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The process of combined spraying of steel and copper wires under the electric arc spraying conditions was
investigated. The effect of spraying parameters on the process of spraying of dissimilar wires was established,
this making it possible to control particle size distribution of the spraying products in electric arc spraying
of pseudo-alloy coatings and, hence, structure and properties of the resulting coatings. 2 mm diameter
wires, i.e. copper wire of the M1 grade and steel wire Sv-08A, were used as spraying consumables. Inves-
tigations were carried out by using electric arc metalliser EM-14M. The regression equations describing
dependence of the mean size of particles on the electric power, compressed air pressure and spraying distance
were derived by using mathematical experimental design. It was found that the mean size of particles
depends primarily on the compressed air pressure. Combining the maximal values of the power (9.6 kW)
and compressed air pressure (7 atm) during spraying results in formation of particles of the minimal size:
37 μm in spraying of copper wire, 54 μm in spraying of steel wire Sv-08A, and 52 μm in their combined
spraying. Combining the minimal values of the power (1.7 kW) and compressed air pressure (6 atm) leads
to formation of particles of the maximal size: 54 μm in spraying of copper wire, 85 μm in spraying of steel
wire Sv-08A, and 85 μm in their combined spraying. It was found that the pseudo-alloy particles consisting
of particles of the steel melt with a copper shell on their surface are formed during the process of combined
spraying of copper and steel wires as a result of inter-phase interaction of their melts. 24 Ref., 1 Table,
6 Figures.
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One of the key factors of the process of thermal
spraying of coatings is size of spraying material
particles. In many respects, it determines condi-
tions of heating and acceleration of the particles,
development of the process of their interaction
with the environment and, eventually, shape and
size of the particles forming the coating layer
that are deformed at collision with the substrate
surface [1, 2]. Thickness of these particles
(splats) determines their cooling rate, which is
related to the probability of formation of non-
equilibrium structures (amorphous, oversatu-
rated solid solutions, etc) in a coating [3]. Par-
ticle size distribution of a spraying material also
affects homogeneity of properties of a coating
and degree of heterogeneity of its structure.

Under conditions of using powders for ther-
mal spraying, this factor is determined by the
chosen particle size distribution of a source ma-
terial. The basic difference of the wire thermal
spraying method from the powder one consists
in the fact that formation of a flow of the spraying
material particles occurs directly during the coat-
ing deposition process in dispersion of the applied
wire melt. This predetermines the importance of

investigation of the dispersion process, the results
of which are required to control formation of
coatings and monitor their properties.

Electric arc spraying is characterised by a
large number of factors allowing the values of
velocity, temperature and, particularly, sizes of
the spraying particles [4] and, hence, properties
of the coating to be controlled.

Dispersion of the wire melts in electric arc
spraying of coatings. A coating in electric arc
spraying is formed from the molten metal drops
moving in a carrier gas jet (Figure 1). Heating
and melting of a spraying material occur due to
heat of the electric arc burning between the con-
sumable wires, i.e. electrodes, which the molten
metal is formed from. The molten metal is blown
off from the electrode tips, refined under the
effect of gas-dynamic and electromagnetic forces,
and moves in the form of drops towards the sub-
strate surface.

The processes of formation and detachment of
molten metal from the electrode tips were ana-
lysed in studies [4—11]. The authors considered
the main forces acting on a molten metal drop
forming at the wire tip. The molten metal at the
electrode tips is kept by the surface tension
forces. As the metal is accumulated, under the
effect of electrodynamic forces it is pushed out
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to the peripheral parts of the electrodes, where
detachment and transfer of the particles take
place under the effect of a gas flow. The force
that drives detachment of a drop depends on the
velocity of the jet, whereas the force that holds
the drop is proportional to its diameter and sur-
face tension of the wire material melt. The ba-
lance of these forces can be written down in the
form of the following equation [9]:

0.5CdSρg(Wg — Wp)
2 = πdbσ, (1)

where Cd is the drag coefficient; S = πdmax
2 /4 is

the cross section area of the drop, m2; ρ is the
density, kg/m3; σ is the surface tension, N/m; db
is the detachment bridge, m; W is the velocity,
m/s; and indices p and g refer to the drops and
gas, respectively.

