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Abstract: The aim of the present work is to identify and formulate the basic principles and approaches for 

the selection of materials for electrical spark and gas-flame stratification of structural steels. For this pur-

pose, have been examined: 

-The characteristic features and physical foundations of the two methods, the changes in the composition 

and structure of the coating materials in the transfer process and in the formation of the coatings and the 

general similarities and differences. 

- The regularities of formation and qualitative characteristics and properties of the coatings obtained, 

depending on the process parameters of the coating mode and the layering material. 

- The interrelation between: the process parameters of the application system; the coating material; the 

quality characteristics, the composition, the structure of the coatings; the mechanical and the tribological 

properties of the coatings. 

The requirements for coatings have been formulated for various loads and wear cases and on this basis the 

requirements for the layering materials are determined by the two methods. Appropriate materials and 

compositions are specified for various cases of friction and wear. The main approaches to the selection of 

the layering materials are described. 

 

Keywords: electrical discharge deposition, gas flame spraying coatings, laminating   materials, wears re-

sistance. 

 

1. INTRODUCTION 

 

The need to increase the complexity, power 

and efficiency of the technical systems has led 

to a sharp increase in the social and economic 

importance of processes related to friction and 

wear and the providing high wear resistance to 

the work surface of the bodies. Increasing of 

wear resistance in the largest extent is 

achieved through the development of new, 

environmentally friendly technologies for the 

deposition of highly effective and reliable coat-

ings for the protection and hardening of metal 

products. The coating applied to the working 

surfaces of the parts is a quite versatile and 

easy means by which it is possible a new ap-

proach to the problems of improving the 

properties of the materials, increasing their 

working capacity and controlling the friction or 

cutting processes. 
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Most of the existing methods and technol-

ogies for applying wear-resistant coatings 

however are realized through complicated and 

expensive equipment and require high invest-

ment. Because of its simplicity and versatility 

the electrical spark - ESD and gas flame spray-

ing – GFS with their accessible and portable 

equipment, easy technology and a universality 

are not only more widespread, but also signifi-

cantly cheaper, and fully accessible to most 

consumers [1-5, 6-8]. 

The common feature of both methods is 

that the coatings are obtained by transferring 

the coating materials onto the substrate main-

ly in liquid and semi-solid (softened phases) as 

a result of high temperature impact with con-

centrated energy streams - electro-spark 

plasma discharge channel and gas-flame jet. 

Diffusion processes flow in the "substrate - 

coating" boundary at the methods of thermal 

impact, are formed chemical compounds, solid 

solutions and new phases, and the structural 

construction changes and occurs a transition 

zone in which runs a grouping of various at-

oms and reducing of the differences in the 

properties of the pair materials[1.2, 6-8] . 

This ensures a stronger connection with the 

base than the other methods and makes them 

more suitable for working with high and variable 

impact loads. The effectiveness of these two 

methods for applying coatings is determined by 

the use of deposition materials, which must en-

sure, on the one hand, the technological effec-

tiveness of the coating process, and on the oth-

er, a high level of physical, and operational 

properties of the surface. 

The wrong choice of material for the appli-

cation of wear-resistant coatings does not al-

low obtaining a satisfactory combination of 

the required level of performance characteris-

tics of tribosystems with acceptable process 

ability, maintainability and cost-effectiveness 

of the processes of manufacturing and repair-

ing parts. Numerous and various data are 

available in the literature on studying of the 

structure, composition and properties of wear-

resistant coatings applied by both methods [1-

5,6-8,9-17] and many others. There the basic 

principles of the formation of the coating are 

given, and numerous data on their properties, 

the nature, and type of wear and tear in dif-

ferent conditions, and the results of their ap-

plication taking into account the 1.3 to 10 and 

more times the increase in durability. Never-

theless, the processes and the wear mecha-

nism under different friction conditions are 

still not well understood and there is insuffi-

cient data on the relationship between the 

type and nature of the wear and the physico-

chemical and physico-mechanical properties of 

the coatings. 

There are no developed criteria for the se-

lection of materials and layering regimes, and 

the famous criteria and experimental data do 

not solve the problem of obtaining quality coat-

ings with high physico-chemical and perfor-

mance properties. These makes it difficult for 

the development of a common methodology 

and recommendations for selecting a coating 

material and their application in practice. These 

limits more widespread use of these two so 

light and accessible methods as a means of ex-

tending the life of the products and of ma-

chines, and the economy of labor, energy, and 

materials. In order to improve the efficiency of 

ESD and GFS, it is necessary to select special 

materials for obtaining coatings with enhanced 

quality characteristics and properties and for 

direct and multi-purpose intended.  

In this regard, the aim of the present work 

is to identify and formulate some basic consid-

erations, principles, and approaches in the 

selection of materials for electro-spark ESD 

and gas-flame spraying GFS deposition of 

structural steels. 

