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To determine the range of operating voltages of the plasmatron MP-04 of installation MPN-004 for microplasma spray-
ing, a family of volt-ampere characteristics was plotted, each of which was measured at the constant composition and 
consumption of the working gas, length of the arc open section and the design dimensions of the plasmatron. The heat 
flux was determined by the continuous-flow calorimetry method. It allowed under the conditions of microplasma wire 
spraying to determine the thermal efficiency of the plasmatron, the average-mass initial enthalpy and the plasma jet 
temperature depending on the plasmatron operation mode: arc current and plasma-forming gas consumption. 12 Ref., 
7 Figures.
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As to the type of spraying materials, the technology of 
thermal spraying (TS) of coatings is divided into pow-
der and wire spraying [1]. The technology of powder 
TS is distinguished by the variety of types and compo-
sitions of spraying materials and possibility of using 
powders with different granulometric composition. 
However, it has a number of drawbacks associated 
with the difficulty in providing the accurate and stable 
supply of powders into the spraying gas jet, as well as 
the need in using special powder batchers: complex 
and expensive devices.

The difference in the size of particles, inherent to 
all the powders for TS, creates a problem of their non-
uniform heating, which influences the quality of coat-
ings. In case of wire TS, by controlling the supply of 
spraying material (wire), its accurate and stable intro-
duction into the atomizing gas jet and the guaranteed 
formation of flow of wire spraying molten products 
are provided. The disadvantage of this process is that 
the composition of the spraying material is limited by 
ductile metals. However, recently, the expansion of 
application of flux-cored wires alleviates this draw-
back to a certain degree.

In practice, the wire TS is represented by the pro-
cesses of electric arc metallization, gas flame wire 
spraying and, in a slightly smaller volume, by plasma 
TS with the use of «neutral wire» and «wire–anode» 
spraying systems [2].

The technology of microplasma spraying of coat-
ings (MPS), developed at the E.O. Paton Electric 

Welding Institute, used the technology of powder 
spraying at the first stage. For its realization, a design 
of a plasmatron was made, characterized by a remote 
anode and presence of a channel for shielding gas 
supply, protecting plasma jet [3].

The formation of plasma jet, distribution of tem-
perature values and velocities in its volume, is deter-
mined both by the plasmatron operation parameters, 
as well as by its design. In this connection, when 
creating a new design of a plasmatron, the necessary 
stage in the development of a spraying technology 
with its use is the determination of its main character-
istics and the limiting levels of temperatures and ve-
locities of plasma jet. This evaluation is necessary to 
determine the capabilities of the plasmatron for heat-
ing and melting the particles of the spraying material.

When developing the technology of microplasma 
spraying of coatings using a neutral wire, it was nec-
essary to study the characteristics of the microplas-
matron and the microplasma jet, generated by it in the 
conditions of spraying with wire materials.

The aim of the experiment is to investigate the 
thermal efficiency of the plasmatron operation η 
and to determine the average-mass initial enthalpy 
and temperature of the plasma jet depending on the 
plasmatron operation modes: arc current Ia and plas-
ma-forming gas consumption Qp.g.

Procedure for determining characteristics of 
microplasmatron for conditions of MPS. Plasma-
tron is the converter of electrical energy into heat one. 
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Therefore, on the one hand, the arc of the plasma jet 
as an element of electrical circuit is characterized by 
electrical parameters (current, voltage), and on the 
other hand, as a source of heat, it is characterized by 
thermal parameters (temperature, heat content). There 
is a complex relationship between the parameters of 
the first and the second group.

Enthalpy (∆H) is the amount of heat contained in a 
unit of volume or mass of the jet, is an important ther-
mal parameter of the plasma jet. The effect of con-
sumption and composition of working gas on the arc 
voltage is graphically illustrated by the volt-ampere 
characteristics of plasmatrons (VAC), representing 
the dependence between the voltage and arc current 
at the other equal conditions (arc length, plasmatron 
parameters, external conditions). In the region of low 
currents, the VACs of plasmatrons are falling, and 
with the current growth they pass into independent 
and rising ones. With an unchanged gas composition, 
the intensity of all sections of the plasma arc column 
increases with increasing the degree of its compres-
sion. The degree of the arc column constriction is 
growing (to a certain extent) with a decrease in the 
forming nozzle diameter and an increase in the con-
sumption of working gas. As investigations show, the 
gas main mass passes through the peripheral regions 
of the column and, as the consumption increases, it 
chills and constricts the column ever more intensive-
ly. The more intensively the arc is constricted, the 
lower the value of the current, at which VAC transfers 
into rising one. Thus, the plasma arc voltage depends 
on the design dimensions of the plasmatron, on the arc 
current, composition and consumption of the working 
gas [4–6].

