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Abstract. The article briefly describes the importance of wear-resistant coatings in modern
industry, and provides various types of such coatings used in various industries. The main methods
and methods of applying wear-resistant powders are also highlighted. The research includes an
analysis of the adhesive properties of metallic and wear-resistant materials. Based on the
conducted research, promising areas for the development and standardization of innovative
technologies aimed at increasing the wear resistance of equipment and parts are identified.

In modern industry, wear-resistant coatings play a key role, ensuring the durability and
efficient operation of equipment. The article examines the variety of such coatings suitable for use
in various industries. The main methods of applying wear-resistant powders are highlighted,
including their advantages and limitations. Special attention is paid to the research of the adhesive
properties and ensure the quality of coatings. The analysis reveals promising areas for the creation
and standardization of innovative technologies aimed at improving the wear resistance of
equipment and parts, which contributes to increasing their service life and operational efficiency.

Keywords: wear-resistant coating, coating application, adhesion properties, increased wear
resistance.

Introduction. Today, in most material-intensive industries, much attention is paid to
increasing the service life and restoring the working surfaces of various parts and mechanisms. In
some cases, in order to increase the service life of parts, it is advisable to use various methods of
applying protective and strengthening coatings on their working surfaces. At the same time, it is
possible to achieve significant savings in expensive materials, since from simple materials, and all
the necessary performance characteristics are provided by a protective coating applied to the
working surface of the part.

It is known that the main equipment and its various parts, which are used in industrial
enterprises, are operated under conditions of increased abrasive wear. The working environment
of such equipment and parts combines pressure, vibration, shock loads, chemical aggression,
which can result not only in reduced productivity, loss of profits of the enterprise, as well as
accidents. For example, intensive wear by hard abrasive particles of buckets of excavators and
loaders, cutting edges of bulldozers, roller bits, drill heads, parts of crushing and screening
complexes, etc. And this is only in the mining industry. Such problem areas can be calculated in
many industrial facilities [2].

Materials and methods. The energy state of the powder particles in the deposited or
sprayed jet is in complex dependence on a large number of parameters. On the one hand, these are
the thermophysical properties of the powder material: density, heat capacity, thermal conductivity,
heat of melting, particle size and shape and other properties (fraction), on the other hand, these are
the characteristics of the deposited or sprayed jet: velocity and temperature, viscosity, thermal
conductivity and thermal content, degree of dissociation and ionization of gas molecules/atoms.
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Optimizing these parameters in a specific technological process of surfacing or spraying
during hardening and restoration of the working surface of equipment parts is a very difficult task.
In order to meet various requirements (wear resistance to shock loads, friction or corrosion
resistance in various corrosive environments) and depending on the operating modes of the parts,
there are several types of alloy coating on equipment parts.

Electric arc metallization is used for coating wire of metals and alloys.

Advantages of the electric arc metallization method:

» low energy consumption for obtaining coverage;

» high process productivity (up to 100 kg/h and more for zinc) with sufficiently efficient
use of the sprayed material (0.65-0.8);

» significant thicknesses of the sprayed coating (up to 10-15 mm);

> relatively low thermal effect on the substrate (heating within 80-200 °C);

» the possibility of coating products with virtually no size limitation;

» ease and ease of maintenance of the equipment, its high reliability;

» the possibility of automating the process with the creation of automatic lines.

The main disadvantages of electric arc metallization are:

» alimited range of materials for spraying due to the requirements of electrical conductivity
and supply in the form of wire;

» the presence of a significant amount of oxides in the coating, which reduces its impact
strength;

» in all cases, the adhesion strength of the coatings to the substrate is not sufficient (15-45
MPa);

» the presence of porosity prevents the use of coatings in corrosive environments without
additional processing.

Flame spraying is used for spraying coatings made of metal powders, their alloys,
compositions, oxides, organic compounds, etc., wires, ceramic rods.