 

2. CHARACTERISTICS OF THE TWO METH-

ODS 

 

Electrical spark deposition / ESD / is the 

easiest, simplest, cheapest, most versatile and 

effective means of locally application of a 

wear-resistant coatings of various uses with 

different functions on the work surface of rap-

idly of wearing parts and tools. The main ad-

vantages of the ESD process compared to oth-

er existing coating methods are the simplicity 

and accessibility of the technology, the cheap 
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and compact equipment, the low cost of mate-

rials and the low energy intensity of the pro-

cess. The ESD makes it possible to apply the 

coatings in strictly defined locations without 

the need for means and measures to protect 

the rest of the surface of the product. The 

Electrical spark coating has a high adhesion 

strength to the substrate, a lack of heating and 

deformation of the material of the substrate, 

possibility of use and operation without addi-

tional mechanical treatment. The method is 

based on the use of short-term pulsed plasma 

discharges with controlled energy in the air 

environment, accompanied by electrical ero-

sion and polar transfer of material from the 

depositing electrode (anode) on the article 

cathode. The formation of the layer occurs 

under conditions of local short-term operation 

at high temperatures (above 10000 °C) and 

pressures. As a result of the electric spark dis-

charges occurs melting and evaporation of the 

particles of the electrodes which, with ex-

tremely high speed, strike and stick to the sur-

face of the laminated product. The formation 

of a hardened surface layer and coating at ESD 

is a result of complex plasma-chemical, ther-

mal, and mechano-thermal processes occur-

ring on the local surface areas of the work-

piece under the influence of the energy of a 

spark discharge. Diffusion and chemical inter-

action between the materials of the anode, 

the cathode and the surrounding medium ac-

curate, and fixed high-temperature states, 

extremely unbalanced phases, and structures 

that sharply change the physico-chemical 

properties of the surface layer are obtained. A 

coating with a new relief and structure with 

different from the initial state surface proper-

ties is formed which are controlled over a wide 

range by changing the parameters of the spark 

discharge and the composition of the elec-

trode material [6-8, 13-17]. 

The short duration of the electrical impulse 

of -5-500 µs leads to an extremely fast harden-

ing of the deposited material, which results in 

a new structured coating showing unique 

tribological and corrosion efficiency. The 

method allows the application of coatings with 

a thickness usually of 3-200μm from any and on 

any conductive materials, but most often used 

are hard-alloy composite materials based on 

WC, TiC and TiN. The hardness of the applied 

super dispersed top white layer reaches 

20.103MPa and the shelf life of the laminated 

articles increases 1.5-4 and more times [16-21]. 

Depending on the layering modes and the ma-

terials of the electrodes, coatings can be ob-

tained with predetermined qualitative charac-

teristics, composition, structure, and proper-

ties. With an increase in the energy of the sin-

gle pulse E (current, voltage, capacity, pulse 

duration), and the pulse frequency, the transfer 

from the electrode increases, the thickness 

increases, but also the roughness and the une-

venness of the coatings [6-8, 14, 15, 16, 21-23].  

The amount of amorphous phase’s decreases 

due to the elevated surface temperature of the 

cathode reduces the cooling rate of the molten 

and evaporated particles of electrode material, 

which activates the transition from the meta-

stable amorphous to the thermodynamically 

stable crystalline phase. The process does not 

require special cameras, booths, or operator 

protection, does not release hazardous waste, 

smoke or waste water, and is attractive to a 

very wide range of applications to of strength-

ening of any rapid wearing tools, working bod-

ies and parts of metallic materials. 

The main disadvantage of electrospark 

hardening is that with an increase in the thick-

ness of the applied coating, its roughness in-

creases, which negatively affects its perfor-

mance properties. 

 

3. GAS-FLAME SPRAYING 

 

Gas-flame spraying GFS is realized by 

converting the casting material into molten 

particles which are applied at high speed to 

the surface of the coated article and bonded 

thereto. The application is carried out by 

means of a torch in which the inserted coating 

material is introduced and mixed with the 

burning gas. The molten particles are applied 

at a rate of 100-150m/s and adhere to the 

surface of the substrate to form the coating.  

The particles carried by the flame stream 

pass into a plastic and semi-plastic state and 
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after contact with the substrate due to the 

high kinetic energy, they deform, to form thin 

flaps of different shapes. 

Through this method, coatings with high 

hardness and wear resistance of all materials 

on non-metallic and metal surfaces with thick-

ness up to several millimeters are applied. 

These coatings usually require additional 

treatment because they are uneven and high 

roughness. Due to the substrate heating in the 

application process and the need for post-

processing, GFS significantly complicates the 

technology of layering the cutting tools and 

heat-treated parts and is therefore mainly ap-

plied to unprocessed steel parts of structural 

carbon and alloy steels. 

GFS methods have very broad possibilities 

both for restoration of worn parts and for pro-

duction of new ones with predetermined surface 

properties independent of the properties of the 

base material. The relatively low speeds of the 

sprayed particles and the high content of oxides 

in the coatings formed by the gas-flame method, 

however, reduce their quality. 

A variety of GFS are technologies and de-

vices for high-speed supersonic flame plating 

systems (HVOF),  where the leakage gas 

stream is 3 to 5 times the sound velocity. With 

these systems, thick and dense coatings with 

low porosity and high adhesion strength high 

bond strength due to the large kinetic energy 

of the particles are obtained [2,5,11,25-27]. 

