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USE OF PULSED SPRAY AIRFLOW 
FOR ELECTRIC ARC SPRAYING OF 
DIFFERENT TYPES OF WIRES

The object of research is the control of the process of formation of a spraying air flow and the transfer of 
particles of liquid metal from electrodes during arc spraying. One of the problem areas of the arc spraying pro-
cess is the oxidation of the sprayed metal particles by the oxygen of the air flow during their transportation to 
the sprayed surface. This leads to the formation of a sufficiently large amount of oxides of chemical elements, 
which significantly deteriorate the adhesion strength and burn out alloying elements that are necessary to obtain 
a wear-resistant and corrosion-resistant coating. The suitability and durability of coatings during use depends on 
the strength of adhesion to the substrate.

In the course of the study, methods were used to determine the adhesion strength of the coating to the base – 
the Steffens method and methods for studying the microstructure of coatings were taken as the basis. The data 
was processed and dependencies were plotted.

The proposed method makes it possible to improve the quality of the resulting coating in terms of such an in-
dicator as improvements in chemical composition. And also to influence the chemical composition by controlling 
the process of transfer of molten metal using a pulsating air flow.

The obtained results of approbation of the method allow us to consider it effective, as evidenced by the quality 
of the obtained coatings. This is due to the fact that the correctness of the formulation and solution of the problem 
provided adequate results. In contrast to the existing methods, the proposed one makes it possible to significantly 
influence the amount of harmful oxygen involved in the formation of a sprayed coating, which makes it possible 
to obtain a sprayed layer with the required performance characteristics. And also allows to improve its quality 
without significant capital costs. In addition, the issues of resource and energy saving are being addressed, since 
the burnout of chemical elements decreases and the air consumption during arc metallization decreases. To solve 
this problem, a simple design of the pulsator is proposed, which provides the ability to control the spray flow by 
adjusting the level of overlapping of the holes.
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1.  Introduction

Spraying technology is widely used in the restoration 
and hardening of worn-out parts of equipment in machine-
building, metallurgical, mining, agricultural industries ope
rating under conditions of abrasive, shock-abrasive and 
gas-abrasive wear, and to which new and more stringent 
requirements are constantly applied. Modern requirements 
for the operational characteristics of the restored surfaces 
of parts are aimed at reducing the specific technologi-
cal costs during spraying in combination with invariably 
high complex indicators of the quality of coatings. In this  
regard, scientifically based proposals for resource- and energy-
saving spraying processes are in demand and relevant for 
various industrial industries. Therefore, research to over-
come these listed difficulties in any part of them should 
be considered relevant.

2. � The object of research  
and its technological audit

The object of research is the control of the process of 
formation of a spraying air flow and the transfer of par-
ticles of liquid metal from electrodes during arc spraying.

The process of formation of thermal gas coatings (Fig. 1) 
consists in fine spraying of the initial material (in the case of 
its compact state) into small particles, heating the particles 
to a molten or plastic state and moving them with a gas 
jet until they collide with the surface of the product [1, 2].

The analysis of the existing data on electric arc spraying 
shows that one of the main disadvantages of the process is 
the oxidation of the sprayed metal particles by the oxygen 
of the air stream during transportation to the sprayed 
surface. This has a significant impact on the performance 
of the coating.
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Fig. 1. Schematic diagram of electric arc metallization:  
1 – arc burning zone; 2 – sprayed metal electrodes; 3 – nozzle;  

4 – feed rollers; 5 – current lead; 6 – two-phase flow; ds – diameter of 
the spraying spot, 120–180 mm; L – spraying distance, 100–150 mm;  

Lc – length of the sliding contact, 10–25 mm; v – electrode feed  
angle, 20–45°; Uo – air transporting flow

In the practice of electric arc spraying, a number of 
directions have been adopted to reduce the negative effect 
of the oxygen of the spraying flow on the quality of the 
coatings. Conceptually, it is based on the hypothesis of 
reducing the proportion of oxygen by using gas mixtures 
of an air flow with carbon-containing and inert gases, or 
replacing the air flow with other (neutral) gases.

3.  The aim and objectives of research

The aim of research is to propose a more perfect system 
for spraying particles during electric arc metallization, using 
a pulsating spraying air flow for transporting molten particles 
of electrode wires of various types. This will make it pos-
sible to influence the quality of the resulting coatings by 
reducing the burnout of the elements transferred from the 
electrodes to the sprayed surface, by reducing the amount of 
air oxygen involved in the transportation of molten metal.

