAIMJICHHSAM, TIPOLEC HAMWICHHS,
3HOCOCTIHMKICTh, KOPO3iiHA CTiIHKiCTh, MIIIHICTh 34CIUICHHS, IIUTHHICTh



