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The Influence of Design Parameters for Electric arc 
Equipment on the Factors of Spray Process and 
Properties of Coatings 

 
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.   
electric arc spraying, spraying process, wear resistance, corrosion resistance, adhesion strength, protective 
coating, electric arc coating 
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Statement of the problem. 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 [1]. 

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 [2]. 

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 [1, 2], among which the cheapest and simplest method is electric arc 
spraying (EAS), whose current improvement is aimed at modifying and activating the 
spraying process [1, 2]. 

A significant increase in the properties of EAS coatings is possible through combining 
arc spraying with ultrasonic [3], electric-spark [3], laser [4, 5-7], electron-beam, and other 
processing techniques [9]. 

High wear resistance, hardness, and other surface properties of EAS coatings from 
iron based alloys can be provided by methods of chemical heat treatment [1, 2]. The use of a 
combination of techniques for EAS and subsequent chemical heat treatment opens up great 
opportunities in creating composite coatings with special properties. Methods for improving 
the quality of electric arc coatings via subsequent heat treatment or modification are easily 
implemented in practice, in particular when part dimensions permit it. Such combined 
technologies do not require additional expensive equipment and operations, which 
predetermines a reduction in the cost of hardening processes. 

Analysis of recent researches and publications. From the standpoint of these 
conditions, the use of electric arc spraying (EAS) is promising [3]. In the world practice of 
hardening, recovery, and anticorrosion protection, EAS has become widespread as the most 
technologically advanced and productive method (productivity is 3-4 times that for flame 
spraying) [3]. EAS is widely used in the European countries and displaces the traditional gas-
flame method [3]. 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 [3]. The quality of EAS coatings are practically the same as 
that of coatings produced by plasma and detonation methods, and the coating-to-base 
adhesion strength is greater than in the case of flame spraying. In [3], information is given 
about the advantages of EAS over surfacing in terms of labor input and consumption of 
electrode material: duration of surfacing is 1 h 10 min and wire consumption 1.3 kg, while for 
EAS these parameters are 24 min and 0.95 kg, respectively.  

The successful use of EAS is provided by its advantages such as obtaining coatings 
with a thickness of 0.1 to 10 mm; the absence of significant thermal effects on the part; the 
possibility of applying coatings on parts made of various materials; obtaining coatings with 
desired properties, et al. EAS is characterized by technological flexibility concerning 
application to various standard sizes of parts, low recovery cost (by 1.4-1.8 times lower than 
for surfacing). The equipment on which coating is performed is relatively simple and light 
and can be moved fairly quickly. The part dimensions do not limit the use of EAS [3]. This 
method is effective and economical in the manufacture and renovation of parts in the 
conditions of repair enterprises and small workshops with a single production [3]. 
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The EAS process consists in heating (to melting) converging wires (electrodes) by an 
electric arc and spraying the molten metal with compressed air [3]. Two wires move forward 
in two channels in the spray head, and between their tips an electric arc is excited. 

A jet of compressed gas (air), which sprays the molten metal wires and transports the 
melt in the form of particle flux to the surface being restored (or  hardened), flows out of the 
central channel of the EAS apparatus head. For spray, a wire with a diameter of 0.8; 1.0; 1.6, 
and 2.0 mm is  traditionally used. The use of thermoreacting cored wires is promising [3]. It 
should be noted that in the course of EAS, the sprayed metal in the form of droplets falls on a 
substrate and cool to the substrate temperature for a short time, providing the formation of 
quenched structures in the coating; herein the hardness of the sprayed layer exceeds that of the 
starting material [3]. 

The EAS technology includes three main procedures: jet-abrasive processing, 
deposition of a sublayer from refractory Ni-Cr alloy, and deposition of a main layer of carbon 
alloyed steel [9, 10]. The coating obtained is machined with some allowance. The main types 
of processing sprayed coatings are cutting and grinding. For processing coatings from 
corrosion-resistant and carbon steels, high-speed and hard-alloy tools may be used. 
Pretreatment of the base surface is an important factor for providing strong adhesion of the 
sprayed coating to the part [9, 10]. The increase in the adhesion strength is associated with an 
increase in the part area and preparation of a developed surface roughness on before spraying. 