The main advantages of flame spraying coatings include:

« the possibility of obtaining coatings from most materials that melt at temperatures up to
2800°C without decomposition;

« relatively low thermal effect on the substrate (within 50-150 ° C), which allows coating on
the surface of a wide range of materials, including plastics, wood, cardboard, etc.;

« coating thickness can be provided in the range from 50 microns to 10 mm or more;

« the possibility of regulating the gas mode of operation of the burner allows you to control
the chemical composition of the medium (reducing, neutral, oxidizing) and the energy
characteristics of the jet and sprayed particles;

* high process productivity (up to 10 kg/h), for example, 8-10 kg/h for powders of self-
fluxing alloys of the PG-CP4 type at an acetylene consumption of 0.9 m®h and a high material
utilization factor (0.60-0.95);

* the possibility of coating products with virtually no limitation of their size, provided that
the necessary means of mechanization and safety regulations are in place;

* Relatively low noise level (see Noise protection) and radiation;

« the possibility in many cases of coating at any spatial position of the device;

« ease and simplicity of equipment maintenance;

« flexibility of technology and mobility of equipment, which allows for flame spraying on
site, without dismantling products;

« the ability to automate the process and integrate into an automatic line at low cost, etc.

The main disadvantages of the flame spraying method of coatings are:

* in some cases, the adhesion strength of the coatings to the substrate (5-45 MPa) is
insufficient when tested for normal separation;

« the presence of porosity (usually in the range of 5-25%), which prevents the use of coatings
in corrosive environments without additional treatment;

* low energy utilization of the flame jet for heating the powder (2-12%);
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« the inability to apply coatings from refractory materials with a melting point of more than
2800°C.

Plasma coating spraying is one of the types of gas thermal coating spraying (GOST 28076-
89) used in the technology of hardening and restoration of working surfaces of machine parts,
mechanisms, apparatuses, devices, etc. Plasma spraying is widely used to harden and restore the
working surfaces of product parts.

The significant technical and economic advantages of the technology include:

* high process performance;

* obtaining high-quality coating, especially in general protection conditions;

« the presence of a large number of technological factors, the variation of which provides
flexible regulation of the spraying process;

* High utilization rate of powder material;

* wide availability of the method in both basic and repair production;

* cost-effectiveness;

* low cost of the simplest equipment;

« the possibility of complex mechanization and automation of the process;

« prolongation of the life of expensive parts (crankshafts, sliding bearings, piston tracks,
etc.);

« versatility of application of powder materials, including those with a high melting point.

The method of plasma spraying of coatings also has a number of disadvantages, which are
essentially a reserve in improving the technology, namely:

* low power consumption coefficient, powder 0.001-0.020;

« the presence of discontinuity (porosity) of the coating (2-15%), in some cases porosity
contributes to the retention of lubricant in the coating, which effectively affects the operation of
parts in conditions of conjugate friction;

* low adhesion strength of the coating to the substrate and in the coating itself — 80-100 MPa;

* high noise level — 60-120 dB,;

* the need to use personal protective equipment against harmful and dangerous influences
during the spraying process.

The widespread use of plasma spraying of coatings, especially for strengthening and
restoring the working surfaces of parts of products of a wide range, necessitates an increase in the
level of equipment and materials used, including:

» improving the reliability and service life of electric arc plasma torches, powder
dispensers, spray chambers and abrasive treatment;

* improving the reliability and efficiency of water and gas supply systems for plasma
installations;

» improvement of plasma coating technology while expanding the range of sprayed parts;

* increasing the range of powder materials used in order to expand the operational
properties of the plasma coating;

* increasing the level of measures to protect service personnel from harmful and dangerous
influences arising in the process of plasma spraying, etc.

The adhesion of coatings, that is, the phenomenon of adhesion of coatings to the substrate
upon contact, characterizing the bond between them, is caused by the interaction between
molecules (atoms) of contacting bodies and is estimated by the adhesive strength, which is
determined experimentally by various methods of separation or destruction of the coating [2].
When the coating is torn off or destroyed, the integrity of the coating itself, i.e. its cohesion, may
be violated. In this regard, there is an adhesive separation along the coating —substrate interface
and a cohesive separation when destruction occurs along the coating. A mixed adhesive-cohesive
separation of the coating is also possible.

