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The paper presents an investigation of a unit of annular injection of powder materials into a thermal
plasma flow. The unit is designed for the electric-arc direct-current plasma torch with a sectioned inter-
electrode insert up to 100 kW, which was developed earlier. Energy characteristics (thermal efficiency
and thermal power of the plasma jet) and spectra of plasma torch current and voltage fluctuations are
described. The characteristics of the radial temperature distribution in the plasma jet in the annular and
point powder injection cases are compared. A multi-channel spectrometer with a photo-diode array was
implemented for the measurements. It is shown that, in contrast to point injection of powder particles,
which is carried out across the jet on the nozzle exit, distributed annular injection with gas-dynamic
focusing provides a dense axisymmetric heterogeneous flow, in which almost all particles pass through a
high-temperature and high-speed area near the plasma jet axis.
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with an inter-electrode insert (IEI), refractory
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1. Introduction

By now, the conventional technique of injection of a
processed powder material into a thermal plasma jet gen-
erated by a commercial plasma torch is the point transverse
injection (usually at an angle of 90� to the plasma jet axis)
through a tube flux duct at the nozzle exit or through an
orifice in the nozzle (Ref 1-4). This kind of powder injec-
tion significantly disturbs the carrier flow, which enhances
the interaction between the plasma jet and the ambient
medium, thus, resulting in fast dissipation of energy in the
high-temperature area of the jet and in distortion of the
radial temperature profile. Because of the resultant non-
uniformity of temperature and velocity fields in the plasma
jet, the particles in the jet cross sections may have appre-
ciably different thermal and kinetic energy and even may
be in different aggregate states. For this reason, the quality
of coatings obtained by the plasma spraying method is
appreciably deteriorated. Moreover, local point injection
has a very low efficiency of plasma jet energy utilization.
Normally, it does not exceed 6% (Ref 5).

The efforts to develop a plasma torch with axial
injection of particles through a cathode hole failed be-
cause the powder material itself and its vapors affect the
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arc discharge characteristics and its stability in this case.
Deposition of the processed powder on the walls of the
plasma torch discharge channel is also a serious obstacle
for implementation of this method (Ref 6).

In our opinion, a specially developed unit of annular
injection of the powder to be processed shows good
prospects for generating an axisymmetric high-tempera-
ture heterogeneous flow. In this case, the radially con-
verging axisymmetric flow of particles immediately behind
the anode arc spot of the arc discharge can significantly
increase the efficiency of plasma jet interaction with the
powder, which will improve the quality and rate of
material processing. As was shown by theoretical calcu-
lations (Ref 7), the annular injection unit allows the effi-
ciency of particle heating and the maximum processing
rate to be increased by more than one order of magnitude,
as compared with point injection.

Pioneering studies of distributed injection units,
wherein powders are injected into the plasma jet through
an annular slot, appeared more than 20 years ago. For
example, Yermakov et al. (Ref 8) presented an original
device model, which contains, in addition to the annular
slot for powder injection, an extra annular slot for a
focusing gas. However, despite of this fact, we do not
know any examples of extensive use of such devices or any
standard plasma setups equipped with plasma torches with
annular powder injection units. Possible reasons are dif-
ficulties with ensuring a stable uniform distribution of the
powder over the annular slot, slot plugging with
the powder and anode erosion products, or generation of
the high-temperature plasma jet with a small opening angle.

The prospects of distributed powder injection through
an annular slot and the above-mentioned challenges
stimulated the development of an original unit of annular
injection and present investigations.

In addition to the technique of powder injection into
the plasma jet, arc stabilization in the plasma torch
channel also plays an important role in plasma spraying
technologies (Ref 9).

Baudry et al. (Ref 10) simulated the arc behavior
dynamics in a channel typical for plasma torches with a
self-establishing arc length. Fluctuations of the arc length
in the anode channel resulting from large- and small-scale
shunting were demonstrated to make appreciable contri-
butions to velocity (up to 50%) and temperature (up to
20%) oscillations of the plasma jet at the nozzle exit.