To achieve the aim, the following objectives have been set:
1.	 Justify the need to use special low-cost equipment 

to create a pulsating air flow during arc spraying.
2.	 Perform a systematic analysis of the data obtained in 

the process of applying coatings using a pulsed spray flow.

4. � Research of existing solutions  
to the problem

Spraying with compressed air provides a stable spray 
of metal, which melts, but the quality of the coating is 
not always stable and often does not meet the speci-
fied quality requirements due to the abundance of pores 
and oxides  [3]. The use of inert gases for spraying in  
metallization  [4] complicates the technology and equip-
ment and significantly increases the cost of the metal-
lization process.

Among the main directions for solving the problem 
of improving the quality of coatings, identified in the 
resources of the world scientific periodicals, a number 
of publications can be distinguished that consider the 
promising use of compressed air + carbon containing gas 
mixtures [5, 6]. This introduces additional heat during the 
combustion of the mixture, reduces the supply of oxygen 
to the metal droplets during the reducing nature of the 
gas jet. With this option, it is proposed, for example, 
to use methane in a mixture with air. On an industrial 

scale, kerosene is widely used as hydrocarbons, which is 
introduced in portions into the transporting air stream; it 
has also been proposed to use the products of combustion 
of a propane-oxygen mixture as a transporting gas  [7]. 
However, in these works, quantitative calculations are either  
absent altogether, or are of an approximate nature, which 
does not allow to fully realize the advantages of the cho-
sen scheme.

Air Products and Chemical Inc. (USA) proposed to 
use argon, nitrogen, carbon dioxide, sulfur hexafluoride or 
their mixture for spraying chemically active metals during 
metallization  [8, 9]. At the same time, a technologically 
complex option has been proposed, in which the mass 
flow rates of metal and gas are correlated in a ratio of 
approximately 1:10. In normal modes, the gas consumption 
for metal is an order of magnitude lower.

Thus, the results of the analysis allow to conclude that 
all the proposed options for improving the technology of 
electric arc metallization do not significantly impede the 
access of oxygen to the arc burning zone. Thus, when 
argon, nitrogen or their mixture is supplied to the central 
transporting jet, oxygen is inevitably mixed due to the 
turbulence of the flow and the incommensurably small 
ratio of the volume of inert gases to the total volume of 
the air flow  [10, 11]. In the air + hydrocarbons variant, 
the mixture already contains oxygen. In this case, as well 
as with inert gases, the cost of coatings increases signifi-
cantly due to the presence of additional costs  [12, 13]. 
The importance of increasing the efficiency of coatings 
is confirmed by the constant search for solutions aimed 
at simplifying the technology and reducing costs  [14].

Within the framework of this approach, the authors of the 
work proposed the use of pulsations of a spraying air flow 
during electric arc spraying. The pulsations of the spraying 
flow are achieved by using a pulsator, which is connected 
to the air supply system of the electric arc metallizer ac-
cording to the kinematic scheme, Fig.  2.

М

1 2 3 4 5 8

7 6

9

 
Fig. 2. Kinematic diagram of the installation of electric arc spraying  

with a pulsating spraying flow: 1 – inlet valve from the main; 2 – moisture 
separator; 3, 5 – manometer; 4 – pressure reducing valve; 6 – engine;  

7 – clutch; 8 – pulsator; 9 – spray nozzle of the metallizer

The pulsation of the atomizing flow is ensured by using  
a pulsator of a simple design. A rotary valve is used as 
a prototype  [15].

Fig. 3 shows the principle of operation of the pulsator, 
in which a rod rotating at a given speed, with a through 
hole, periodically closes the inlet and stops the air flow.

After a complete rotation of the rod, the air flow is 
resumed, while to get the opportunity, by changing the 
rotation speed of the rod, to change the frequency of the 
pulsation of the air flow.
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Fig. 3. Scheme of operation of the rotary valve:  
a – the valve is open; b – the valve is closed, the stem is turned 45°; 

c – the valve is closed, the stem is turned 49°; 1 – inlet air branch pipe; 
2 – case; 3 – stock; 4 – outlet branch pipe

In  [16, 17], the influence of a pulsating spraying flow 
on the quality of coatings obtained by spraying Sv-08A, 
12Kh18N10T, 10G2FB seamless wires was considered and 
the following results were obtained:

