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ABSTRACT

The formation process of steel coatings by the supersonic
method using the AAM-10 apparatus and an experimental
sample of a metallizer with an adjustable electrode position
was studied. It was found that the main parameters that
determine the quality of the coating are the temperature and
pressure of the gas in the spray head. The effect of these
parameters on the size of dispersible particles, as well as their
velocity in the jet and the effect of the flow of atomizing gas
on the amount of oxygen in the coatings, was experimentally
established. The density and adhesion of the coatings were
obtained depending on the spraying distance and air flow.
The influence of current strength on the quality of coatings is
established. Rational spraying regimes are obtained.

Key words : supersonic speeds, atomizing gas, temperature,
pressure, flow, porosity, performance.

1. INTRODUCTION

The most effective and economical today is the technology of
supersonic (hypersonic) metallization (SM) [1,2,3,4], which
differs from traditional electrometallization (EAM) by using
a continuous energy source to heat a gas atomizing particles
melted in an electric arc of a wire. In the process of
metallization, the spraying of liquid metal formed as a result
of the thermal effect of an electric arc on the ends of two wire
electrodes is performed by a stream of combustion products of
a propane-air mixture.

In this case, the jet velocity at the exit from the nozzle reaches
1500 m / s at a temperature of 2200 K, and the high-velocity
flow head is 23.5 ¢ 104 kg / m « s2, which is three times more
than with plasma spraying. This allows the molten metal
particles to move faster than 500 m / s and form a coating that
has increased adhesion to the substrate than with EAM. This
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method forms coatings taking into account porosity from 3%
for non-ferrous metals and up to 7% for steel composite wires.
The adhesion tensile strength of the sprayed layers is more
than 45 MPa.

For applying coatings, we used the installation of the
AAM-10 model of the Academy of Sciences of the Republic of
Belarus [5,6,7] and the design of the apparatus according to
the patent of the Republic of Kazakhstan for a utility model
[8,9], the sprayed materials were wires made of steel
95X18Sh, 40X13 and 12X18H10T. To increase the adhesion
strength of the coatings to the base, an intermediate layer was
applied by spraying a wire of X20H80 alloy.

As the material of the samples used low-carbon steel Art. 3.
Before applying the coating, blasting and abrasive treatment
was carried out at a working pressure of compressed air of 0.6
MPa and a consumption of steel chipped fractions of the FSC
0.3-2.0 grade of about 1.2 kg / s. To determine the flight speed
of particles of the sprayed material, a speed meter of luminous
objects of the ISSO-1 type was used. By changing the speed of
rotation of the mirror in the device, we achieved the
parallelism of the tracks of luminous particles and the control
lines visible in the eyepiece of the device, after which the
speed value was calculated using the arrow indicator. To
measure the speed of particles in different areas of the spray
cone, a copper water-cooled screen was used, through the
longitudinal slit of which the speed of particles was recorded
with ISSO-1. This method made it possible to quickly
determine the maximum Vg, and minimum v, particle
velocities.

2. MATERIALS AND METHODS

The phase composition was studied using a DRON-3
diffractometer (monochromatized (CyK,) radiation). The
diffraction lines were recorded in the following mode:
scanning step — 0.1 °, the pulse acquisition time at the point
— 10 sec.

The porosity of the coatings was evaluated on metallographic
sections using the Autoscan software package for image
processing and analysis. Vickers microhardness was
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measured on a DuraScan 20 hardness tester with a load on
0.24N indenter.

3. RESULTS AND DISCUSSION

It is known that the temperature of the electric arc between
wire electrodes significantly accelerates the physical and
chemical processes: burnout of impurities, dissociation of
oxygen and nitrogen molecules into an atomic state, their
interaction with metal, acceleration of crystallization,
cracking and, thereby, significantly determines the quality of
the metal coating .

It has been theoretically established that an increase in the
initial temperature of the atomizing gas (Figure 1) increases
the coefficient of aerodynamic force acting on a particle of
molten metal. Moreover, with decreasing particle diameter,
the efficiency of increasing the temperature of the jet
increases sharply. An increase in the pressure of the
atomizing gas leads to a decrease in the drag coefficient C,
which is explained by an increase in the degree of cooling of
the gas when it expands in the Laval nozzle with a
corresponding decrease in the kinematic coefficient of
viscosity of the flow. Most significantly, C, decreases with an
increase in the initial pressure Py to 0.6-0.8 MPa, then it
remains almost unchanged to 2.5 MPa. An increase in
pressure in the spray head leads to an increase in the
aerodynamic force of the jet, but at P;>0.6 MPa the efficiency
of increasing the pressure before the critical section of the
nozzle decreases.
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Figure 1: The influence of atomizing gas temperature (1, 1/,
1"-290 K; 2,

2',2"- 1500 K; 3, 3', 3"- 3000 K; 4, 4', 4”- 5000 K) on
changing particle velocities with size (1, 2, 3, 4-5 um; 1, 2/,
3',4'- 100 pm and jet 1", 2", 3", 4") along the axis at P, = 0.6

MPa; R, = 3 mm.

