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In order to identify means to improve plasma spray consistency, various modifications to the design of a
commercial plasma torch nozzle have been investigated. The modifications consist of preparing anode
inserts with grooves in the axial direction (spline insert), and introducing a fraction of the plasma gas
through a ring of micro-nozzles surrounding the anode nozzle (micro-jet ring). Different designs for each
modification have been investigated, and these modifications have also been paired with a modified
upstream gas injector. For each of the modified designs, a wide range of characteristics have been
measured for the arc, the plasma jet, the in-flight particles, and the coating. The results show that most
nozzle modifications lead to higher particle temperatures and velocities. The plasma jet is significantly
elongated by using some of the modified nozzles, and the cold gas entrainment somewhat reduced. Each
of the nozzle modifications can be easily implemented offering an economical way to enhance process

reliability.

Keywords coating evaluation, instabilities, plasma jet,
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1. Introduction

Plasma spraying is a coating process in which a variety
of materials are injected in powder form into a high
velocity, high-temperature plasma stream where they are
melted and transported to a substrate to form the coating.
The process has risen to prominence as more and more
parts are being coated to increase their functional value,
and because of the large variety of materials that can be
used for coatings. The problem encountered with plasma
spraying is that the process has numerous parameters that
control coating quality, ranging from plasma instabilities
to the atmospheric environment, and not all of these
parameters can be controlled by the operator (Ref 1, 2).
There have been a number of studies devoted to estab-
lishing correlations between the process parameters,
principally arc current, plasma gas flow rate and compo-
sition, carrier gas flow rate and the spray particle charac-
teristics such as average temperatures and velocities, and
coating quality such as porosity and unmelt density (Ref 3-6)
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and general rules have been given for changing the process
parameter settings to obtain reproducible coating prop-
erties. However, all of these studies used standard torch
designs, and process controls were achieved by active
intervention by changing process parameters.

In this paper, the process variability due to fluid
dynamic effects is addressed, and torch design changes are
described that would allow operation that is less sensitive
to controlled or uncontrolled process variations. In par-
ticular, the fluid dynamic instabilities of the plasma jet are
investigated and means to control them are presented.
These instabilities are caused by the movement of the arc
attachment at the anode surface, forcing a continuous
change in power dissipation and plasma heating, and by the
strong temperature and density gradients across the shear
layer between the hot plasma jet and the cold surrounding
atmospheric air (Ref 2). The arc-attachment movement
results in a continuous random or quasi-periodic temper-
ature and velocity fluctuation at the nozzle exit, which in
turn leads to entrainment of cold gas from the surround-
ings and variation of the jet length. In addition to this
upstream forcing of the plasma jet, there exist shear layer
instabilities that are generated by the steep density and
viscosity gradients in the shear layer between the high
velocity, low density jet and the high density, cold and
quiescent air environment. These instabilities generate
streamwise and azimuthal vorticities, resulting in large
eddy structures and again in entrainment of cold gas into
the plasma jet. The consequences of this cold gas entrain-
ment are strong variations of the temperature and velocity
fields in the plasma jet on a time scale between 10~ *to 10~*
s, and non-uniform heating of the injected powder. The
instabilities can be significantly reduced by using torch
designs that limit the arc movement, e.g. the TRIPLEX of
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Sulzer Metco (Ref 7, 8) or the Axial Injection torch by
Northwest Mettech (Ref 9), or by using vacuum plasma
spraying where the plasma jet with the particles is
exhausted into a low pressure chamber (Ref 10, 11); how-
ever, these solutions are coupled with increased expense.