–	 the burnout of such alloying components as carbon, 
manganese, silicon decreases, their amount in the coat-
ing composition increases. The carbon content increases 
by 0.07  %, which in absolute terms corresponds to 
an increase of 35  %, manganese by 0.045  % (36  %), 
silicon by 0.03  % (38  %);
–	 air consumption is reduced by 35–40  % when 1  kg 
of sprayed metal is applied, and, as a consequence, 
electricity consumption for its production, which is 
an important indicator of the economic efficiency of 
the arc metallization process;
–	 a decrease in the mass of oxygen at a pulsation 
frequency of 120  Hz by about 40 times, and at a  pul-
sation frequency of 60  Hz by about 2.5  times;
–	 increasing the size and level of productivity and 
efficiency of material use. The maximum increase in 
the level of spraying performance reaches ≈25  % and 
the efficiency of using the sprayed material ≈40  % at 
a pulsation frequency of the air flow of 70  Hz;
–	 increasing the adhesion strength of coatings to the 
base by 1.5  times.

5.  Methods of research

The authors investigated the possibility of using a pul-
sating spraying flow in arc spraying of flux-cored wires, 
which were not previously presented.

For research were selected flux-cored wires, the com-
position of which is shown in Table  1.

The spraying process was carried out in the modes 
recommended for flux-cored wires. Spraying was carried 
out using an EM-17 electric arc metallizer (manufactured 
by OJSC Barnaul Hardware and Mechanical Plant, RF) 

with the developed device at the following modes: pressure 
P = 0.55  MPa, current I = 210–230  A, voltage U = 30–32  V, 
wire feed speed v = 4.8–5.4  m/min. For spraying, a nozzle 
with a diameter of d = 7·10–3  m2 was used. The distance 
to the sprayed sample is 120 mm. The arc was powered 
from a VDU-506 source (produced by the Pilot Plant of 
Welding Materials of the E.  O.  Paton Electric Welding 
Institute, Ukraine).

Table 1

Chemical composition of coatings obtained with various flux-cored wires 
using pulsating air flow

Flux-cored wire
Chemical composition of coatings, %

C, % Mn, % Cr, % Al, %

PP-MM-2 (0.5 %) 0.17 0.45 2.33 3.07

PP-MM-2M (1.0 %) 0.32 0.48 2.55 2.26

PP-MM-2M (1.5 %) 0.23 0.54 3.66 1.89

PP-MM-2M (2 %) 0.22 0.47 1.85 1.04

The study of the microstructure and microhardness of 
the particles of the sprayed coating of the flux-cored wire 
PP-MM-2 was carried out on an LM-100 device (Ukraine)  
at a load of 500  g. In order to obtain stable results and 
reduce the research error, the particles were selected at 
an equidistant section from the base.

6.  Research results

Fig.  4 shows the microstructure and microhardness of 
individual coating particles.
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Fig. 4. Microstructure and microhardness of individual coating particles 
at different pulsation frequency, ×500: a – pulsations 25 Hz, pearlite 

structure with uniformly distributed chromium carbides, hardness 311 HV; 
b – pulsations 43 Hz, lamellar pearlite structure with uniformly  
distributed chromium carbides, areas of free aluminum, 276 HV;  
c – pulsations 65 Hz, finely dispersed sorbitol with chromium  
carbides, hardness 320 HV; d – pulsations 105 Hz, lamellar  

pearlite, ferrite and chromium carbides, 349 HV

Analysis of the presented microstructures shows that 
the characteristic structure of particles is mainly ferrite 
or ferrite-pearlite with the presence of a carbide phase or 
inclusions of chromium and aluminum oxides (Fig.  4,  a). 
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It should be noted that with increasing frequency, the 
amount of the carbide phase in the coating particles in-
creases (Fig.  4,  b,  c). At a frequency of 105  Hz, quench-
ing structures appear in the particles (Fig.  4,  c), which 
is probably due to a change in the particle size and an 
increase in cooling rates. At the same time, the ferrite-
pearlite structure with the inclusion of carbides prevails 
in the coating particles at a frequency of 105  Hz.

Studies of the adhesion strength for the used flux-
cored wires were carried out, Fig.  5.
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Fig. 5. Adhesion strength of the flux-cored wire coating using  
a pulsating atomizing air stream

From Fig. 5 it can be seen that when spraying without 
a pulsating mode of the air-spraying flow, the adhesion 
strength has low values of the order of 62  MPa. As the 
pulsation is established, an increase in adhesion strength 
is observed both when using PP-MM-2 and PP-MM-2M 
with different contents of KMnO4. However, as it is pos-
sible to see, when using PP-MM-2, the growth is not as 
significant as when using PP-MM-2M.