To determine the range of operating voltages of 
the plasmatron, the VAC family is plotted, each of 
which is taken at change in the consumption of the 
plasma-forming gas Qp.g and unchanged design di-
mensions of the plasmatron.

For experiments, the plasmatron MP-04, designed 
by the E.O. Paton Electric Welding Institute, was used. 
The measurements were carried out with a channel di-
ameter of the plasma-forming nozzle of 1.0 mm and 
an electrode diameter of 1.5 mm. The distance from 
the electrode end to the nozzle edge was 1.0 mm, the 
distance from the nozzle edge to anode was 1.5 mm. 
As a plasma-forming and shielding gas, argon was 
used. The plasma-forming gas consumption changed 
within the limits of 100–300 l/h. The shielding gas 
consumption in all the experiments was maintained 
at 400 l / h.

The losses for heating of the plasmatron parts 
were evaluated according to the methods described in 
works [7, 8], according to the value of the heat flux Qf, 

(J) taken by the water-cooled surfaces of the plasma-
tron (copper anode, cathode unit and plasma-forming 
nozzle).

	 Qf = crQwΔТ,	 (1)

where c is the heat capacity of water, J/(g∙K); ρ is 
the density of water, g/cm3; Qw – water consumption, 
cm3/s; ∆Т is the difference of water temperature at the 
inlet and outlet from the calorimeter, °С.

The water consumption through the calorimeter 
(sections of the calorimeter) was measured by rota-
meters RS-5, the difference in temperatures ∆T was 
measured by mercury thermometers with a division 
value of 0.1 °C.

The heat flux was determined by the method of 
continuous-flow calorimetry in the experimental in-
stallation, the scheme of which is shown in Figure 1.

The thermal efficiency of the plasmatron was cal-
culated from the ratio:

	
1 ,h

a

P
P

η = −
	

(2)

where Pa is the arc power, determined as the product 
of Ia, Ua, W; Ph is the heat flux power consumed for 
heating the water-cooled surfaces of the plasmatron 
(copper anode, cathode unit and plasma-forming noz-
zle), which is determined by the value Qf and the heat 
losses for radiation Prad; Ph = Qf + Prad.

Assuming that the plasma is optically thin (trans-
parent for its own radiation), the losses on radiation 
(taking into account that during operation of the plas-
matron MP-04 the arc is burning outside the plasma-
tron body, i.e. between the remote anode and the cath-
ode tip) can be estimated from the formula:

	

2
( ),4rad
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(3)

where d is the arc column diameter; l is the open arc 
section length; (pd2/4)l is the plasma volume; ψ is the 

Figure 1. Scheme of experiment for determination of the plas-
matron operation efficiency: 1 — thermometer, measuring tem-
perature of water at the inlet to the plasmatron; 2 — thermometer, 
measuring temperature of water at the outlet from the plasmatron; 
3 — cathode; 4 — plasma-forming nozzle; 5 — anode
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volume plasma losses for radiation, W/m3; T is the av-
erage mass temperature of the plasma, K.

The enthalpy ∆H (J/l) of the plasma jet was deter-
mined from the ratio:

	
,a

pg

P
H Q

η
D =

	
(4)

where Qp.g is the consumption of the plasma-forming 
gas, l/h; η is the thermal efficiency of the plasmatron; 
Pa is the arc power, J/h.

The jet temperature was determined from the Ta-
bles of its relationship with the enthalpy in work [9].

Measurement of VAC of microplasmatron MP-
04 during wire spraying. VAC of the plasmatron 
demonstrates the relation between the voltage of plas-
ma arc and current. VAC allows establishing the range 
of stable operation of the power source during change 
in the operation modes of the plasmatron.

The voltage of the plasma arc depends on the de-
sign dimensions of the plasmatron (nozzle diameter, 
nozzle length), arc current, composition and con-
sumption of the working gas and on the value of inte-
relectrode gap.

The main thermal characteristics of the plasmatron 
are the thermal efficiency of its operation ηt.o, enthal-
py ∆H and the temperature of plasma jet.

A calculated evaluation of the influence of parame-
ters of the plasmatron operation mode on the enthalpy 
of plasma jet was carried out using the expression (4). 
With the increase in the arc power Pa, the temperature 
and the enthalpy ∆H of plasma jet increase. The effect 
of the consumption of plasma-forming gas Qp.g is op-
posite. The arc power is in its turn determined by two 
parameters: current and voltage.