Bisson et al. (Ref 11) studied the influence of voltage
fluctuations induced by large- and small-scale shunting of
the arc on the parameters (velocity, temperature, and
trajectory) of Al2O3 and zirconium dioxide single particles
stabilized by yttrium dioxide. A plasmatorch with vortex
stabilization of the arc was applied. The presence of strong
(>20% of the total power) fluctuations within the range
of 5-20 kHz and the governing effect of these fluctuations
on the particles parameters were observed. Strong har-
monics in this spectral range are caused by a high ratio of
the typical value of the arc length fluctuation to its average
length (1-3 calibers), which is typical for this kind of
plasma torches (one caliber is equal to the plasma torch
channel diameter).

Nogues et al. (Ref 12) performed a similar analysis of
the effect of arc voltage fluctuations in various plasma
torches (PTF4, 3MB GE, 3MB G, and Sulzer Metco) with
a self-establishing arc length on the thickness of a cold
boundary layer in the channel and on the powder velocity
and temperature. A series of experiments performed for
all types of plasma torches validated the results obtained
in Ref 11. Nogues et al. confirmed that the fluctuations of
particle velocities and temperatures are related to the
thickness of the cold boundary layer in the plasma torch
channel, which mainly depends on the arc current and, to
a smaller degree, on the plasma-forming gas flow rate.

The purpose of this work is to study the mechanisms of
controlling high-temperature heterogeneous flow forma-
tion, aimed at improving the effectiveness of the thermal
action on powder materials in the thermal plasma jet
during plasma spraying. A unit of annular powder injec-
tion was developed; it was combined with a d.c. IEI-
plasmatorch (Ref 13, 14). Voltage fluctuations induced by
arc motion along the channel over the anode are low in
this kind of the plasma torch, which is typical for all
regimes of its operation.

2. Experimental Investigations

2.1 Annular Injection of the Powder Material

In spite of the fact that the results of Yermakov et al.
(Ref 8) were used for the annular injection unit develop-
ment, our device is based on a novel principle of the
uniform powder distribution over the annular slot perim-
eter. The unit is schematically depicted in Fig. 1. The
focusing gas provides the formation of a denser axisym-
metric heterogeneous flow.

The heterogeneous flow was visualized by the laser
sheet technique (Fig. 2). The laser sheet is a flat beam of
radiation 40 mm high, with the thickness corresponding to
the Gaussian waist width of ~150 lm. The laser sheet
crosses the axisymmetric flow of Al2O3 particles, which
goes down from the injection unit, over the jet diameter.

The photo of the jet flow in Fig. 3 was produced by the
above-mentioned method. It illustrates rigorous focusing
of the powder particle trajectories and formation of a
dense axisymmetric two-phase flow during cold blowing of
the plasma forming, carrier, and focusing gases.

Fig. 1 Layout of the annular unit for powder injection

160—Volume 21(1) January 2012 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



2.2 Design of the d.c. Plasma Torch with the IEI

The plasma torch design is based on a linear model and
has an inter-electrode insert (IEI), which provides a much
higher working voltage, good axial symmetry of the plas-
ma jet, and minimum fluctuations of the plasma torch
parameters as compared with plasma torches having a self-
establishing arc length (Ref 14). The IEI-plasma torch is
schematically shown in Fig. 4.

The gas-discharge chamber of the plasma torch is a
channel expanding from the cathode to the anode; it
consists of a series of IEI parts, which are insulated from
each other and from the electrodes. The IEI enables not
only to fix the arc discharge length in the plasma torch
channel, but also to vary the arc length and, hence, the
working voltage by varying a number of IEI parts (Ref
14). The electrodes in the plasma torch are a thermo-
chemical cathode (a copper cartridge with a press-fit haf-
nium insert 2 mm in diameter) and a cylindrical copper
anode. All heat-stressed units of the plasma torch are
cooled by flowing water.

Either any technically pure gases or air can be used as a
plasma-forming, shielding, carrier, and focusing gas. The
plasma gas is supplied into the plasma torch channel
tangentially from the cathode side with the aid of a vortex
ring. The shielding gas is also injected tangentially through
the vortex ring into the gap between the last IEI part and
anode.