The adhesion of coatings is primarily due to various types of interactions between molecules or
atoms. These interactions lead to the formation of intermolecular and chemical bonds. The
amount of adhesion depends not only on the presence, but also on the number of bonds between
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the contacting bodies. In turn, the number of bonds is determined by the area of actual contact
between the coating and the substrate. The size of this area is determined by the coating
formation process and depends on the properties of the substrate and coating surface. Such
properties include the parameters and type of surface roughness of the substrate; the coating
method; the process of filling the depressions of the substrate surface depending on temperature
and time characteristics, and a number of others [3].

Research results. So in the world there are many types of wear-resistant protective coatings
in the form of rods, welding electrodes, powder alloys, etc. The main material used to harden
and restore the working surface of product parts is powder. Powder materials are used both
homogeneous (metals, alloys, oxides, oxygen-free refractory compounds) and complex
structures (mechanical mixtures, composite powders, including those entering into exothermic
reactions with the release of thermal energy when heated).

The parameters of the powder material are determined both by the physico-chemical
properties of the powder material itself and by the influence of external factors, including the
transporting gas, etc.

Powder materials have the following main parameters [3]:

> material density, kg/m?;

» particle velocity in the conveying channel (close to the gas velocity) 2.0-4.5 m/s;

» the mass consumption of the powder material is 0.25-2.00 g/s, a large amount of powder
fed into the jet cools it and reduces the efficiency of the process;

» physical properties of the gas transporting the powder (viscosity, etc.);

» the rate of evaporation, sublimation and dissociation of the powder material, %;

» the density of the flow of sprayed particles by volume;

> the total particle density (porosity) along the spray spot is 103-105 particles/(cm?es),
Figure 1 shows the schematic dependences of the parameters on the diameter of the powder
particles during application;

» particle shape and size;

» powder fluidity throughout the movement track (determined according to GOST 20899-
75);

» the maximum allowable particle diameter of the powder material (fraction).
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Figure 1. Dependence of plasma spraying parameters: velocity Vx and temperature tx of
particles (a), KIP of performance and porosity of coating N (b), arc power T (c) on the diameter
dp of powder particles.

Due to demand and purpose, there are currently various modifications of corrosion-
resistant powder alloys on the market:
Iron-based metal powders (high-alloy steel): FeCrSiMoWYV, Fe Cr Ni Si Mo Mn, Fe Cr Ni
Si Mn, FeCrNiSiMoMn;
Iron-based metal powders (high-alloy carbon steel);
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Iron-based metal powders (stainless steel): Fe Cr Ni Si Mo Fe Cr Si Mn Fe Cr;

Metal powders based on iron (carbon steel): X13;

Metal powders based on iron (chrome-aluminum steel): X16H2;

Metal powders based on iron (chrome steel): X16H2;

Iron-based metal powders (chrome-nickel steel): 316L;

Metal powders based on iron (aluminum-molybdenum steel).

Currently, there are a number of theories justifying the adhesion of coatings [4]:

- the adsorption theory of adhesion, according to which the process of forming a bond
between the coating and the substrate is determined by the adsorption of coating molecules to the
surface of the substrate. Adsorption processes take place in the case of the formation of a coating
from a liquid layer.

- diffusion theory, which determines the amount of adhesion depending on the nature and
number of bonds per unit area of contact between the coating and the substrate. For the
implementation of diffusion processes, two conditions must be met:

thermodynamic, which boils down to the mutual solubility of the coating and substrate and
their compatibility; kinetic, which is achieved by the mobility of molecules.

- microrheological theory (rheology studies the flow processes of various bodies) [5],
which consists in the fact that during the formation of the coating, the cavities of the surface
roughness, as well as cracks and pores of the substrate are filled, the area of actual contact
increases, and, consequently, the number of bonds between the coating and the substrate, which
leads to an increase in adhesion and adhesive strength.

The adhesive interaction itself is realized due to molecular forces and the chemical bond
between the contacting surfaces. Based on this theory, there is some optimal coating deposition
time, which corresponds to the time of coating formation in the microdefects of the substrate. An
increase in the deposition time of the coating above this value does not significantly affect the
adhesive strength.