It should be noted that in addition to the main parameters of
the spraying gas To and Py, the geometric parameters of the
metallizer spraying system, such as the radius of the nozzle at
the cut and the distance from the melting center of the wire
electrodes to the cut of the nozzle X1, have a significant effect
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on the maximum particle velocity. An increase in the radius
of the nozzle R, increases the maximum velocity of the
particles by lengthening their acceleration section (Figure 2).
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Figure 2: The dependence of the maximum particle velocity

of size: 1-5 um; 2-10 pum; 3-40 pm; 4-200 pm and spray gas

flow (5) from the radius of the nozzle at Ty = 3000 K and Py=
1.0 MPa

Experimental studies of the effect of the degree of heating of
the spraying gas on the average particle size of the dispersible
metal showed that with a decrease in Ty to 2300-2500 K, it
decreases, reaching 10-15 pum (the size range of each fraction
was assumed to be 5 pm). A further increase in TO leads to an
increase in the fraction of particles of fine fractions, however,
the fraction of 10-15 wm remains at its maximum all the time,
determining the average particle size. The analysis showed
that it is advisable to limit the heating temperature of the
spraying gas to 2300-2500 K, since its further increase does
not significantly affect the average size, weight average
velocities, and particle temperature. Experimental studies of
the effect of the degree of heating of the spraying gas on the
average particle size of the dispersible metal showed that with
adecrease in TO to 2300-2500 K, it decreases, reaching 10-15
um (the size range of each fraction was assumed to be 5 pm).
A further increase in TO leads to an increase in the fraction of
particles of fine fractions, however, the fraction of 10-15 pm
remains at its maximum all the time, determining the average
particle size. The analysis showed that it is advisable to limit
the heating temperature of the spraying gas to 2300-2500 K,
since its further increase does not significantly affect the
average size, weight average velocities, and particle
temperature.

Thus, it was found that the supersonic process of electric arc
metallization by heating the spraying gas allows to increase
the flight speed of particles smaller than 40 pm, practically
without affecting the speed of larger particles. In this case,
with a decrease in particle size, the degree of increase in their
velocity increases with increasing temperature of the
atomizing gas. For particles with a diameter of less than 40
pum, the main increase in speed (80-90% of the maximum)
occurs in the initial section of the jet, the length of which for
the studied range of temperature (up to 5000 K) and pressure
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(up to 2.5 MPa) spraying air is 25-50 mm (with a nozzle
diameter at a cut of 6 mm). The maximum flight speeds of
such particles are achieved at distances of 40-60 mm from the
melting center of the wire electrodes.

It is advisable to limit the temperature of the preliminary
heating of the spray gas to 2300-2500 K, and the pressure to
0.6-0.8 MPa, since a further increase in these parameters does
not significantly affect the average speed, size, and
temperature of the particles.

The composition of the spraying propane-air torch of the
supersonic metallization apparatus was chosen as follows:
mode 1 — excess propane with a volume ratio of air and
propane $=17-20 mode 2 — excess air }=26-28 mode 3 —
clean air (traditional electric arc metallization scheme).
Since the main amount of oxides is formed as a result of the
contact of molten particles with air, the effect of spray air flow
on the amount of oxygen in coatings obtained by traditional
metallization was studied (mode 3). It was found that the
oxygen content in electrometallization coatings is 2.6-4.2%
depending on the flow of compressed air, and the maximum
concentration of 4.2% is achieved at a flow rate of about
1.4-1.6 m3 / min (Figure 3). A further increase in spray air
flow does not lead to a noticeable increase in oxygen
concentration.
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Figure 3: The effect of the flow rate of spraying air in the jet
on the amount oxygen in coatings obtained under various
conditions

The smallest amount of oxygen (1.3-2.3%) is recorded in
coatings sprayed with an excess amount of propane in the
mixture (mode 1). The increase in air in the combustible
mixture to an almost limit value (B=28) increases the oxygen
content, however, the degree of oxidation of the coatings
remains lower than with traditional metallization.

The study of the density and adhesion of the sprayed coatings
showed that the porosity increases sharply, and the adhesion
strength decreases with an increase in the spraying distance
over 200 um (Figures 4.5). This is especially evident when the
minimum allowable flow rates of compressed air are 1-1.5 m3
/ min., And with an increase in air flow rates to maximum
values, the porosity decreases monotonically. The minimum
flow rate is determined by the stability of combustion of the
combustible mixture, the maximum is determined by the flow
rate of combustible gas (propane) from the cylinder.
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Figure 4: Dependence of the porosity of steel coatings on flow
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Figure 5: Effect of air flow and spraying distance on the
adhesion strength of steel coatings to the base

A further increase in consumption will ensure an increase in
the quality of the coating, however, this will require
complication of the technological scheme of the process to
ensure the necessary consumption of propane, for example,
propane supply from the ramp. In most cases, such a rise in
price of the process is impractical.