In this paper, an improved control of the fluid dynamic
instabilities is proposed by using minor modifications of
the anode nozzle to modify the shear layer between the
plasma jet and the surrounding atmosphere. These modi-
fications can be coupled with a modification of the plasma
gas injection ring to additionally influence the magnitude
of the swirl. In combustion environments it was observed
that high-velocity microjets exhausted into the shear layer
were able to break up the azimuthal vorticity in the shear
layer between the flame gases and the surrounding air
(Ref 12, 13). In a parallel study of the fluid dynamics in a
facility where the plasma jet was simulated by a jet of
heated helium into a SF4 environment yielding a similar
density ratio as an argon plasma jet into a cold air envi-
ronment, this break-up of the vorticity by microjets was
confirmed (Ref 14, 15). In this study, the effects of
microjets and some other nozzle modifications have been
investigated. In particular, it was uncertain if the vorticity
due to the upstream forcing, i.e. the upstream variation of
pressure and velocity due to the arc-anode attachment
movement, could be influenced by the nozzle modifica-
tions as drastically as they were able to influence the low-
temperature low-density jets. Therefore, the effect of
these modifications on plasma jet appearance and stabil-
ity, on spray particle velocities, temperatures and trajec-
tories, and on coating porosity has been investigated using
suitable diagnostic methods. The next section describes
the experimental apparatus and procedures, including the
diagnostics used, and is followed by a section presenting
the results.

2. Experiment

All experiments were performed with the SG-100
plasma spray torch (Praxair Surface Technologies, Con-
cord, NH) with all the associated equipment, and modifi-
cations were made only to the anode nozzle exit and the
front plate, and to the plasma gas injection ring. The
powder used throughout this study was yttria-stabilized
zirconia. Most of the results were obtained with partially
stabilized 8% Y,Oj3, zirconia (AI-1075) including most of
the particle in-flight properties and the coating properties,
while some of the in-flight particle characteristics were
obtained with fully stabilized 20% Y,O5 zirconia
(AI-1066, Praxair Surface Technologies, Concord, NH).
Two commercial anode designs were used, No. 175 and
No. 358 (supersonic). The following modifications were
made to the first anode design (Ref 15, 16):

(1) An insert was press-fitted into the bore of the front
plate with grooves in the axial direction on its inner
surface (spline insert). Different lengths of this insert
were used.
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(2) The exit of the nozzle bore was enlarged and an insert
was soldered into the bore such that the inside of the
nozzle was identical to the original (micro-jet anode).
The insert contained a gas manifold channel, fed by
one of the powder supply channels, and either 8 or 16
micro-channels of 0.4 mm diameter surrounding the
central bore. Gas flows of up to 35 slm of argon were
used through the micro-channel assembly.

(3) The front plate of the torch was modified by sur-
rounding the central bore with a shroud of 12 micro-
jet nozzles (micro-jet shroud). The flow rate through
the micro-jet shroud assembly was varied between 0
and 25 slm of argon.

(4) The standard swirl injector was modified by having 12
holes with a reduced off-set from the center (reduced
swirl injector). The total flow area of the 12 holes was
the same as the area of the 4 holes of the standard
injector.

The three different nozzle modifications are shown in
Fig. 1. Several combinations of these modifications were
investigated, such as the modified gas injector with the
various anode nozzles, and the spline insert with the
microjet shroud. The torch operating parameters were 800 A
arc current, 48 slm Ar and 12 slm He as plasma gas, 3.4 slm
Ar as carrier gas, and a powder feed rate of 5.8 g/min for
almost all the experiments reported here, and differences
from these values are noted where applicable. The sub-
strate was grit-blasted, and then heated before each
deposition run to a temperature above 300 °C, and the
stand-off distance was 8 cm. The coatings were deposited
on mild steel substrates, and two substrates were coated at
each experimental run, and at least two experiments were
performed under nominally identical conditions.

Different sets of diagnostics were used for the plasma
jet and in-flight particle characterization.

(1) The plasma jet length and jet fluctuations were
recorded with a ControlVision camera at 100 ns
exposure time. The jet length was determined as the
length of the object with pixel intensities of more than
10% of the background intensity, and averages of 40 or
50 images were taken. The fluctuations were quantified
by calculating the standard deviations of the intensity
fluctuations of each pixel in the CCD array. Additional
data were obtained recording Schlieren images with a
Kodak Ektapro high-speed video camera operating at
framing rates of up to 40,500 frames per second, and a
Matlab image analysis code was used to determine the
jet length and shear layer thickness.