To determine the range of operating voltages of the 
plasmatron MP-04, a family of VAC was plotted, each 
of which was taken at the unchanged composition and 
consumption of the working gas, length of the arc 
open section and constant design dimensions of the 
plasmatron (Figure 2).

The processing of the experiment results shows that 
VACs of the plasmatron MP-04 are rising and have a 
linear form. It is known that in most cases the rising 
VACs are more energetically advantageous, because 
during the use of power sources they do not require 
introduction of additional ballast resistance to the cir-
cuit, the voltage drop at which can reach 50 % [10]. 
Thus, the rising VACs of the microplasmatron MP-04 
allow using the power sources with both steep-falling 
external VAC, as well as with rigid external VAC for 
operation with it [11].

It was established that at a constant «cathode–an-
ode» distance and constant composition of the gas, 
the voltage increases linearly with increase in current 
and consumption of plasma-forming gas (Figures 2 
and 3), at the same time, the power of plasmatron in-
creases.

The growth in voltage at the increase in working 
gas consumption can be explained by the increase 
in the degree of the arc column constriction. During 
blowing of arc discharge at its boundary due to intense 
heat exchange between the gas and the arc column, 
the deionization process takes place, which leads to 
reduction in the discharge diameter and growth in 
the electric field intensity in it. The more intensively 
the arc is constricted, the lower value of current is re-
quired for the VAC to go into rising one.

It is seen from the VAC (Figures 2 and 3) that 
for operating values of current and consumption of 
plasma-forming gas, the voltage is in the range of 
25–50 V. Using the dependence given in work [12], 
one can assume that the power source for the arc ex-
citing and stable operation of the plasmatron MP-04 
at the modes providing spraying of wire materials, 
should be capable for smooth regulation of current in 
the range of 20–80 A and the open-circuit voltage of 
not less than 60 V.

The investigations of thermal efficiency of micro-
plasmatron showed that a change in current from 15 to 

Figure 2. VAC of the plasmatron MP-04 (nozzle diameter is 
1 mm, plasma-forming gas is argon, consumption of plasma-form-
ing gas, l/h: 1 — 100; 2 — 150; 3 — 200; 4 — 250; 5 — 300

Figure 3. Variation in voltage of the plasmatron MP-04 depend-
ing on the consumption of plasma-forming gas at different values 
of current, A: 1 — 10; 2 — 20; 3 — 30; 4 — 40; 5 — 50; 6 — 60
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60 A in the entire consumption range of plasma-form-
ing gas of 100–300 l/h almost does not result in its 
change (Figure 4). It was established, that thermal ef-
ficiency of the plasmatron grows with the increase in 
the consumption of plasma-forming gas in the range 
of 100–200 l/h, and in the range of consumption of 
200–300 l/h, the efficiency growth is not observed. 
This is explained by the balance beginning between 
the energy, which is taken by the plasma-forming gas 
and cooling system of the plasmatron, as well as by 
the beginning of critical conditions, at which the arc 
constriction is maximum and the losses to the nozzle 
walls remain at the same level. The maximum effi-
ciency of the microplasmatron MP-04 reaches 75 %, 
which exceeds the result obtained in the conditions of 
powder MPS [12].

The carried out investigations showed that the effi-
ciency of the plasmatron MP-04 is almost not changed 
with a change in the current at the gas consumption, 
exceeding 100 l/h (Figure 5).

Determination of enthalpy and temperature of 
argon plasma jet in microplasma wire spraying. 
During microplasma wire spraying, for improvement 
of the wire melting conditions and dispersion of the 
molten metal drop, formed at the end of the neutral 

wire and formation of a jet, containing the particles 
of the spraying material, an increased gas consump-
tion at a low plasma arc current is used. Therefore, the 
enthalpy of the plasma jet is much lower than that in 
microplasma powder spraying. In Figure 6 it is seen 
that with the increase in gas consumption at a less in-
tensive increase in the jet power, the values of the en-
thalpy and temperature of the plasma jet are reduced.

The carried out calculation of plasma parameters 
allowed determining the temperature of microplasma 
jet from the data of argon temperature dependence on 
the enthalpy [9]. The maximum temperature of the jet 
is 17700 K at the minimum gas consumption (100 l/h) 
and the maximum current (60 A), and the minimum 
temperature is 5000 K at the maximum gas consump-
tion (300 l/h) and the minimum current (15 A) (Fig-
ure 6).