There are also certain standards, techniques and instructions for the manufacture of such
wear-resistant materials.

The minimum thickness of the coating, provided that its cohesive strength is less than the
adhesive strength (when external forces are applied, destruction occurs along the coating) is units
of micrometers. At the same time, the maximum calculated thickness of the coating, provided that
the equilibrium adhesion and the magnitude of internal stresses, which determine the possibility
of spontaneous peeling, are equal, is 0.6 microns [6]. Thus, based on these conditions, the optimal
coating thickness should not exceed a fraction of micrometers, and in some cases, units of
micrometers.

In most cases, an oxide film is present on metal surfaces, which affects the adhesive
strength of the applied coating. In this case, the formation of a loose oxide film causes a lack of
adhesion. Studies of the adhesive strength of various metal films to glass have revealed the
following patterns. The adhesive strength of films made of precious metals (silver, gold, platinum),
which do not have an oxide film, as well as films made of zinc and aluminum, on the surface of
which there are oxides of ZnO and Al2Os3, is relatively small. At the same time, films made of
magnesium with an MgO oxide film and iron with an FezO4 oxide film have an adhesive strength
increased hundreds of times, which is explained by the peculiarities of the interaction of these
oxides with the glass surface. In this case, the thickness of the oxide film on the iron should not
exceed 25-30 nm, which is achieved at a surface heating temperature of 250°C. The higher
temperature contributes to the formation of a thicker and looser oxide film, which reduces the
adhesive properties.

The adhesive strength of coatings is also influenced by the relative humidity of the air [7].
This effect is due to the penetration of moisture into the gap between the forming coating and the
substrate as a result of adsorption and capillary condensation. The main reason for the decrease in
adhesion of coatings in the presence of moisture on the substrate surface is the wedging pressure
of a thin layer of liquid in the gap between the coating and the substrate. Therefore, the dewatering
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of the surface or its preheating is a fundamentally important technological operation when
applying coatings. The use of vacuum during coating is known to help remove moisture from the
surface of products, which in turn causes the applied coating to approach the substrate and increase
adhesion [8].

The adhesive strength of coatings also depends on the properties of the environment in
which the coating is formed, due to the adsorption of gases. In comparison with air, the adhesive
strength in oxygen increases sharply, and decreases in the argon medium [9]. Oxygen promotes
adhesion growth due to the chemical interaction of the contacting bodies, which occurs as a result
of thermal oxidation, which promotes the appearance of polar groups on the surface of the substrate
and increases adhesion due to the interaction of these groups with the coating. Thus, the presence
of oxides on the surface of the substrate or coating and their thickness determine the adhesive
strength of the coatings. In this case, the preheating temperature of the substrate surface is of great
importance. For a steel surface, for example, when applying aluminum films in vacuum, maximum
adhesion is achieved at a temperature of 300-350°C, for titanium and chromium films this
temperature is 400-450°C, and for cadmium films - no higher than 80°C.

Discussion. In most cases, coatings during their condensation application are formed as a
result of solidification of the liquid layer on the substrate surface [2]. In this case, a liquid layer is
obtained by spreading and merging droplets, followed by the formation of a continuous liquid film.
Spreading is preceded by wetting with liquid droplets of the coating material of the substrate
surface. Thus, the formation of the coating goes through three stages: wetting and spreading of the
liquid; formation of a contact area between the two phases; the appearance of an adhesive bond.

The spreading of the liquid coating material only contributes to an increase in the area of
actual contact. Only in this sense should we consider the direct relationship between the spreading
coefficient and the adhesive strength. Spreading depends on the time elapsed after contact of the
droplet with the surface, the size of the droplet, the viscosity of the liquid and its surface tension.
Thus, the condition for sufficient adhesive strength is the wetting of the substrate surface. With a
decrease in the edge angle, i.e. with an increase in wetting, the adhesive strength increases. This is
due to an increase in the actual contact area on well-wetted surfaces. Spreading and wetting create
the necessary conditions for adhesion: filling cracks, increasing the contact area, etc., which leads
to an increase in the number of bonds and adhesion in general. Wetting is a necessary but
insufficient condition for the formation of adhesive interaction of coatings.