(2) The in-flight particle characteristics were investigated
with the DPV 2000 (Tecnar Automation, Montreal,
Canada), and the lateral distributions of particle
velocities, temperatures, and particle fluxes (fraction
of particles passing through a control volume at a
given distance from the spray torch axis) in a plane
8 cm from the nozzle exit were determined. For each
of two runs, particle properties were obtained at each
of 14 radial positions as averages of 5000 particles.
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Fig. 1 Schematic of anode nozzle modifications: (a) spline
insert, (b) microjet anode, and (c) microjet shroud

The lateral positions were varied from 16 mm below
the torch axis (powder injection was from above) to
8 mm above the torch axis. These average velocities
or temperatures obtained at each of the 14 lateral
positions were weighted with the fraction of the par-
ticle flux at this radial position. Calculating average
values for these 14 weighted average velocities and
temperatures yielded the average velocity and tem-
perature at a given axial location. For each radial
position, the standard deviations of the particle
properties were calculated from the 10,000 data points
(two experiments yielding 5000 points each). The
average standard deviation values were obtained by
weighting the standard deviation values at each radial
position with the relative particle fluxes at these
positions, and then determining the averages for these
weighted standard deviation values.

In addition, the plasma jet intensity fluctuations and the
arc voltage fluctuations were recorded. However, the arc
voltage and the total luminosity fluctuations are little
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Fig. 2 (a) Average plasma jet length from 40 averaged images
for different microjet flowrates using the 16 microjet anode
insert, with the commercial #113 and reduced swirl gas injectors
at 800 A, 48 slm Ar, 12 slm He; (b) the standard deviation of
pixel intensities for 40 images with the commercial torch; and
(c) with the reduced swirl gas injector at 10.5 slm Ar microjet
flowrate (Ref 15)

affected by the nozzle modifications, but the modification
of the gas injector does change the frequencies of the
fluctuations. The frequency peaks in the voltage power
spectrum appearing at 3, 5, and 8 kHz are strongly
reduced with the reduced swirl injector, but a smaller peak
around 1 kHz appeared (Ref 14).

The minimum thickness of the coatings was 150 pm.
The coating cross-section analysis was performed on SEM
images using MATLAB image analysis software. Porosity
values are determined for each of the ten images, and the
values for the ten images were averaged to give a value for
a specific coating. At least two coatings were analyzed for
each condition, and the porosity values given are the
averages of all coatings obtained for a specific condition.
Details of the coating analysis are presented in Sect. 3.

3. Results

Some typical measurements derived from the high-
speed images for the jet lengths and jet intensity fluctu-
ations are shown in Fig. 2 and 3. Figure 2 (Ref 15) shows
the jet length variation with increasing argon flowrate
through the 16 micro-jets in the micro-jet anode. The
variations in jet length are shown for a regular and a
reduced swirl gas injector. While the reduced swirl gas
injector alone shows an increase in jet length in these
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Fig. 3 (a) Plasma jet length from 50 averaged images with sev-
eral spline insert lengths using the commercial #113 and reduced
swirl gas injectors at 800 A, 48 slm Ar, 12 slm He, (1) standard
configuration, (2) 5.75 mm spline, (3) 6.41 mm spline, (4) 7.80 mm
spline, (5) reduced swirl, standard nozzle, (6) reduced swirl,
5.75 spline, (7) reduced swirl, 6.41 spline, (8) reduced swirl,
7.80 mm spline; (b) standard deviation of pixel intensities for
50 images with the commercial torch; and (c) with the reduced
swirl gas injector and the 6.41 mm long splined insert (Ref 15)

experiments, this result was inconsistent with some other
experiments indicating that there is at least one other
parameter that needs to be considered associated with
the gas injector design, possibly anode wear. The jet
length reached a maximum at a micro-jet flow rate
between 8 and 14 slm, and at this flow rate the jet length
is increased by 40% over the standard configuration. Also
shown in Fig. 2 are images of the plasma jet showing the
standard deviation of pixel intensities derived from
40 images of the jet; the brightness indicates strong
fluctuations. It is clear that the microjets reduce the
fluctuations in the jet fringes.