2.3 Energy Characteristics of the Plasma Torch,
Operation Modes

Figure 5 shows the volt-ampere characteristics, thermal
efficiency, and thermal power of the plasma jet in the
plasma torch up to 100 kW (8 IEI parts). The plasma-
forming gas was air, and methane was used as the
shielding gas.

It should be noted that injection of the shielding gas
(methane) practically does not affect the shape of the
curves presented in Fig. 5.

The thermal power of the plasma jet was found as the
difference between the electric power on the plasma torch
arc and the power of heat losses into the plasma torch
units (electrodes, nozzle, and channel) as

Qth ¼ U � I �Ql;

where U is the plasma torch arc voltage, I is the intensity
of the plasma torch arc current, and Ql is the power of
heat losses in the plasma torch.

The power of heat losses was determined via calorim-
etry of heat fluxes into the plasma torch units. For this
purpose, the water flow rate and its input/output temper-
ature were measured. The heat losses in the plasma torch
units were determined by the formula

Ql ¼ Gw � Cpw � DTw;

where Gw is the water flow rate, Cpw is the water heat
capacity, and DTw is the difference between the input and
output temperatures of water.

The thermal efficiency of the plasma torch was deter-
mined as the ratio of the thermal power of the plasma jet to
the electric power of the plasma torch arc by the formula

gth ¼
Qth

U � I :

The plasma torch is designed to operate in both turbulent
and laminar modes (Fig. 6), which permits increasing the
plasma jet velocity during metal powder spraying and the

Fig. 3 Laser sheet visualization of the heterogeneous flow
during cold blowing

Fig. 4 General layout of the IEI-plasma torch

Fig. 2 Visualization of the heterogeneous jet with sprayed
particles during cold blowing: 1—laser, 2—collimator, 3—cylin-
drical lens, 4—plasma torch
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particle residence time in the plasma flow during ceramic
powder spraying to the maximum possible extent.

2.4 Spectrum of Current and Voltage Fluctuations
in the Plasma Torch

Temporal realizations (up to ~13 ms) were registered
by a two-channel high-speed ADC to study the spectral
characteristics of the voltage and current fluctuations in the
working IEI-plasma torch with a rated power of 100 kW.

The time of analog input signals discretization was 400 ns.
The signals were recorded within the range of working
current variation from 160-200 to 240-300 A with fixed
standard flow rates of various plasma gases (air, argon,
nitrogen, and carbon dioxide) and with different gas (argon
or methane) flow rates for anode protection. The spectra of
the current and voltage fluctuations were obtained using
the Fast Fourier Transform of the recorded signals.

Figure 7 shows the spectra of the current and voltage
fluctuations, and the voltage oscillogram in the time

Fig. 5 Volt-ampere characteristics (a), efficiency (b) and thermal power of the plasma jet (c) in the plasma torch (with the IEI, power
70-100 kW, pilot model). The plasma-forming gas is air, the gas for anode protection is methane (9.1 L/min): the data are given for air
with the flow rate of 69.2 L/min (circles), 92.3 L/min (triangles), 115.4 L/min (squares), and 138.5 L/min (diamonds)

Fig. 6 Modes of the plasma jets flow: (a) laminar jet and (b) turbulent jet
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interval of 1 ms for a fixed flow rate of the plasma-forming
gas (nitrogen) GN2

= 69.2 L/min and current intensity of
220 A. When the working current and the plasma-forming
gas flow rate were varied, the pattern of the current and
voltage fluctuations was qualitatively unchanged. Accord-
ing to the analysis of the voltage fluctuation spectrum, the
high-frequency area of the spectrum (from 20 to 50 kHz)
contains almost no harmonics (Fig. 7b), and the greatest
part of the spectral power of fluctuations is concentrated in
the range below 20 kHz (Fig. 7a). The current spectrum
remained constant at any operating conditions and was
equal to 300 Hz; this value correlated with the fluctuation
spectrum of the combined d.c. power supply (Fig. 7c).