With an increase in the spraying distance over 200 mm, the
speed and heat content of the droplets decrease. When
impacted for this reason, the conditions for the spreading of
the liquid metal drop over the surface are worsened. This
leads to an increase in the porosity of the coating. Small
distances, L = 100-150 mm, it is technologically difficult to
provide in corners and on surface ledges.

Thus, the studies showed that the most dense coatings with an
acceptable amount of oxides during hypersonic metallization
of alloyed steels are formed when using a propane-air mixture
with an excess of propane p=18-20, air consumption in the
mixture Q = 1.75-2 m3/ min, spraying distance L = 150 -170
mm.
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Figure 6: Dependence of the porosity of steel coatings on
spraying distance

Figure 6 shows the dependences of the porosity of the coatings
obtained by the supersonic metallization method on the
spraying distance at various speeds of the metallizer relative
to the sprayed surface. The porosity of the coatings obtained at
a minimum velocity of the metallizer, i.e. when coating in one
pass, while reducing the spraying distance, it first decreases
and then grows up to the values characteristic of coatings
obtained by the traditional electrometallization method.

An increase in the speed of movement of the metallizer leads
to a noticeable decrease in the porosity of the coatings
obtained by supersonic metallization at short distances L, =
80-100 mm.

In the process of determining the rational electrical
parameters of the process, it was found that the magnitude of
the operating current at a voltage of 26-30 V is directly
proportional to the productivity of the deposition process of
steel coatings (table 1).

Table 1: The influence of the operating current of the arc on
the performance of the process of spraying steel wires

Amperage, Spraying capacity (kg / h) of steel
A wires of various diameters
1,6 mm 2.0 mm
60 15 15
100 3.00 4,5
150 4.00 6,5
200 5.00 8,0
250 6.00 10,0
300 7.00 14,0
350 8.00 15,0
400 9.00 16,0
450 10.00 18,0

The research results obtained during the application of steel
coatings by traditional electric arc metallization show [12]
that the voltage in the arc of the metallizer must be set
depending on the requirements for the coating. If the steel
wear-resistant coating works at specific loads not exceeding
10 MPa, then spraying should be carried out at the lowest
possible voltage. In this case, the utilization of metal during
spraying will be the highest. When forming steel coatings
operating under severe conditions, it is recommended to apply
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the application at increased voltage to increase adhesion. The
experiments showed that this is also true for the process of
supersonic metallization.

The study of the influence of the operating arc current on the
porosity of the coatings showed (Table 2) that, at high values
of the arc current (250-450 A), increasing the speed of the
Vmy metallizer relative to the restored part significantly
reduces the layer porosity, and when spraying at low current
(60-100 A) Vy practically does not affect this value.

Table 2: The influence of arc amperage on the porosity of
coatings

Amperage The porosity of the coatings (%) at
A different speeds of the metallizer (m/s)
0,04 0,2 0,6
60 18 15 13
100 2,0 1,7 1,4
150 2,7 18 1,4
200 3,0 2,1 15
250 3,5 2,3 1,6
300 4,1 2,6 1,6
350 4,5 2,9 1,7
400 52 33 18
450 5,6 3,5 18

5. CONCLUSION

An analysis of the experimental results allowed us to
determine the following rational modes of deposition of steel
coatings on parts of the “shaft” type by the method of
supersonic metallization:

-for shafts with a diameter of 60 to 100 mm and a spray wire
diameter of 1.6 mm, arc voltage 26 V, arc current 350 A, part
speed 65-70 rpm .; for the diameter of the sprayed wires 2 mm
- arc voltage 30 V, arc current 250 A, part speed 70-75 rpm .;
-for shafts with a diameter of 100 to 200 mm and a diameter of
spray wires of 1.6 mm - arc voltage 28-30V, arc current 350
A, part speed 75-90 rpm .; for the diameter of the sprayed
wires 2 mm - arc voltage 30-32 V, arc current 350 A, part
rotation speed 90-110 rpm .;

- for shafts with a diameter of 200 to 300 mm and a spray wire
diameter of 1.6 mm - arc voltage 30-32 V, arc current 350 A,
part rotation speed 90-110 rpm .; for the diameter of the
sprayed wires 2 mm - arc voltage 34 V, arc current 350 A, part
speed 110-120 rpm.

Thus, it is shown that the heating temperature of the spraying
gas in the combustion chamber of the gas turbine unit should
be limited to 2300-2500 K, and the pressure to 0.6 ... 0.8 MPa.
It was found that the amount of oxygen is 1.5-2.0 times less
than with the traditional electrometallization method.

The electrical parameters of the gas turbine unit process and
the speed of the metallizer are determined, which provide
high-quality coatings when spraying alloy steel wires.

The most dense coatings with an acceptable amount of oxides
in the process of gas turbine unit alloy steels are formed when
using a propane-air mixture with an excess of propane
(B=18-20), air consumption in the mixture Q = 1.75-2m3 /
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min., Spraying distance L = 150-170 mm. Moreover, the
quality of such coatings is commensurate with the results
obtained by the authors during chemical-thermal and
microplasma treatment.
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