7.  SWOT analysis of research results

Strengths. The strengths of this study are that the use 
of a pulsating spray flow in arc spraying significantly affects 
the quality of the applied coatings and makes it possible 
to save resources and energy by saving alloying elements, 
materials and air.

Weaknesses. The weaknesses of this study are related 
to the fact that the result of the implementation is the 
need for a strict installation of the pulsator in relation to 
the entrance to the spray system.

Opportunities. The options proposed in this paper are of 
a practical nature. Additional possibilities when using the 
above results in industrial conditions are associated with the 
possibility of using this process in the case of manual control.

Threats. Additional adjustments are required to develop 
an automated control system.

8.  Conclusions

1.	 An improved system of particle spraying in electric 
arc metallization is proposed. A relatively simple and inex-
pensive set of equipment for creating a pulsating jet stream 
makes it possible to reduce the effect of the amount of 
oxygen in the air on the burnout of alloying elements in 
the coating.

2.	 A systematic analysis of the data obtained in the 
process of deposition of coatings using a pulsating spray-
ing flow during electric arc metallization with flux-cored 

wire showed significant changes in the structures of the 
coating particles. When considering the microstructure 
of particles of a ferrite or ferrite-pearlite coating, it was 
found that with an increase in the pulsation frequency, 
the amount of the carbide phase increases and reaches  
a maximum at frequencies of 65  Hz. With an increase 
in frequencies above 85  Hz, a slight decrease in the car-
bide phase takes place, but quenching structures appear.  
In general, the microhardness of the coating particles de-
pends on the pulsation frequency of the spray jet and 
reaches its maximum values at frequencies of 65 Hz. With 
a further increase in the pulsation frequency, a significant 
increase in hardness is not observed.

Based on the studies carried out, it has been established 
that the optimal range of pulsation frequencies of the air-
spraying jet is 65–85  Hz, which improves the properties 
of the coating when using PP-MM-2 flux-cored wire.
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ANALYSIS OF CUTTING FORCES DURING 
GRINDING OF TITANIUM ALLOY AND 
CORROSION-RESISTANT STEEL BY 
DIAMOND, ELECTROCORUNDUM AND 
CUBIC BORINE NITRID WHEELS

The object of research is the process of circular and surface grinding of titanium alloy and corrosion-resistant 
steel, namely, the cutting forces arising from mechanical processing. One of the most problematic areas in work is 
the selection of the required grinding modes, material and grinding wheel grain size.

In the course of the experiment, we used samples of VT8 titanium alloy and 12Х18N9T steel, on which the 
grinding process was studied with wheels made of various materials (electrocorundum, cubic boron nitride (CBN), 
diamond). The values of the cutting forces Py and Pz were obtained in the latitude of permissible modes, which are 
most often used in circular and flat grinding, and can reach maximum values, respectively, Py = 27 N, Pz = 15.5 N. 
The data were obtained at a low wheel speed from electrocorundum, about 15 m/s and grain size 8. By reducing 
the grain size of the wheel, we get the effect of increasing the energy consumption of the grinding process, due 
to the increase in the values of the cutting forces. If we compare the cutting forces arising from grinding with 
different wheels, then the following can be noted. Compared to electrocorundum wheels, when using CBN wheels, 
the cutting forces are reduced by 20–25 %, and when grinding with diamond wheels (despite the high wear of the 
diamond wheel), the effect of cutting forces is reduced by 25–30 %. This is due to the fact that cutting conditions 
are the most favorable for diamond and CBN grains, which makes it possible to use more intense cutting conditions.

The results of the study allow predicting the performance of the grinding wheel, reducing the energy consump-
tion of production, and also adjusting the processing mode of the part to obtain the necessary quality indicators 
of the surface layer and the geometric dimensions of the part.

Keywords: titanium alloy VT8, cutting forces, technical strength, structural strength, reduction of energy con-
sumption for grinding.
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1.  Introduction

Obtaining products from titanium and its alloys is a 
modern and promising production, especially in the aero-

space industry of the world economy. Titanium is a light, 
heat-resistant, corrosion-resistant construction material. 
The weight of titanium products is significantly reduced 
due to its low density (ρtit = 4.5  g/cm3). Compared to the  