Changing the spraying parameters (wire feed
speed, current and voltage at the electrodes, com-
pressed air pressure) leads to changes in the wire
melting mechanism. If there is a dynamic balance
between the average speed of movement of the
melting front and electrode feed speed, arcing is
stable. In such a mode the gas flow provides
evacuation and spraying of the molten metal from
the electrodes up to their collision and short cir-
cuiting. Then the molten metal is again accumu-
lated at the electrode tips, the arc column con-
tracts, and the cycle is repeated. Along with pe-
riodic ejection of metal portions from the inter-
electrode gap, there occurs also a continuous jet-
like running off of the overheated metal from the
electrode surfaces. This is a result of reduction
of surface tension forces at high overheating of
the molten metal, leading, consequently, to its
inability to hold the fused layer on the electrode
surfaces. Under the effect of the gas jet this fused
layer is washed away from the electrode surfaces
and sprayed [12].

The maximal size of drops torn off from the
wire was estimated based on the condition of
equality of surface tension forces and a drag force
for arc metallising [13]:

dmax = 1/(Wg — Wp)√⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ⎯8σdb/(Cdρg) . (2)

Solution of the inverse problem allows deter-
mining the required conditions, such as the ve-
locity of the jet in spraying of a certain-diameter
wire.

The experimental data [8] show that vari-
ations of the electric parameters of the process
make it possible to vary not only the temperature
of spraying particles, but also their size distribu-
tion. As indicated in studies [5, 6, 14, 15], the
main parameters affecting the particle size dis-

tribution in arc metallising are the voltage at the
arc electrodes and the compressed air pressure.

The degree of dispersion of the spraying ma-
terial is also affected by the energy of the air jet,
which in turn depends on the diameter of an air
nozzle and can be expressed in the form of the
following formula [5]:

dmean  = K1(3.75/R0 + 0.29 )√⎯⎯⎯⎯⎯⎯G/γμ2 [mm], (3)

where K1 is the size coefficient; R0 is the radius
of the air nozzle; G is the device productivity,
kg/s; γ is the density of the spraying material,
kg/m3; and μ2 is the spraying uniformity coef-
ficient.

Physical-chemical processes occurring in mol-
ten metal during melting of the electrode by the
arc, sizes of particles of the melt being sprayed,
and properties of the coatings also depend on the
intensity of melting of the electrodes and mass
of the molten metal at their tips. Study [7] sug-
gests formulae for approximate calculation of
mass of the molten metal formed at the electrode
tips in the inter-electrode gap during melting of
solid and flux-cored wires. They allow for such
factors of the electric arc metallising process as
the arc current, electrode feed speed, frequency
of molten metal ejections, and electrode diame-
ters.

In spraying of pseudo-alloy coatings, two
wires of dissimilar metals are fed to the electric
arc metallisers. Therefore, the sprayed layer is a
dispersed mixture of two spraying materials.
When spraying two dissimilar wires, melting may
occur non-uniformly because of a difference in
values of the melting temperatures. No experi-
mental investigation results are available on the
character of melting of particles in simultaneous
spraying of two dissimilar wires. Data on the
effect of working parameters of a metalliser on
the process of spraying of dissimilar wires will
make it possible to define the methods to control
particle size distribution of the spraying products
in electric arc spraying of pseudo-alloy coatings
and, hence, structure and properties of the re-
sulting coatings.

Figure 1. Flow diagram of the electric arc spraying process:
1 – wires; 2 – guides; 3 – compressed air
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The present study was aimed at investigation
of the process of combined spraying of copper
and steel wires under conditions of electric arc
metallising, as well as the effect of the process
parameters on particle size distribution in the
melts and microstructure of the spraying prod-
ucts.