Their thickness may vary between 100μm and 

1mm and above, depending on the type of the 

layered material, as typical thicknesses are in 

the range 120-500μm [5,11,27].  

The main parameters of the process deter-

mining the quality, composition, structure and 

properties of the coatings are: the thermal 

power emitted in the working jet (Gas flow 

temperature is - 3000 - 3500˚С); type, pressure 

and consumption of the working and transport 

gases; granulometric composition, consump-

tion, particulate form of the starting powder; 

angle and way of delivery of the powder; 

roughness, purity and surface temperature of 

the substrate; type of the surrounding envi-

ronment [1, 2, 5,11,27 ]. 

In spite of the established legalities in the 

literature between the technological, micro-

structural and operational parameters, due to 

the complexity of the processes and the variety 

of thermal spray technologies and coatings, 

there is not yet a generic model with which to 

plan the technological conditions for to pro-

duce coatings with predefined properties. 

The comparative characteristics of the coat-

ings obtained by the two methods are given in 

Table 1. 

In the manner of transferring the layered 

material onto the substrate, these two 

methods are similar, but there are also 

significant differences. At ESD material was 

transferred to a liquid, solid (softened) and 

vapor phases at a rate of the particles with an 

order of magnitude higher than those at GFS. 

The same is mixed with the locally melted 

micro spot of the substrate to form a surface 

layer of a mixture of the two materials, new  

compounds and phases derived from their 

chemical interaction and from the reactions with 

the materials from the environment. The 

coating-substrate bond is diffusion and 

metallurgical. Adhesion is at the strength level of 

the substrate. Due to the extremely high cooling 

rate of the resulting coating has a 

superdispersed structure reaching to the 

metallic glass. Its thickness in the most frequent 

cases is limited - up to 100μm. As a result, a new 

layer is obtained which is different properties - 

increased hardness, wear - and corrosion 

resistance, etc., controlled extensively by the 

parameters of the spark plasma discharges and 

the material of the electrodes.  

In the case of GPL, the material is transferred 

to the liquid and softened phases. On the "layer- 

substrate" borderline is obtained diffusion layer 

but is absent superdispersed and amorphous 

non-porous structure, smaller is the degree of 

mixing of the two materials, and to obtain an 

acceptable adhesion is necessary pre-heating of 

the substrate. However, the thickness of the 

coating can be up to 2 mm, much higher than 

the ECD, which gives priority to this method of 

restoring worn surfaces. The roughness of the 

resulting coatings is higher and in most cases 

they require further processing. 
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Таble. 1. Comparative characteristics of the coatings obtained by ESD and GFS methods 

Energy 

Source 

Tempe

rature 
0
C 

Mini-

mum 

area of 

heating 

[mm
2
] 

Maximum 

energy den-

sity in the 

heated spot 

[W/mm
2
] 

 

Coatings 

 

Thickness [µm] 

Roughnes [µm] 
Hardness 

Coating 

properties 

Surface to be treated.  

Size and shape of the part 

Gas 

flame 

3000 ÷ 

3500 
≈1 5 x 10

2 50÷1300 

5÷30 

HRC 

30-÷70 
wear-, 

corrosion-

resistant, 

heat-

resistant 

local application, 

dimensions and form of the 

part are not limited 

Electro-

spark 

discharg

e 

5000 ÷ 

15000 
≈1 x 10-6 

10
6
÷10 

9 5÷500 

1÷12 

HV 

7÷18GPa 

 

 

Figure 1. Correlation scheme "layering mode and material - wear resistance"

ESD is better suited for preliminary surface 

modification and the GFS- for recovery and in this 

sense, the two methods complement each other. 

 

4. FACTORS DETERMINING THE DURABILITY 

OF THE COATED PRODUCT: 

 

In both methods, the durability and exploi-

tation properties of the layered products de-

pend on the simultaneous action and mutual 

influence of a large number of factors, which 

are divided into three main groups: 

- Factors relating to the layering conditions 

- the layering mode parameters, the layer-

ing material, the coating application 

scheme, etc.; 

- Factors relating to the layered products -

material, type, shape and dimensions of 

the work parts, the significance and de-

gree of impact on the machine's working, 

productivity and operating resources etc.; 

- Factors resulting from operating condi-

tions   - speed, type, nature and size of the 

mechanical loads, temperature, type of 

friction, presence of cooling, type and na-

ture of prevailing wear and degree of ad-

missible wear, impact of the environment 

in the exploitation process, and for friction 

pairs -  the material and type of the conju-

gate detail. 

In both methods, the composition, the struc-

ture and the properties of the deposited coat-

ings depend on the type, composition, and 

structure of the deposited and of the substrate 

materials and the parameters of the applica-

tion regime. Their interconnection is given 

schematically in Fig 1. 