The main EAS process parameters are: the composition, diameter, and feed speed of 
wires to be sprayed; arc power; flow rate of spraying gas; spraying distance; velocity of the 
spray spot. Traditionally, the distance from the spraying apparatus is 100–200 mm [9, 10]. 

In addition to the positive qualities of EAS (manufacturability, simplicity, high 
efficiency, absence of thermal conductors, low cost, versatility, etc.), there are also 
disadvantages such as increased metal oxidation; the presence of porosity; insufficient 
adhesion of the coating to the base; cooling of the molten metal particles with spraying 
compressed air, etc. As a result of the latter, cracks and peels may appear due to the presence 
of residual internal stresses [9, 10]. Small feed speeds of the wire lead to its oxidation, and a 
large amount of heat generated during arc burning leads to a significant burning out of the 
alloying elements included in the material being sprayed (for example, the carbon content in 
the coating material decreases by 40-60%, and silicon and manganese by 10-15%).  

The microstructural analysis made it possible to establish that coatings obtained with 
the use of wires containing a high percent (from 0.8 to 2.3) of silicon and manganese have the 
most porous structure due to iron insoluble slags, and, accordingly, the lowest strength 
properties as compared to coatings from wires with a lower content of deoxidizers. A 
conclusion follows that for efficient EAS, it is advisable to use wires with as low content of 
manganese and silicon as possible, which allows deliverance of the coating obtained from 
delamination and chipping. 

Low hardness of coatings, causing carbon burnout during spraying, was always 
considered to be a limiting factor for the use of EAS. The maximal achievable hardness of 
coatings from different steels is within 35-50 HRCE, which markedly reduces their wear 
resistance. The above mentioned disadvantages of the EAS procedure limit the efficiency and 
narrow the area of its application to increase the service life of parts. Despite the large number 
of innovations concerning 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 [3, 10].  

Preheating of the substrate was established to lead to decreasing the rates of 
crystallization, cooling of falling particles, and developing their chemical interaction with the 
substrate. As a consequence, adhesion strength increases. However, in the case of heating 
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above 500 K, the rate of oxide formation increases and adhesion strength decreases. 
Moreover, preheating to 500 K is impossible when thin-walled parts are coated because of 
unavoidable thermal deformation, and this operation is undesirable in restoring parts that 
operate under alternating or cyclic loads (as fatigue cracks grow under heating). 

The use of activation techniques which intensify heat exchange processes in the “jet-
particle” system and increase the dynamic parameters of particles, and allows reducing the 
wire particle size or of those that allow modifying (strengthening) the sprayed layer seems to 
be most expedient means. 

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

Statement of the objective. The aim of the work was shows the possibility, through 
the selection of design parameters and characteristics of equipment for EAS, to control the 
properties of coated surfaces in order to increase the service life of restored parts. The right 
choice of equipment for 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. to develop a new combined method of surface engineering for the 
formation of hardening protective coatings on the basis of combination of EAS.  

The main material. For coating deposition, an apparatus for activated arc spraying 
ADN-10 was used. Coating materials were 0.8-2.8 mm diameter wire from steel of the 
martensitic (40Kh13, 95Kh18), ferritic (Sv-08G2S), and austenitic (Kh18N10 , 
12Kh18N10 ) grades. A feature of martensitic and austenitic steels of is the ability to phase 
transformations and structural changes during deposition and treatment of coatings. This 
allows improvement of physic mechanical and performance properties of hardened surfaces 
and an increase in their wear and corrosion resistances. The PIN process lasted 2 h in the 
temperature range 600 - 800 . 

Microstructure was examined on etched and unetched thin sections using a light 
microscope «MeF-3» (Firm "Reichert", Austria) with magnifications 100, 200, and 500. 
The microhardness was measured on a Micromet II microhardness meter with a load of 100 g 
from the coating surface edge to the base through the transition zone. A quantitative 
stereological analysis of coating porosity was carried out on a certified automatic image 
analyzer “Mini-Magiscan” (Firm “Joyce Loebl”, England) using the program “Genias 26”. 
The main stages of the image analysis were: image calibration, image fixation, segmentation, 
and porosity. The study was performed on a CamScan scanning electron microscope (Oxford 
Instruments, England) with an X-ray energy dispersive analyzer. The morphology 
(topography) of the coating surface was examined in the regime of reflected electrons at an 
accelerating voltage of 10–20 kV.  