It is known that the spectral area within the range of
approximately 1-5 kHz is tied up with the phenomenon of
large-scale shunting of the arc along the anode channel.
The characteristic times of arc fluctuations near the anode
arc spot (small-scale shunting) correspond to the fre-
quency range approximately from 5 to 20 kHz (Ref 14).
An analysis of the spectra reveals that, except for the
harmonic corresponding to current fluctuations of the
plasma torch power supply, the fluctuations caused by
the axial arc scanning are low, which is typical for all
operation modes of the plasma torch.

2.5 Measurement of the Radial Temperature
Distribution in the Plasma Jet with Annular
and Point Injection of the Powder

A series of experiments was performed to test the unit
of annular injection of particles for ceramic powder
spraying.

Air was used as a working gas (plasma-forming,
shielding, carrier, and focusing gases).

To study the influence of the carrier and focusing gases
on the plasma jet parameters, we measured the plasma
temperature distributions at a distance of 5 mm from the
plasma torch nozzle exit.

A multi-channel spectrometer with a photodiode array
and replaceable concave holographic gratings was utilized
for noncontact spectral measurements of plasma flow tem-
peratures. This spectrometer was tested by measuring the
temperature distribution of a homogeneous low-tempera-
ture plasma flow using atomic spectroscopy (Ref 15). To
measure the temperature in the air plasma jet escaping from
the d.c. IEI-plasma torch, we chose the atomic copper lines
(Cu1) present in the jet because of copper anode erosion.

The spectrometer has the following engineering speci-
fications: average density of grating lines 1200 mm�1,

Fig. 7 Spectra of voltage fluctuations (a, b), arc current fluctuations (c), and voltage oscillogram (d) at the plasma-forming gas
(nitrogen) flow rate GN2

= 69.2 L/min (with no shielding gas), average current of 220 A, and voltage of 335 V
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spectral range of low-temperature plasma radiation 3000-
10,000 Å, and spectral resolution 0.5 Å/pixel for the input
slot width of 5 lm.

The structural scheme of the detection device is given
in Fig. 8. It includes a CCD array of the ILX554 type
(Sony), AD8047 operational amplifier, AD9220 ADC,
FIFO buffer memory, and microcontroller. The amplifier
provides synchronization of the output CCD signals and
ADC. The microcontroller generates control signals for
the CCD and scans the CCD signals at the FIFO output.
The data are fed into a PC via USB with galvanic insu-
lation. The time of plasma radiation spectrum recording
can be varied from 5 ms to 5 s.

The input slot of the spectrometer was 20 lm to have
an acceptable level of the signal/noise ratio with the
spectral resolution sufficient for Cu1 line detection.

A mercury lamp was used for the wavelength calibra-
tion. The absolute calibration was performed with a Si
8-200 tungsten ribbon lamp.

The spectroscopic diagnostics was performed under the
assumption that the plasma was in the state of local
thermodynamic equilibrium and optically transparent in
the spectral ranges chosen for measurements.

The plasma temperature was measured on the basis of the
ratio of radiation line intensities. For a given pressure, the
radiation density of a unit volume of the plasma in a ther-
mally excited line is related to the temperature as (Ref 16)

QðTÞ ¼ c

4p
Aikg

h

k
nðTÞ
GðTÞ exp �

E

kT

� �
: ðEq 1Þ

The temperature dependence Q(T) has a maximum at the
‘‘normal’’ temperature Tm (Ref 16). In the range of rela-
tively low temperatures T � Tm, Q rapidly decreases with
decreasing temperature.

In an inhomogeneous, optically thin plasma, different
plasma layers contribute to the observed intensity; each
layer has its own radiation density and thickness. In the
case of heterogeneity with axial symmetry, the measured
radiation intensity I(y) is related to Q(r) as (Ref 16)

IðyÞ ¼
ZffiffiffiffiffiffiffiffiffiffiR2�y2
p

�
ffiffiffiffiffiffiffiffiffiffi
R2�y2
p

Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p� �
dx;

where Q(r ‡ R) = 0 and I(y ‡ R) = 0 (Fig. 9).
In the method of relative intensities, the temperature

distribution is found by the formula

TðrÞ ¼ E2 � E1

k ln A2g2k1
A1g1k2

þ lnQ1ðrÞ
Q2ðrÞ

� � ;

Here, the subscripts 1 and 2 refer to the first and second
lines, respectively.