Experimental procedure. 2 mm diameter
wires, i.e. copper wire of the M1 grade and steel
wire Sv-08A, were used as working materials for
investigation of the spraying process. The process
was performed by using twin-wire electric-arc
metalliser EM-14M. The method of mathematical
experimental design was used to study the char-
acter of relationship between the wire spraying
conditions and particle size distribution [16]. The
following parameters were chosen as the variable
factors for optimisation: arc power, compressed
air pressure, and spraying distance. The choice
was based on the fact that these factors exert the
substantial effect on the wire spraying process
[5, 6, 10]. The experimental conditions are sum-
marized in the experimental design matrix (Ta-
ble).

Boundary conditions for the factors were cho-
sen on the basis of analysis of previous experi-
ments and experience with electric arc spraying
of coatings by using wire materials [17—19]. In

addition to the above variable factors, there were
also the constant factors, such as the angle of
inclination of the jet to the substrate – 90°, and
the angle between the electrodes – 30°.

To investigate size and structure of the parti-
cles formed in spraying of dissimilar wires, the
particles were collected by spraying of the wires
in water. Then the particles were separated by
using a magnetic plate.

Microstructure of the particles was examined
with metallographic microscope «Neophot-32».
Particle size distribution of the spraying products
was measured by using image processing software
«Atlas».

Results of analysis of spraying products.
Figure 2 shows histograms of dependence of the
mean size of particles on the spraying parameters
determined in separate spraying of copper and
steel wires, as well as in their simultaneous spray-
ing. It follows from them that the degree of dis-
persion of sprayed copper is lower than that of
steel and pseudo-alloy. This seems to be related
to the fact that copper has the lowest surface
tension coefficient (surface tension of copper is
1.35 N/m, and that of steel is 1.85 N/m [20]).

The following regression equations were de-
rived as a result of mathematical processing of
the measurement results. They express depend-
ence of the particle size on the spraying condi-
tions:

dp
mean (Cu) = 46 — 0.31W — 0.62P + 0.004H;

dp
mean (Fe) = 73 — 0.15W — 0.96P + 0.004H;

dp
mean (Cu — Fe) = 73 — 0.74W — 1.21P + 0.01H.

Analysis of the regression equations allowed
evaluating the effect of the variable factors of
the process on the mean size of the particles for
each of the materials.

The regression equations are indicative of the
fact that it is the compressed air pressure that
exerts the highest effect on the size of the parti-

Figure 2. Dependence of mean size of particles on spraying modes: a – copper particles; b – steel particles; c –
steel—copper pseudo-alloy particles

Mathematical experimental design matrix

Mode
number

Power W, kW
Compressed air
pressure P, atm

Spraying distance
H, mm

1 9.6 7 200

2 9.6 6 60

3 4.4 7 60

4 4.4 6 200

5 3.8 7 60

6 3.8 6 200

7 1.7 7 200

8 1.7 6 60
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cles. Increasing the power and compressed air
pressure leads to decrease in particle diameters.
The minimal size of the particles was obtained
in spraying by combining the maximal values of
the power and compressed air pressure (mode 1).
Combination of the maximal values of the power
and compressed air pressure leads to formation
of particles with the maximal sizes (mode 8).

Considering the turbulent character of the jet
in electric arc spraying [13], the formed drops
of the copper and iron melts may collide while
moving in the jet, this determining the prob-
ability of development of the inter-phase inter-
action processes with phenomena of mutual mix-
ing and formation of solid solutions in the cop-
per—iron system. As seen from the copper—iron
constitutional diagram (Figure 3), iron and cop-
per have limited mutual solubility [21].

There are two ranges of possible interac-
tion – at the initial stage of melting and de-
tachment of drops from the copper and steel wire
tips, and during their flight to the substrate sur-
face.