It can be seen from the diagram that in 

both methods the main factor is the type of 

material to be laid. From the selection of the 

material combined with the parameters of 

its application regime, the properties of the 

coatings depend - and hence their wear re-

sistance. Of the above factors depends the 

choice of both the material and the method 

of coating. If it is not known how this com-

plex affects any of the determinant proper-

ties, it is not possible to determine the ap-

propriate type of layering material for one or 

another article. 
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5. REQUIREMENTS FOR COATINGS AND 

COATING MATERIALS 

 

In the process of wear, the contacting sur-

faces must successfully resist on plastic de-

formations, on shearing of micro-volumes 

from the material, on the penetration of solid 

abrasive particles in surface (particles from the 

external environment, separated particles or 

growths during adhesion), as well as and 

against effects of aggressive media and tem-

peratures. Depending on the specific condi-

tions of use, wear-resistant coatings must 

meet a variety of different requirements. In 

some cases, high resistance to abrasion wear is 

required, in others high resistance to heat 

load, in third - high chemical resistance, etc. In 

most cases, coatings require a complex of 

properties that ensure long-term performance 

of the product under certain operating condi-

tions, the main ones being: 

- High wear resistance and maintenance of 

consumer properties over the entire range 

of temperature, pressure, or chemical ag-

gressiveness in the working area; 

- High micro-hardness is a basic require-

ment that reflects the resistance of the 

abrasion-resistant coating; 

- Tensile strength and toughness reflect the 

ability of the coating to withstand stresses 

and deformations in working conditions, 

to absorb mechanical energy under dy-

namic loads, not to break under the influ-

ence of high pressure on its surface, to 

prevent the formation and development 

of cracks in variable conditions loads, im-

pacts and vibrations; 

- Chemical and corrosion resistance, heat 

resistance, thermal conductivity, low coef-

ficient of friction; 

- Technological and economic requirements 

- They affect the parameters and the proper-

ties of the coating depending on its deposi-

tion process, the possibility of obtaining 

coatings with high quality characteristics - 

low roughness, high density and uniformity, 

necessary thickness for the concrete case , 

with predefined properties, composition , 

structure and morphology, and the ability to 

control and evaluate the process. They are 

crucial in terms of process performance and 

its cost, the minimizing the cost of parts and 

coatings at maximizing product durability 

and productivity; 

- An important condition is also the for-

mation of a strong connection between 

the base and the coating. The nature of 

the base materials and the particles of the 

coating and their energy state during 

bonding are determinant factors for the 

formation of a strong bond. 

 

5.1. Requirements for coating materials 

 

Additional requirements for coating 

materials according to the layering processes. 

The operability and efficiency of the coated 

detail can be ensured only if coating material 

has sufficient hardness, strength, wear re-

sistance, temperature resistance and thermal 

conductivity and in addition, according to the 

particularities of the two methods, the follow-

ing qualities: 

- Low degree of oxidation in the transmis-

sion process;  

ESD and AFS are accompanied by rapid specific 

chemical-thermal phenomena, occurring at high 

local temperatures and pressures. These condi-

tions require the laminating material to be less 

susceptible to high-temperature oxidation pro-

cesses or to use self-lubricating additives in order 

for to prevent the formation of oxide and nitride 

phases, which cause brittleness of the applied 

layer, [1-3,10,11,25,27-30]. 

- Possible lower melting temperature (un-

der GFS) of the bonding mass; 

- Full or high solubility of the bonding met-

als in the iron - which is a guarantee of a 

strong bond with the substrate; 

- Resistance to high temperatures and a 

tendency to form intermetallic com-

pounds, borides, carbides and nitrides in 

the course of formation of the coating. 

- -Smaller grain sizes of the high-hard phas-

es to aid and facilitate their melting; 

- At ESD - small grain sizes, up to several mi-

crons, contributing to obtaining the ultra-

dispersive and amorphous structures. 
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5.2. Considerations in selecting the composi-

tion of the coating materials 
 

For the correct choice of the layering mate-

rial it is necessary to consider the interconnec-

tions:  product for coating - operating condi-

tions - laminating material - coating method 

and process parameters - topography, compo-

sition and structure of the coating - physico-

chemical and mechanical properties of the 

coating - wear resistance and performance of 

the covered surface- Fig. 2. 

If for the parts working in conditions of static 

load, the main criterion in evaluating the coat-

ed layer, is its wear-resistant, for the  products 

working under dynamic load conditions,  is es-

sential this layer  to acquires a  strength of fa-

tigue and impact strength. Therefore, for the 

numerous and different operating conditions of 

different products, it is necessary to create dif-

ferent materials and different composition, 

structure and morphology coatings. 

Just as well as there are no universal con-

structive or tool materials, there is no and 

universal coating materials. Traditionally, 

pure metals and metal alloys are used as 

deposition materials.  

To achieve high adhesion of the coating to 

the substrate and efficient formation of the 

layer, the components of the laminating 

material must form solid solutions or 

intermetallic compounds with the substrate 

material and have a thermal expansion 

coefficient close to it. As most suitable for 

coatings, most authors [1-

3,6,7,9,10,11,15,24,27,28,30,31] and many 

others indicate Ni, Co, Fe, Cr, Mo, W Cu, Al, Fe, 

and their alloys. The metals Ni, Co, Cr, Mo, W 

form with Fe limited and unlimited solid 

solutions and intermetalides. Тhese metals 

form intermetallic phases with iron, and 

carbide phases, therefore so that the 

probability of increasing the hardness and 

wear resistance of the layer is high and 

therefore these metals may be included in the 

composition of the laminating materials. 