At a fixed voltage, the arc power can be controlled 
by the more flexible parameter: arc current. The jet 
enthalpy increases linearly at all the gas consump-
tions with increase in current and hence, in arc power 
(Figure 7).

Since the voltage is mainly determined by the de-
sign of the plasmatron and the composition of plas-
ma-forming gas, the selection of its operating mode 
during spraying process consists in establishing the 

Figure 4. Variation in thermal efficiency of the plasmatron MP-
04, depending on the consumption of plasma-forming gas at dif-
ferent values of current A: 1 — 15; 2 — 30; 3 — 45; 4 — 60

Figure 5. Variation in thermal efficiency of the plasmatron MP-
04 as a function of current at different values of consumption of 
plasma-forming gas, l/h: 1 — 100; 2 — 150; 3 — 200; 4 — 250; 
5 — 300

Figure 6. Variation in enthalpy depending on gas consumption for 
different values of current A: 1 — 15; 2 — 30; 3 — 45; 4 — 60

Figure 7. Variation in enthalpy depending on current for different 
values of consumption of plasma-forming gas, l/h: 1 — 100; 2 — 
150; 3 — 200; 4 — 250; 5 — 300
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optimal combination of current and consumption of 
the plasma-forming gas. The lower and the upper lev-
el of consumption of the plasma-forming gas is con-
nected with the operating conditions of the microplas-
matron (thermal load at the nozzle walls, anode life, 
process stability).

Conclusions

As a result of measuring the electrical and thermal 
characteristics of a turbulent microplasma argon jet 
during spraying the neutral wire, it was established 
that under these conditions the VAC of a microplas-
matron with a remote anode increases linearly in the 
range of currents of 10–60 A for the consumption of 
plasma-forming gas of 100–300 l/h, and the efficiency 
of the microplasmatron is almost independent of the 
current value and increases from 48 to 73 % with an 
increase in the plasma-forming gas consumption from 
100 to 200 l/h. A further increase in the consumption 
of the plasma-forming gas to 300 l/h does not lead to 
a change in the efficiency. The calculated value of the 
plasma jet enthalpy under these conditions reaches 
40 kJ/l, which is equivalent to the argon jet tempera-
ture of 17700 K.

1.	Yushchenko, K.A., Borisov, Yu.S., Kuznetsov, V.D., Korzh, 
V.M. (2007) Surface engineering. Kiev, Naukova Dumka [in 
Russian].

2.	Bobrov, G.V., Iliin, A.A. (2004) Deposition of inorganic coat-
ings. Moscow, Intermet Engineering [in Russian].

3.	Borisov, Yu.S., Vojnarovich, S.G., Fomakin, O.O., Yushchen-
ko, K.A. (2002) Plasmatron for spraying of coatings. Pat. 
2002076032, Ukraine, Int. Cl. B23K10/00 [in Ukrainian].

4.	Zhukov, M.F., Smolyakov, V.Ya., Uryukov, B.A. (1973) Elec-
tric arc heaters of gas (plasmatrons). Moscow, Nauka [in 
Russian].

5.	Korotaev, A.S., Kostylyov, A.M., Koba, V.V. et al. (1969) 
Generators of low-temperature plasma. Moscow, Nauka [in 
Russian].

6.	Donskoj, A.V., Klubnikin, V.S. (1979) Electroplasma pro-
cesses and systems in mechanical engineering. Leningrad, 
Mashinostroenie [in Russian].

7.	Paton, B.E., Gvozdetsky, V.S., Dudko, D.A. et al. (1979) Mi-
croplasma welding. Kiev, Naukova Dumka [in Russian].

8.	Gladky, P.V. (1999) Thermal characteristics of arc of surfac-
ing plasmatrons. Avtomatich. Svarka, 6, 13–15 [in Russian].

9.	Engelsht, V.S., Gurovich, V.Ts., Desyatkov, G.A. et al. (1990) 
Theory of electric arc column. Low-temperature plasma. Vol. 
1. Novosibirsk, Nauka. [in Russian].

10.	Korotaev, A.S. (1980) Electric arc plasmatrons. Moscow, 
Mashinostroenie [in Russian].

11.	Borisov, Yu.S., Kharlamov, Yu.A., Sidorenko, L.A., Arda-
tovskaya, E.N. (1987) Thermal coatings from powder mate-
rials. Kiev, Naukova Dumka [in Russian].

12.	Borisov, Y.S., Sviridova, I., Voynarovich, S. et al. (2002) In-
vestigation of the microplasma spraying processes. In: Proc. 
of ITSC, Essen, 335–338.

Received 10.07.2018