Conclusion. In conclusion, the study of wear-resistant coatings on machine parts has
revealed their importance for modern industry. The analysis of various types of coatings and
methods of their application allowed us to determine the optimal approaches to protecting
equipment from wear. Studies of the adhesive properties of materials have helped to improve the
quality of coatings and their durability. The results obtained indicate the need to develop and
standardize innovative technologies aimed at increasing the service life of equipment and parts,
which in turn contributes to increased productivity and economic efficiency of production.
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Anap Xabain
K.U. Combaes amvinoazvl Kazax yimmulKk mexHUKAIbIK YHUBEPCUMEMI
Anmamsi, Kazaxcman
MAIINHA BOJILIEKTEPIHE TO3YTA TO3IMAI /KABBIHIAP/bBI ’KAFYFA
APHAJIFAH 3AMAHAYU TEXHOJIOTUAJIAPABI BEPTTEY

Anoamna. Maxanaga Kasipri 3aMaHFbl ©HEPKOCINTET1 TO3yFa TO3IMII JKaOBIHIAPIBIH
MaHBI3ABUIBIFBl  KBICKAIIA CHUIATTAIFAH, OHAIPICTIH OpPTYPJi calajnapblHAa KOJJIAHBUIATHIH
OCBIHJIal KaOBIHIAPIBIH OPTYPJIl Typiiepi kenTipireH. To3yFa Te31MIi YHTaKTap bl KOJIIaHY AbIH
HETI3rl 9icTepi MEH oficTepi /A€ KaMThUIFaH. 3epTTeylepre MeTajll jKOHE TO3yFa Te3iMIi
MaTepHaIapAblH KAOBICKAK KaCHETTEpiH Tanmay Kipemi. JKypri3iireH 3eprreyniep HeriiHiae
kKaOJbIKTap MEH OOJNIIEKTEepAiH TO3yFa TO3IMILUIITIH apTThIpyFa OaFbITTaTFaH HWHHOBAIUSIIBIK
TEXHOJIOTHSIIapAbl 931pJiey JKOHE CTaHJapTTay YIIiH MEePCHEKTUBAIBIK OarbITTap allKbIH1ada/bl.

Kazipri 3amaHfbl ©HEPKACINITE TO3yFa TO3IMJI KaObIHAAp XKaOJBIKTBIH OEpiKTIri MeH
THIMJI1 )KYMBICBIH KaMTaMachI3 €Ty MICHIyII pes aTkapaabl. Makaiana eHepKoCINTIH opTypi
caylajapblH/a KOJJIaHyFa >KapamIbl OCBIHIAN KaOBIHAAPABIH OPTYPIUIr KapacThIPhUIAIbL.
To3yra Te3iMIi yHTaKTapAbl KOJJIAHYABIH HETI3T1 OMICTEpl, ONAPJbIH apTHIKIIBUIBIKTAPhl MEH
HIEKTeyJepi KaMThUIFaH. MeTaln JKOHE TO3yFa Te3IMIl MaTepuanAapAblH  aIare3usuIbIK
KACHETTEPIH 3epTTeyre epeKile Hazap ayJapbulajibl, OYJ OHTalIbl KOJNJaHy KarJailiapbiH
aHBIKTayFa JKoHe »KaObIHIap/IbIH CarachlH KaMTaMachl3 eTyre keMekreceai. Tanmay HoTHKeciHae
JKaOABIKTap MEH OOJIEKTEeP/iH TO3yFa TO3IMIUIITIH apTThIpyFa OaFbITTaliFaH WHHOBAIIHMSIIBIK
TEXHOJOTHSUIAPABI KYPY kKOHE CTaHAAPTTAy YIIiH MEePCICKTUBAIBIK OAFbITTap aHBIKTAIAIbI, OYIT
OJIApPJIBIH KBI3MET €Ty MEp3iMi MEH KYMBIC THIMJILTITIH apTThIPYFa BIKIAT €TE/I.