The most widely used coatings are chromi-

um-nickel alloys that provide resistance to 

high-temperature corrosion [1-3, 24, 28, 30-

32]. Special attention to the selection of the 

brazing metals in the composition of the elec-

trodes and powders is separated on chromium 

Cr. Chromium has a higher wear resistance 

than iron and particularly high wear resistance 

in various aggressive environments. Iron and 

chromium have unlimited solubility in solid 

and liquid state, regardless of temperature. 

Most researchers have found that a number of 

solid solutions are formed in the iron-

chromium alloy. 

According to some researchers 

[6,7,9,10,12,15,22,24,29,30,33 ], the combina-

tion of Cr with Ni contributes to the formation 

of more carbides in the layer and an increase 

in wear resistance. The heat action on the sub-

strate in the presence of nickel may cause 

both the solid solution of Ni in the γ - Fe, and 

the formation of additional compounds of the 

type of FeNi3, and in the presence and B is 

possible, and formation of Fe3Ni3B. 

According to most researchers 

[1,3,5,7,9,10,22,30,31,33], the Ni and Co met-

als provide a high density of the layers, form-

ing limited and unlimited hard solutions with 

Fe and intermetalides.  

The Cr has a less complete electronic enve-

lope and therefore has a higher carbon affini-

ty in steels to form carbides, which increase 

the hardness of the layer as opposed to Ni 

and Co, which in the presence of Fe do not 

form carbides. The presence of Co in the 

steels and alloys leads to high stiffness, corro-

sion resistance and high resistance to wear. 

Cobalt is a valuable alloying element for high-

speed tool steels. 

Combined with chromium, a high hardness 

of alloy steels is achieved. When creating lay-

ering materials, it is also necessary to take into 

account the influence of the environment and 

the ability to form carbides and borides direct-

ly onto the substrate. For this reason, techno-

logical additives such as B, Si, C, Al2O3, Cu, C, Al 

and others can be incorporated into the mate-

rial composition with different purposes. For 

example, the introduction of B, Si, C reduces 

the formation of oxides, and at ESD also re-

duces the erosion resistance of the laminating 

electrodes [ 22, 35-38,39 ]. 
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Figure 2. An algorithm for selecting a suitable coating material 

At the same time, the boron serves as a do-

nor for the formation of wear-resistant borides 

in the layer, the carbon - as an anti-

decarburization during the transfer process, 

and for the additional formation of dispersed 

carbides in the process of forming the coating. 

Cu contributes to reducing the size of the 

grains in the layer; Aluminum increases the 

yield strength limit and, because of its low 

melting temperature, helps to increase the 

transfer to the substrate. Due to their good 

wear and corrosion resistance, Ni-C-rB-Si- 

based alloys are commonly used in the GFS on 

steels [35-40]. Essential elements in these 

compositions are B and Si. These elements 

have several functions: they reduce the melt-

ing temperature of Ni by several hundred de-

grees - from 1450 to 1000 °C. They form a low 

melting point boron silicate, which flows to 

the surface and protects the melt pool from 

oxidation. Further, they promote wetting of 

the substrate by reducing Ni, Co, Fe and Cr 

oxides, controlling surface tension and fluidity 

of the melt .The low melting point of NiCrBSi 

alloys as well as the fluxing effect of the Si and 

B allows these materials to be deposited by 

flame spray followed by fusing and welding 

the powders. An increase in the amount of 

chromium, boron and carbon increases the 

amount of solid carbides and borides, respec-

tively [15, 35-40 ]. 

In addition to nickel-based, higher wear-

resistant cobalt-based metal alloys Co-Ni-Cr-B-

Si can also be used. In this case, in order to in-

crease the bond strength and the degree of 

melting of high-hard phases, a higher heat ca-

pacity of the flame jet at the GFS is required, 

and at the ESD process, impulse parameters will 

depend on the quality requirements of the 

coatings. In spite of such widespread use of Ni-

Cr-B-Si alloys in thermal spraying, their abrasive 

wear resistance is still not fully understood. 

The insufficient wear resistance of metal 

coatings leads to the need to use new materi-
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als for the ESD and GFS. The development of 

chemistry and nanotechnology allows us to 

accept the particularly high performance of 

complex coatings, from composite materials 

that have unique properties. According to 

most of the authors, the future is of the com-

positional coatings. These are multi-

component multi-phase coatings from several 

of the above materials - mixtures and solid 

solutions of metals and metal-like compounds 

- mainly carbides, borides, nitrides and oxides 

of difficult metals. They are the most common 

combination of two or several heterogeneous 

materials. In the hardened surface layer, it is 

necessary to ensure sufficient ductility, high 

hardness, and strength. These requirements 

can be realized only in the composite coating, 

organizing a hardened layer consisting of a 

plastic base (matrix) with solid inclusions. 

For a metal matrix Ni-Cr-B-Si and Co-Ni-Cr-

B-Si alloys are most suitable - for the latter  

more appropriate is the HVOF method. 