To evaluate the possibility of interaction of
particles in the spraying jet, conditional volume
concentration β′ of the spraying material particles
in the spraying jet was calculated, and the prob-
ability of collision of the particles in the jet was
estimated [22]. Conditional volume concentra-
tion β′ is a ratio of the volume of the spraying
material to that of the fed gas (compressed air):

β′ = Vw/Vg, (4)

where Vg is the volume of the compressed air
equal to 1.2 m3/min, and Vw is the volume of
the fed wire, m3/min, equal to

Vw = π2r2vw, (5)

where r = 0.001 m is the radius of the wire, and
vw = 4.5 m/min is the wire feed speed.

As shown by calculation of β′ from formula
(4), the conditional volume concentration of par-
ticles of the spraying material melt in the jet
during metallising is 0.28⋅10—4. However, it ex-
presses the averaged distribution of the dispersed
material in the jet. The distribution of particles
of the material melt across the jet is non-uniform.
In the first approximation it can be described by
the Gaussian distribution, which is observed in
the distribution of the particles that form a coat-
ing [23, 24]:

Yi = Y0 exp — (ri
2/2δ2), (6)

where Yi is the density of the flow of particles
at point ri in the jet section; Y0 is the density of
the flow of particles at the jet axis; ri is the

current radius of the jet section, and δ is the
standard deviation.

Integration of function Yi with respect to dr
yields the total density of the flow of the dis-
persed material in the jet section:

∫ 
—∞

+∞

Yidr = Y0 √⎯⎯⎯⎯2πδ . (7)

The total density of the flow can be deter-
mined through replacing the Gauss figure by the
equidimensional rectangle with base 4rdisp
(rdisp = √⎯⎯⎯2δ  is the dispersion radius) and height

equal to the average concentration of the dis-
persed medium in the jet.

Replacing rdisp by √⎯⎯⎯2δ  yields

Y0/Yav = 4/√⎯⎯π  = 2.26. (8)

Therefore, maximal conditional concentra-
tions β′ of the particles of the material melt in
the jet during spraying observed in the near-axis
zone may amount to 0.64⋅10—4, while the actual
volume concentration of the particles of the ma-
terial melt in the jet is β′ < 0.5⋅10—4.

Calculation of the ratio of the average distance
between the particles in the gas jet to their size
allows evaluating the probability of collision of
the particles, their coagulation in the molten
state, and the resulting variation in composition
and size of the spraying material particles [23].
The ratio of distance l between the particles to
particle size dp is as follows:

l
dp

 = 
1

3√⎯⎯⎯⎯⎯⎯1.91β′  — dp

 — 1. (9)

Figure 4 shows results of the calculation of
value l/dp at a particle diameter of 140 μm de-

Figure 3. Copper—iron constitutional diagram
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pending on β′. It follows from these results that
at the concentrations of the material particles
less than 0.64⋅10—4 the processes of collision and
coagulation of the particles moving in the jet are
unlikely.

Initially, the use of this procedure for evalu-
ation of the possibility of interaction of particles
within the jet showed that the particles of steel
and copper during their flight within the jet
should not collide and interact between each

other. Nevertheless, results of magnetic separa-
tion of the entire mass of the dispersion product
in combined spraying of the copper and steel
wires indicated that practically all the particles
of the collected powder are characterised by mag-
netic properties, this evidencing the presence of
a magnetic material, i.e. iron, in each of them.
In this connection, a necessity arose for analysis
of the process of contact inter-phase interaction

Figure 4. Dependence of inter-particle distance on concen-
tration of dispersed phase

Figure 5. Types of interaction of copper and steel particles

Figure 6. Microstructure (×500) of
products of simultaneous spraying of
copper and steel wires: a—h – modes
1—8, respectively
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of particles of the copper and steel melts in case
of their collision.

Calculation of the surface energy of the melt
of sprayed steel and copper particles allows pre-
dicting the most probable type of contact inter-
action of the particles depending on their diame-
ter. Free energy F of the surface of a liquid drop
is proportional to its surface area [24]:

F = σS, (10)

where S = 4πr2 is the surface area of a spherical
particle with radius r, and σ is the coefficient of
surface tension of the liquid.