Kinm co30ep: To3yra Te31M1i )Ka0bIH, >KaObIHIAPIbI KOHBIPY, aATC3USUIBIK KACUET, TO3yFa
TO3IMIUTIKTI apTTHIPY.

Anap Xabain
Ka3zaxcxuit nayuonanvusiii mexnuueckuti ynueepcumem umenu K.1. Camnaesa
2. Anmamui, Kazaxcman
HCCJEIOBAHUE COBPEMEHHBIX TEXHOJIOT W JIJIsI HAHECEHUSA
N3HOCOCTOMKHUX MOKPHITUHN HA JIETAJIEA MAIIIUH

Annomayun. B cTaThe KpaTKO OMMCHIBAETCS 3HAYMMOCTh M3HOCOCTOMKHX IMOKPBITHI B
COBPEMEHHOM MPOMBIIUIEHHOCTH, PUBOSATCS PA3JIMYHbIE TUITBI TAKUX MOKPBITHH, IPUMEHSIEMBIX
B Pa3JIMYHBIX OTPACISIX MPOU3BOJACTBA. Takike OCBEUIAIOTCS OCHOBHBIE METOABI U CIOCOOBI
HaHECEHUs N3HOCOCTOMKUX MOPOIIKOB. VccnenqoBanus BKIOYAIOT aHAIN3 aAT€3UMOHHBIX CBOKCTB
METaUIMYECKMX M M3HOCOCTOMKMX MarepuanoB. Ha OCHOBE NpOBENEHHBIX MCCIEIOBAaHUN
BBISIBJISIFOTCS IEPCIIEKTUBHBIC HATIPABIICHUS JJIs pa3paOOTKH U CTaHIAPTH3AIMH WHHOBAIIHOHHBIX
TEXHOJIOT Ui, HallpaBJIEHHBIX HA YBEJIMYEHHUE U3HOCOCTOMKOCTH 000PYAOBaHUS U AeTajei.

B coBpeMeHHO! MPOMBIIIIIEHHOCTH U3HOCOCTOMKHE MOKPBITUS UIPAOT KIIOUEBYIO POIIb,
obecrieurBasi TOITOBEYHOCTh M 3D PeKTHBHYIO padoTy obopynoBanus. CtaTbss paccMaTpPUBAET
pazHooOpa3ue TaKuX TMOKPBITUN, MOIXOMMNINX Ui TNPUMEHEHHS B Pa3IUYHBIX cdepax
NPOMBINUIEHHOCTH. OCBEIIAIOTCS OCHOBHBIE METOJbl HAHECEHUS M3HOCOCTOMKHX IOPOIIKOB,
BKJIIOYAsl X MpEUMyIIecTBa U orpanuueHus. OTeIbHOE BHUMAHUE YACNAETCS UCCIEIOBAaHUSM
aJIr€3MOHHBIX CBOWCTB METAJUNINYECKUX U U3HOCOCTOMKUX MAaTEPUAJIOB, YTO TOMOTAET ONIPENEIUTh
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ONTHUMAJIbHBIE YCIOBUS HAaHECEHUS M O0ECHeunTh KauecTBO MOKPHITUH. B pesynbrare anammsa
BBISIBJISIFOTCS] IEPCIIEKTUBHBIC HANIPABIICHUS ISl CO3/IaHUSl U CTaHAAPTU3ALMU WHHOBAIIMOHHBIX
TEXHOJIOTHI, HAPABICHHBIX HA MOBBIIICHUE U3HOCOCTOMKOCTH OOOPYIOBaHUS U JETalled, YTO
CIOCOOCTBYET YBEIMUCHHIO UX CPOKA CITYKOBI ¥ 3(PPEKTHBHOCTH pabOTHI.

Kniouesvle cnosa: W3HOCOCTONKOE TOKPHITHE, HAHCEHHWE TMOKPBITUH, aATre3HMOHHBIC
CBOMCTBA, ITOBEIIIIEHNE N3HOCOCTONKOCTH.

296