Вesides Ni, Cr, Si, Co and B, these alloys may 

contain Fe, C and sometimes Mo, W, Cu. 

Еxperience has proved these alloys are a 

good choice for components in the presence 

of hard particles. Higher hardness and abra-

sion resistance is ensured with additions of 

hard-alloy compounds [15,22,2,35-40]. 

In the selection and optimization of the 

composition of the laminating material should 

also take into account the change in its 

properties in the process of the ESD and the 

GFS. In most cases, the issues about the choice 

of solid phases can be successfully resolved 

using components of the difficult compounds 

of metals of IV-VI groups of the periodic 

system with boron, carbon, nitrogen and other 

non-metals. High wear-resistant components 

in the composition of the composite material 

are most suitable: WC, TiC, TiN, Cr2C3. The 

authors of this paper also recommend TiB2 in 

combination with WC and ultra-hard B4C. 

Tungsten carbide based alloys with TiC are 

of high strength and hardness, they have the 

widest application in the production of various 

tools and in the application of wear-resistant 

coatings on metals. TiC is widely used for 

wear-resistant coatings on cutting tools. 

Titanium carbide is recommended because of 

its wide range of homogeneity, high hardness, 

temperature resistance and wear resistance. 

[7,13,15,22,23,31,33,34,42,43]. 

TiN has the lowest friction coefficient and 

the highest resistance to wear. Furthermore, it 

is chemically least active with respect to iron 

and copper and can be an excellent barrier 

against adhesion and diffusion wear and is the 

most common in practice material for applying 

wear-resistant coatings on metal cutting tools 

of high-speed steels [13-15,21-23,41-43]. 

Titanium diboride is distinguished by its 

very high hardness, abrasion resistance and 

chemical resistance[41,42]. Boron carbide B4C 

is a super hard material with extremely high 

abrasion resistance and abrasion resistance. 

Conventional tungsten carbide alloys can be 

added in order to increase the amount of WC 

and cobalt. The WC and TiB2, in addition to 

abrasive wear, are also resistant to impact 

loads [6,7,15,22,31,34,41,42]. 

Table 2 gives some recommended powder 

formulations designed and tested by the authors 

suitable for wear-resistant coatings on steels. 

The microstructure of the coatings ob-

tained with the above materials contains 

besides the metal matrix and different 

amounts of solid carbides and borides. 

[5,10,11,12,24,26,39]. 

Coating composite material consisting of 

particles of the metal alloy on and or parti-

cles of high wear resistance compounds –
WC-TiB2, В4С  is of particular interest since 

the hard particles as incorporated in the 

metal alloy matrix give high hardness (1800-

2000HV) to the coatings. The test results of 

these coatings obtained by blending powder 

mixtures [11,26,39] show that wear sharply 

reduces and takes up to twice smaller values 

than those of the coatings of conventional 

materials without the presence of added our 

materials. High hard additives in the volume 

of the coating forming an internal contact 

network with high strength characteristics, 

which provide a high resistance of the coat-

ing against destruction by scratching action 

of the abrasive particles. 
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Table 2. Conditional designation of the coating and suitable powder chemical composition (% by weight) 

№ Designation  Chemical composition of powders, wt. % 

1 
602P - Ni-Cr-B-Si-Fe-C 

and tungsten carbide. 
Cr: 13.2; Si: 3.98; B: 2.79; Fе: 4.6; Co: 0.03; C: 0.63; Ni: Balance 

2 
10611W- Co-Ni-Cr-B-Si 

and tungsten carbide. 

(45% (1.5% С, 1.5% Si, 23% Cr, 0.5% Fe, 42% Co, 30% Ni,1.5% B) + 

55% WC) 

3 6P50W 
Cr: 13.15; Si: 4.28; B: 2.87; Fe: 0.04; Ni: 29.6; Co: 0.04;C: 0.58;  

WC+ 12%Со : Balance 

4 WC–12Co,   Co: 12; C: 5.4; Fe: < 0.1; Ni: < 0.1; WC: Balance 

5 
602Р–6P50W–(WC–

12Co)-( B4C - TiB2) 

 

Mixture ratio (1:1:1: 0,3) 

6 NWW10T20B10 
60% (55% (0.6% С, 2.86% Si, 12% Cr, 3.94% Fe, 77%Ni, 3.6% B) + 

45% WC) + 10% WK8 + 10% B4C + 20%TiB2. 

7 
NWW10T10B10 (based 

on 602P) 

70% (55% (0.6% С, 2.86% Si, 12% Cr, 3.94% Fe, 0%Co, 77% Ni, 

3.6% B) + 45% WC) +10% WK8 + 10% B4C + 10% TiB2 (WK8 is hard 

alloy with 92% WC and 8% Co). 

8 
КWT10B10 (based on 

10612) 

80% (45% (1.5% С, 1.5% Si, 23% Cr, 0.5% Fe, 42% Co, 30%Ni, 1.5% 

B) + 55% WC) + 10% B4C + 10% TiB2. 