The quality of 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 [1-7]. 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 EAS equipment have been made. The above reasons make it 
difficult to choose the right equipment for 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. 
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The characteristics of the power source and the design of an apparatus for an electric 
arc determine such 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 EAS coatings, units with various blowing systems and nozzle geometry are 
used [8, 9]. Currently, there are several schemes for the formation of the metal-air flow for 
EAS, namely diaphragm, central-nozzle, differential, and closed ones. In particular, the most 
widespread diaphragm scheme is used in the manufacture of 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 [8, 9]. 

At the Physical-Mechanical Institute (PMI) of NAS of Ukraine (Lviv), through 
improving the design of 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 [8,9]. In order to improve the quality of coatings, an electric arc apparatus 
with a spray head was used [8,9], which was based on a closed scheme for the formation of 
metal-air flow (Fig. 1). Such a scheme is used in the units manufactured by the GMP 
"Gasothermic" at PMI of NAS of Ukraine. 

 

 
Figure  1 - A closed scheme for formation of metal-air flow during EAS: (1) air flow; (2) cored wire;  

(3) annular divergence of the metal-air flow (10-15 ) 
Source: compiled by the author using data from [12] 

. 
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 [8-11]. The closed scheme of metal-air 
flow formation allows the manufacture of extremely fine fractions of sprayed particles (below 
50 m) thanks to their high flight velocity (50-130 m/s) from the burning arc zone to the 
surface being restored (Fig. 2). Such a spray scheme (Fig. 2) should be used when the need 
arises in fine-particle (50 - 200 m) 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 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. 

312
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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. 
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Figure  2 - Dependence of the velocity of metal particles on their size for different modes  
of metal-air flow formation:  (a) central nozzle scheme; (b) closed scheme 

Source: compiled by the author  
 

The use of the closed scheme for the formation of metal-air flow during EAS [8-11] 
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 m. Thus, the EM-14 spraying 
system (Fig. 3), 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.  

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 [8-11]. 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 EAS process 
decreases thanks to the replacement of cored wires with 2-3 times cheaper standard solid-
drawn ones. 
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Figure 3 - Apparatus EM-14 for EAS 

Source: compiled by the author using data from [12] 
 

The units for EAS produced by NPOOO "MAD" (Minsk) combine the advantages of 
electric arc and fast spraying [8-11] (Fig. 4). The main distinguishing feature of the EAS unit 
is the presence of an efficient small-sized chamber for propane/air mixture combustion. A fast 
jet of 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 [8-11]. 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 10o. 

 

 
 

Figure 4 - Unit for EAS with a propane-air combustion chamber 
Source: compiled by the author using data from [3] 
 

 
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. 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. 3) and the EAS-10 unit (Fig. 4) for deposition of EAS coatings. The proper 
management of the design parameters of equipment for EAS provides the creation of coatings 
with high performance characteristics, which is very important for increasing the service life 
of parts. 
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Thus, the work shows the possibility, through the selection of design parameters and 
characteristics of equipment for EAS, to control the properties of coated surfaces in order to 
increase the service life of restored parts. The right choice of equipment for 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.  

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 SMM surfaces via EAS coating is divided into three main 
stages: surface preparation, coating, and subsequent treatment of the surface coated. 

Conclusions. The present work recommends to increase the wear resistance, corrosion 
resistance, and service life of parts via hardening and renovating them using EAS coatings 
characterized by high density, adhesion strength, and microhardness due to activation of the 
spraying process. It has been shown that by properly choosing design parameters and 
characteristics of equipment for 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. 

The research has revealed the influence of the spraying process factors such as the 
flow rate and pressure of working gases, composition of combustible mixture, spraying 
distance, dispersion of spray, properties of the wire material, etc. on the properties of EAS 
coatings. Furthermore, the effects of the spraying distance, the size of sprayed particles, and 
the properties of the wire material on the porosity and coating-to-substrate adhesion was 
evaluated. 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 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%). 
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