To find the local values of Q(r), the Abelian inversion
method is used (Ref 16).

In this work, the temperature distributions are obtained
by the method of relative intensities without involving the
Abelian inversion method, by the so-called ‘‘localization
method’’ (Ref 17). In accordance with this method, under
the assumption that the gas flow temperature profile is
symmetrical along the x direction and is described by the
dependence

Tðx; yÞ ¼ T0ðx ¼ 0; yÞ
1þ ðx=x0Þ2

; ðEq 2Þ

the maximum temperature T0(y) along the observation
line is found as

Tðr ¼ yÞ ¼ E2 � E1

k ln I1ðyÞ
I2ðyÞ

ffiffiffiffi
E1

E2

q
A2g2k1
A1g1k2

� � ¼ E2 � E1

k ln I1ðyÞ
I2ðyÞ

ffiffiffiffi
E1

E2

q
f2g2k

3
1

f1g1k
3
2

� �

The ‘‘localization method’’ is applicable within the tem-
perature range T < Tm, where the spatial behavior of
Q(r) depends of the exponential term in Eq 1, which
changes drastically with temperature.

Nalivaiko et al. (Ref 15) compared the methods of
measurement of the temperature distribution for inho-
mogeneous objects by means of the Abelian inversion and
‘‘localization method.’’ According to their results, the
temperature distributions coincide within the instrumental
error under the conditions of axial symmetry.

Aside from the methodical error in the case of the
Abelian inverse transformation, or approximation accu-
racy (2) in the case of the ‘‘localization method,’’ the
temperature measurement error depends on the accuracy
of measurement of the spectral line intensities and on the
accuracy of data on the spectral line transition probability.
Without the methodical error, the error of the tempera-
ture measurement can be found by the formula

DT

T
¼ kT

E2 � E1

D I1=I2ð Þ
I1=I2

þ D g2f2=g1f1ð Þ
g2f2=g1f1

� �
: ðEq 3Þ

Fig. 8 Flowchart of the device of spectrum detection with a
CCD array

Fig. 9 Plasma jet cross section
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The error of the relative values of oscillator forces within
one spectrum (second term) can reach 20%. The accuracy
of measurement of spectral line intensities with a 10-bit
ADC assumed to be 1%, Eq 3 transforms to

DT

T
¼ kT

E2 � E1
� 0:22:

The error of temperature measurement within the tem-
perature range from 6000 to 7500 K is, in accordance with
Eq 3, ±(288 ‚ 450) K.

This method does not require the jet to be symmetric
along the scanning direction (y direction, Fig. 9); it was
used to study the distorted temperature profile of the high-
temperature jet with carrier gas injection. In the case of
point powder injection through the tube flux duct, the
carrier gas was injected downstream along the OY axis
(along the scanning direction).

As mentioned earlier, the measurements of the tem-
perature distribution in the plasma jet were based on the
spectral lines of atomic copper Cu1 present in the air jet
because of copper electrode (anode) erosion. The spectra
were measured for several positions of the observation
line. Scanning over the plasma jet diameter was performed
by means of mechanical upward motion of the plasma
torch with a pitch of 1 mm. The position y = 0 corresponds
to the extreme top position of the jet, and y = 14 mm
corresponds to the extreme bottom position where the
spectral lines are seen. The spectrum includes the lines of
Cu1 at k = 5105.6, 5153.2, 5218.2, 5700.2, and 5782.1 Å.
The lines pairs k1 = 5105.6 Å, k2 = 5153.2 Å and
k1 = 5105.6 Å, k3 = 5218.2 Å were chosen to measure the
plasma temperature.

In the case of point powder injection in plasma torches
up to 50 kW, ceramic powder spraying is usually per-
formed at moderate flow rates of the plasma-forming gas
(up to 46.15 L/min), since it is necessary to increase the
residence time for refractory particles with the low ther-
mal conductivity coefficient in the plasma flow for com-
plete melting of the material.