 

6. DISCUSSE AND FINDINGS IN RELATION TO 

COATING MATERIAL STRUCTURE 

 

Analyzing the surface hardening, it should be 

noted that, by increasing the hardness, we re-

duce the ductility, which reduces the danger of 

adhesion sticking and micro-welding of the con-

jugated surfaces, on the one hand. On the other 

hand, a decrease in plasticity increases the sensi-

tivity to local high pressures, which can even 

lead to local destruction of the surface. 

To reduce the brittleness of the coating and 

increase the performance of the electrospark 

and GFS processes, it is advisable to increase 

the metal binder [3,7,22,28,29,32,39] . The 

metal bond material must wet the refractory 

phase of the composite, since in this case the 

wear-resistant particle is enveloped by a low-

melting component, which ensures good ad-

hesion to the alloyed surface. 

The metal matrix improves and adhesion with 

the substrate because at the moment of impact 

of the particles there is an exothermic reaction 

that is accompanied by a self-binding. The ap-

propriate amount of the plasticizer phase de-

pends on the chemical and physical properties of 

the wear-resistant phase and the substrate ma-

terial and should be optimized for the various 

difficult-to-wear compounds. If the material of 

the plasticized phase does not wet the particles 

of hard phases, the amount it should be higher.  

Very important is the determination of the 

amount of high hard supplements. In a large 

quantity over 70%, they do not adhere firmly to 

the substrate and the wear resistance of the 

coating decreases. This is due to the insufficient-

ly high temperatures reached in the flame of the 

acetylene torch to melt (albeit only partially) the 

carbide particles and to embed in the coating. 

For example, in the coatings made of the 

powder NWW10T20B10 [39],only about half 

of quantity W, Ti and B was found, indicating 

that  about half of the mechanically added to 

the starting powder WC, TiB2 and B4C parti-

cles (with a concentration of 40 wt%) do not 

participate in the construction of the gas-

flame coatings. 

At ESD, however, due to the high tempera-

tures of the process, the amount of high-hard 

additives in coating is a pretty greater. 

Considering that these additives increase the 

hardness but also the brittleness of the coating 

and the specificity of the ESD transfer, the opti-

mal concentration of the bonding mass should 

be in the range of 12-25% for coatings of differ-

ent uses, and for thick coatings - 20-40%. 

[6,7,8,13-16,22,23,33,43]. The composition and 

particle size is chosen depending on the type of 
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the material to be laid, the desired coating prop-

erties and the type of the coating apparatus. 

For dust of metals and alloys, the most au-

thors are recommended that particle sizes be 

between 45μm and 105μm, and for powders 

of hard-wearing oxides and carbides between 

10μm and 40μm [1,3,4, 5,10,12,24,25,27,29]. 

In practice, such layers deposited on steel 

substrates can be used to increase hardness 

and wear resistance during high load and fric-

tion conditions of in abrasive environments as 

well as for corrosion-resistant workpieces. 

Obtaining a dense and uniform coating with 

each of the materials used requires certain 

parameters of the application modes.  

Table 3. Methods of surface modification and increased durability depending on operating conditions de-

fining the type of predominant wear. 

Workingcondi-

tions causing 

predominant 

wear 

Basic methods and materials  for surface modification and increased durability 

Friction with low 

contact pres-

sures low, medi-

um and high 

speeds 

Solid antifriction alloys and composites. 

Improving the surface relief, increased hardness and abrasion resistance - thin and 

medium single- and multilayer coatings of wear-resistant materials with low 

coefficient of friction and high smoothness- applied by ESD - with composite 

electrode materials based on (W, Ti) C, TiC-TiN,  TiCN, TiB2-TiAl with bonding metals 

Co, Cr, Ni, Mo and different technological additives( Cu, Al2O3,B,C); GFS with Ni-Cr-

B-Si alloys different technological additives of WC-Co hard alloys, compositions 

КWW10T10B10 and NWW10T20B20;   

The presence of 

solid particles 

and elements 

causing abrasive 

wear 

Improving relief and an increase in surface hardness - medium and large single-and 

multi-layer coatings of hard and abrasive resistant materials - hard alloys- WC-Co, (W, 

Ti)C, TiCN-II layer, compositions КWT10B10 and NWW10T20B20 applied by ESD, com-

positions; КWT10B10, NWW10T10B10, 6P50W- by GFS and HVOF methods. 

  

Adhesive interac-

tion between 

contacting mate-

rials 

Creating a chemical resistance layers to the material of the conjugated detail – hard 

alloys based on TiN +  Al2O3, WC-TiC-TiN, TiB2-TiAl, (W,Ti)C-TiCN+ B4C, КWW10T20B10 - 

applied by ESD ; compositions КWT10B10, NWW10T10B10, 602Р-10611W–(WC–12Co)-

( B4C - TiB2)- Mixtures , 6P50W- by GFS and HVOF methods. 

 

Fixed, variable 

force and high 

shock workloads 

Increase in surface hardness, toughness and strength characteristics and improve 

relief - medium and large single and multilayer coatings of high hard and rubbery 

materials - hard alloys, WC-B4C, TiC + TiN, TiC-B4 C, Ni-Cr-Si-B, TiB2 - BN, WC-B4C  

applied by EH, plasma and gas or electrochemical lamination. 