A change in the free energy of a particle after
interaction can be determined from the following
formula:

ΔF = F′ — F, (11)

where F′ = F1′ + F2′ is the energy of the particle
after interaction, and F = F1 + F2 is the energy
of the particle before interaction.

Figure 5 shows types of probable interactions
of the steel and copper particles.

In case of capture of the steel particle by the
copper one, a change in the free energy is ΔF =
= 3.6⋅10—8 J, and in case of capture of the copper
particle by the steel one this change is ΔF =
= 4.9⋅10—8 J. Results of this calculation of the
surface energy of the particles allow a conclusion
that the most probable process of interaction of
the steel and copper particles will occur in a
direction of capture of the steel drops by the
copper melt.

Analysis of microstructure of the particles
showed that during the spraying process in all
technological modes the copper and steel parti-
cles merge and form the pseudo-alloy particles.
As seen from Figure 6, the steel and copper wire
spraying products contain individual steel parti-
cles, whereas all copper particles have the form
of pseudo-alloy copper—steel particles, which are
the copper particles of the spherical and drop-like
shapes with the fine or coarse steel particles em-
bedded into them.

Based on the above evaluation of the prob-
ability of collision of particles in their flight
within the jet, it can be assumed that the pseudo-
alloy copper—steel particles form at the initial
stage of melting and detachment of the melt drops
from the wire tips.

Conclusions

1. The regression equations describing depend-
ence of the mean size of particles on the values
of the electric power, compressed air pressure
and spraying distance were derived by using

mathematical experimental design for investiga-
tion of the process of dispersion of the melts of
steel and copper wires under the electric arc
spraying conditions.

2. It was established that with the electric
power varied within 1.7—9.6 kW, compressed air
pressure – within 6—7 atm, and spraying dis-
tance – 60—200 mm, the mean size of the spray-
ing particles in case of separate spraying of the
copper wire varies within 37—54 μm, and that in
case of steel wire Sv-08A – within 54—85 μm.
In case of combined spraying of these wires under
the said conditions the formed particles have a
size of 52 to 85 μm.

3. The mean size of the particles depends pri-
marily on the pressure of compressed air – as it
increases, diameter of the particles decreases. In
case of spraying by combining the maximal values
of the power (9.6 kW) and compressed air pres-
sure (7 atm), the formed particles have a minimal
size: 37 μm in spraying of the copper wire, 54 μm
in case of spraying wire Sv-08A, and 52 μm in
their combined spraying. Combining the minimal
values of the power (1.7 kW) and compressed
air pressure (6 atm) leads to formation of parti-
cles with the maximal size: 54 μm in spraying of
the copper wire, 85 μm in spraying of steel wire
Sv-08A, and 85 μm in their combined spraying
(pseudo-alloy particles).

4. It was found that electric arc spraying of
copper by using copper and steel wires leads to
inter-phase interaction of particles of the melts,
which results in formation of a copper shell on
the surface of the steel melt particles to form
particles with a pseudo-alloy structure. Calcula-
tion-theoretical analysis of the interaction proc-
ess shows that the most probable range of this
interaction is the initial stage of the process of
dispersion of the wire melts.
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NEWS

Testing of Welded Vessels Using Internal Pressure
at Static and Low-Cycle Loadings

On the base of Test Laboratory of the E.O. Paton Electric
Welding Institute, certified by the National Body on ac-
creditation, a hydraulic complex, put into the State Register
of Ukraine, is functioning.

The complex is designed for evaluation of strength of
welded structures, operating under the pressure, in the proc-
ess of their designing, manufacture and service.

In the solution of this problem the procedures are used,
based on the fact that the integral characteristic of suitabil-
ity of any structure to service is the safety factor which is
set by a single loading up to their fracture. For structures,
operating at alternating loads, the procedures of tests en-
visage the establishment of safety factor after conductance
of cyclic loadings using value and duration specified for the
service conditions.

Studies of stress-strain state and strength of high-pres-
sure vessels are carried out at internal static and low-cycle
loading. Certification tests of vessels can be performed.
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