3. Results and Discussion

The results measured in the case of point injection of
the carrier gas (without the powder) are presented in
Fig. 10(a). During one-sided injection, the carrier gas pu-
shes the high-temperature flow from the injection orifice
and distorts its temperature profile. The high-temperature
jet axis deviates toward the carrier gas injection point and
lies below the plasma torch channel axis. It is evidenced by
the shift of the plasma jet temperature profile in
Fig. 10(a). When the powder is injected, Fig. 10(b), the
plasma torch channel axis, the high-temperature jet axis,
and the powder flow axis do not coincide, which results in
nonuniformity of particle processing conditions at differ-
ent trajectories of particle motion.

Figure 11(a) shows the temperature distribution mea-
sured in the plasma jet at z = 5 mm from the nozzle exit in
the case of annular injection. The measurements were

performed for the maximum flow rates of the plasma-
forming, carrier, and focusing gases, which still ensure
sufficiently complete melting of the 40-lm fraction of the
Al2O3 powder. During axisymmetric injection of the car-
rier and focusing gases, the plasma jet radiation scanning
direction did not matter, since there was no preferential
direction of the plasma torch nozzle exit orientation.

As is seen from Fig. 11, injection of the carrier and
focusing gases leads to a minor decrease in temperature on
the jet periphery only. The central part of the jet remains
undisturbed, which vindicates the insignificant depth of
penetration of the cold carrier and focusing gases when
the annular injection unit is utilized.

The powder was injected in the plasma jet and was
collected at the distance of about 1.5 m from the nozzle
exit into a water vessel. The effectiveness of particle
heating (melting) can be determined by the spheroidiza-
tion degree. The figure shows the photos of the powder
processed under the following conditions: arc current
200 A, arc voltage: (220-270) V, plasma-forming gas flow
rate 46.15-92.3 L/min, and flow rate of the Al2O3 powder
2.2 kg/h.

The photos of the original Al2O3 powder (average size
40 lm) before the processing are shown in Fig. 12, and the
particles after the plasma processing (annular and point
powder injection are shown in Fig. 13(a)-(h). It is evident
that the percentage of unmelted particles increases in the
case of point injection (Fig. 13e-h). In addition, it can be
noted that unmelted Al2O3 particles in the case of annular
injection (flow rate 92.3 L/min, Fig. 13c, d) are seen
alongside with the fully melted particles; it is caused by the
decrease of their residence time in the high-temperature
area with increasing plasma-forming gas flow rate.

Fig. 10 (a) Temperature distribution in the plasma jet
(I = 200 A, U = 205 V, Gplasma(air) = 32.3 L/min, Gshield(air) = 7.4 L/
min) at the distance z = 5 mm from the nozzle exit during one-
sided point injection of the carrier gas: without the carrier gas;
the flow rate of the carrier gas Gcarr = 2.3 L/min. (b) Photo of the
plasma jet in the case of point injection of the Al2O3 powder,
particle size 40 lm
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These photos clearly illustrate the advantages of
annular injection of the powder (almost 100% degree of
particle spheroidization).

Thus, annular injection of the powder into the plasma
jet provides a higher level of melting of particles at the
increased flow rate of the plasma-forming gas (69.2 L/min
and more). The increased flow rate results in the increased
velocities of the sprayed particles, which influences the
quality of the coatings obtained.

The advantages of the above-mentioned methods of
powder injection were studied on the basis of a further
comparative analysis of the sprayed coating characteristics.
Metallographic and structural investigations involved the
study of the sample section microstructure, analysis of the
interface of the coating and substrate material, micro-
hardness of the coating phases, and coating porosity in general.

The experiments were carried out as follows. To pro-
duce a high-quality ceramic coating, a thin sub-layer of the
Ni-Al powder with the particle size of 40-100 lm was
deposited onto a steel base. The Ni-Al material possesses
high adhesion to the base material. In turn, the ceramic
base layer also possesses high adhesion to the sub-layer
material (the intermetallic component of the Ni-Al system
is a standard material used as a sub-layer). Then, the
initial powder of aluminum oxide with the particle size of
40 lm was sprayed. The micro-sections are presented in
Fig. 14 with 200-fold magnification of the layer-substrate
contact area (Fig. 14a) and 500-fold magnification of the
basic layer of the coating (Fig. 14b). The following operation

conditions were used during ceramic coating spraying:
spraying distance 0.1 m, plasma-forming gas (air) flow rate
69.2 L/min, Al2O3 powder flow rate 2.2 kg/h, plasma arc
current 200 A, and plasma arc voltage 240 V.