Increase in surface hardness, toughness and strength characteristics and improve relief 

- by medium and large single and multilayer coatings of high hard and rubbery 

materials - hard alloy based onWC, WC-TiB2,Ni-Cr-Si-B-Fe, , NWW20T10, КWW10T10 

applied by ESD,; 602P , 10611W, КWW10T10 ,602Р–6P50W – applayed by GFS or 

HVOF. 

Thermal stresses 

Thin and medium-sized single-and multilayer coatings from temperature-and chem-

ical-resistant materials with  a thermal conductivity close to that of the substrate –

Co- Cr, hard alloys based on TiN, TiC- TiN+ Al2O3, TiAlN, TiC-TiAlN, TiC-TiB2+B4C, 

TiB2-TiAl, - obtained by ESD; 10611, КWW10T10B10, NWW10T10B10 etc- by GFS or 

HVOF. 

Work in chemi-

cally aggressive 

environments 

Create a layer of thin and medium-sized one-and multilayer coatings of chemically 

resistant materials – Cr-Ni-Co, hard alloys based on TiC – TiN+ Al2O3, (W,Ti)C -TiB2, 

WC-TiB2–B4C,-obtained by ESD; 10611, Fe-Cr-Al-Mo, КWW10T10B10, Mixture 602Р–

6P50W–(WC–12Co)+( B4C - TiB2), Co-Ni-Cr-B-Si alloy and tungsten carbide. etc. 

To create the necessary physicochemical 

and mechanical properties of the surface layer 

for a variety of operating conditions, we need 

to control the processes involved in depositing 

the coatings. One of the possible ways to in-

crease productivity and wear resistance of the 
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ESD coatings is to create amorphous and 

nanostructured phases. The unique wear re-

sistance, high rigidity and plasticity, good per-

formance of the amorphous and nanostruc-

tured alloys are related to the relaxation char-

acter of their physical and mechanical proper-

ties and are a prerequisite for the appearance 

of such properties in the electrospray coating. 

It was found [40,44,45] that the structure of 

the electrode material strongly affects the 

composition, structure and properties of the 

coating (hardness, modulus of elasticity, 

roughness, coefficient of friction, wear re-

sistance). When using a nano-structured elec-

trode, the carbide phase (Ti, W) C + W2C con-

tent in the coating increases from 60 to 95%, 

resulting in an increase in hardness, and the 

friction coefficient decreases from 0.7 to 0.3. 

The lack of reliable scientific data on the 

properties of coatings with amorphous and 

nanocrystalline structures, the small number 

of scientific developments in the field of wear-

resistant coatings using amorphous and 

nanostructural materials, as well as the set of 

thermophysical and physico-mechanical prop-

erties of these alloys, make the obtaining of 

coatings of such structures a complicated but 

necessary scientific and technological task.  

Table 3 gives the recommended ways of 

surface modification and coating materials 

to increase durability according to the oper-

ating conditions that determine the type of 

prevailing wear. From the table is visible that 

much of the recommended materials combine 

several qualities. 

 

7. CONCLUSIONS 

 

The hardening methods under considera-

tion have both advantages and certain disad-

vantages. Their use for parts and tools requires 

both the improvement of specific technologi-

cal processes, and at the same time to search 

for new high effective applying materials tak-

ing into account the specifics of their behavior 

in the process of-of transfer onto the substrate 

and the knowledge of the complex influence of 

the materials on the properties and morphol-

ogy of the coatings, together with the peculiar-

ities and the parameters of the ESD and GFS 

regimes. Therefore, the development of an 

effective, fairly simples and economical to in-

dustrial production materials improving wear 

resistance remains an urgent scientific and 

practical task. 

Choice of suitable laminating materials for 

the particular case should be performed in the 

following sequence: analysis of the material, 

shape and dimensions of the product; analysis 

of the working conditions of the product - pre-

vailing wear and its causes;  formulation of the 

requirements for the coating in order to pro-

vide the necessary complex of exploitation 

properties; determination of possible methods 

to provide the necessary complex of opera-

tional characteristics of coatings; analysis of 

the relation between the morphology, the 

composition, the structure and wear and tear, 

operational reliability and durability of the 

layered surface, choice of highly resistant and 

friction materials for coatings and process pa-

rameters for their deposition. 

Factors influencing the properties of the 

coatings and the durability of the plastered 

products have been identified and on this ba-

sis the basic requirements for the composition, 

structure and properties of the coatings and 

the plastering materials are formulated and 

certain recommended materials for wear-

resistant coatings for different operating 

conditions are justified. 

Based on existing scientific and technical 

literature:  

- it has been found that in order to 

increase the wear resistance of ESD and 

GFS coatings it is necessary to use 

composite materials by adding high solid 

carbides, borides and nitrides of W, Ti, Cr 

etc. to the used metal alloys in the type 

and quantities according to the specific 

operating conditions; 

- indicated are compositions of 

laminating materials specified for 

different operating conditions. 

- these materials should be applied by 

appropriate regimes according to the 

chosen method. 
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