A comparative analysis of the deposited layers dem-
onstrated the high-quality coating/basic metal interface
(Fig. 14a). The porosity at the interface is low. A metal-
lographic analysis of specific features of the structure of
these two-layer coatings shows that the bottom layer is a
sub-layer 100-130 lm thick in the form of a white Ni-Al
composition (90% of Ni and 10% of Al), whereas the
basic top layer 500-550 lm consists of Al2O3 and has a
gray color. Figure 14(b) clearly shows individual small
pores uniformly distributed across the basic layer.

In general, it is established that the coating formed is
fairly dense; it has the porosity below 2% and a composite
structure. The porosity was determined by the metallo-
graphic directed intercept method. Note that the porosity
of standard aluminum oxide coatings produced by plasma
spraying is 8-15%, as reported in various publications.

4. Conclusion

We propose an effective method of generation of a
high-enthalpy two-phase axisymmetric jet flow for plasma

Fig. 12 Photos of the original Al2O3 powder with different
degrees of magnification (a, b)

Fig. 11 (a) Temperature distribution in the plasma jet at
z = 5 mm from the nozzle exit, operating parameters of the
plasma torch: I = 200 A, U = 270 V, Gplasma = 92.3 L/min; Gshield =
11.5 L/min; without the carrier and focusing gases; with the car-
rier and focusing gases with identical flow rates Gcarr = Gfoc =
23.0 L/min. (b) Photo of the plasma jet in the case of annular
powder injection with gas-dynamic focusing
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spraying of powder materials. A unit of distributed
annular injection of particles, which is combined with a
d.c. IEI-plasma torch, was developed for this purpose.

The energy characteristics (thermal efficiency and
thermal power of the plasma jet) and the spectra of cur-
rent and voltage fluctuations are presented. The voltage
oscillations induced by the axial motion of the arc along
the plasma torch channel are rather low. It is a typical
feature, which affects the plasma torch operation mode
stability and makes this plasma torch differ from available
analogs.

It is demonstrated that the effectiveness of fine material
processing in the plasma flow depends on the flow struc-
ture in the initial part of the high-temperature dust-laden
jet, which, in turn, depends mainly on the plasma torch
type, arc burning mode (including the anode spot condi-
tions), as well as the technique of powder injection into
the plasma jet.

The radial distributions of temperature in the plasma jet
were compared for the cases of point and annular injection.
The measurements were carried out with a multi-channel
spectrometer equipped with a photodiode array.

When the unit of distributed annular injection is used,
all particles of the injected powder pass through the high-
temperature and high-speed near-axis area of the plasma
jet, which provides a high degree of material melting.

A comparative analysis revealed the advantages of
annular powder injection, which slightly disturbs the freely
outflowing plasma jet and allows a significant extension of
the area of thermal processing of particles, as compared
with point injection.

An increased flow rate of the plasma-forming gas pro-
vides increased velocities of the powder particles and,
under the condition of their complete melting, increases
significantly the effectiveness and the quality of coatings.
The high quality of coatings is proven by their low
porosity. For example, the porosity of the coating of alu-
minum oxide Al2O3, which was produced under optimal
conditions (spraying distance 0.1 m, air flow rate 69.2 L/
min; powder flow rate 2.2 kg/h, arc current 200 A, and arc
voltage 240 V), was below 2%.

The investigations performed present an important
aspect of the challenge of developing plasma torches with
enhanced controllability of the thermal action on powder

Fig. 13 Comparison of the processing effectiveness during annular injection: (a, b) flow rate 69.2 L/min; (c, d) flow rate 92.3 L/min;
during point powder injection: (e, f) flow rate 69.2 L/min; (g, h) flow rate 92.3 L/min
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materials. In this context, application of the above-
described methods of diagnostics of homogeneous and
heterogeneous plasma jets is of interest.
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