Figure 3 (Ref 15) shows a similar increase in jet length
when the spline insert was used. Spline inserts of different
lengths were investigated, and an insert length of about
6.4 mm had the strongest effect on jet length as well as on
reducing jet fluctuations. The fluctuations of the plasma jet
can also be seen in Fig. 4 which displays the variation of
the plasma jet tip in the lateral direction, with the negative
values on the ordinate indicating the position below the
torch axis. It is clearly seen that the nozzle modifications
reduce the plasma jet fluctuations.

It should be pointed out that the nozzle modifications
improve jet stability even though the upstream forcing due
to the anode attachment movement is not influenced by
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the modification. That means that the large-scale vorticity
generated by the upstream pressure and velocity fluctua-
tions can be reduced by these modifications.

The effects of the nozzle modifications on in-flight
particle characteristics are shown in Fig. 5 and 6 at a
position 8 cm from the nozzle exit. Injection of the powder
was from the positive y-direction. Figure 5 shows the
radial distribution of the particle velocity averaged over
10,000 particles (two experiments with 5000 particles
each) at each radial location for different nozzle configu-
rations. Compared with the standard anode nozzle, the
spline insert increases the particle velocities at almost all
radial locations, the exception being the location of 6 mm
above the torch axis (y=0). A combination of spline insert
with reduced swirl gas injector and microjet shroud yields
very similar peak velocities, but a somewhat narrower
particle flux distribution. The reduction of the swirl and
the microjet anode reduce the particle velocities. The
highest particle velocities are reached with the standard
configuration of the supersonic anode. Figure 6 shows the
radial distributions of the particle temperatures. All con-
figurations tested yielded higher particle temperatures
compared to the standard nozzle, except for the standard
configuration with the supersonic nozzle.

The particle flux distributions as measured with the
DPV 2000 at a location 8 cm from the nozzle exit are
shown in Fig. 7(a) for the standard configuration and the
reduced swirl injector as well as the combination of
reduced swirl injector and spline insert. Figure 7(b) shows
the flux distributions for the combination of reduced swirl
gas injector and the microjet anode with three different
flow rates through the microjets, in addition to the stan-
dard configuration and the reduced swirl configuration.
The reduced swirl injector results in a narrower particle
flux pattern compared to the standard injector. The other
nozzle modifications have less influence on the flux
pattern.

The weighted averages of particle temperatures and
velocities are shown in Fig. 8 for the different configura-
tions. This graph clearly indicates that all modifications
result in higher average particle temperatures, and that
spline inserts increase the velocities and temperatures
while the microjets and reduced swirl injection reduce the
velocities.

The standard deviations of the velocity and tempera-
ture data are believed to give some indication of process
reproducibility. The standard deviations of the velocity
and temperature data are given in Table 1 for selected
different configurations. The use of the reduced swirl gas
injector reduces the standard deviations of the particle
temperatures, but the standard deviations of the velocities
only in the central part of the jet because of the narrower
particle flux profile. A similar effect is observed with the
microjet anode or shroud. The higher peak velocities and
steeper velocity gradients with the spline insert, coupled
with smaller shear layer thicknesses (as determined from
Schlieren images), result in larger velocity standard
deviations for this configuration, but lower temperature
standard deviations. One can conclude that the nozzle
modifications result in higher average particle temperatures,
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Fig. 4 Fluctuations of the plasma jet tip positioning in the lateral direction for different nozzle arrangements: (a) commercial nozzle,
(b) reduced swirl gas injector, (c) long spline insert, and (d) reduced swirl gas injector and microjet anode with 9.5 slm of argon
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Fig. 5 Radial distribution of particle velocities for different
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anode configuration
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Fig. 7 (a) Normalized particle flux distributions for the standard
configuration, and the standard nozzle with reduced swirl and the
spline insert with the reduced swirl showing a more peaked dis-
tribution with the configurations including the reduced swirl
injector; (b) normalized flux distributions for the combination of
reduced swirl gas injector and microjet anode, compared with the
standard configuration

lower temperature fluctuations, narrower flux profiles and
steeper velocity gradients, but only the microjets with a
high flow rate will reduce the velocity standard deviation.

To correlate the torch modifications and particle
characteristics with the coating properties, cross sections
of the coatings were analyzed with respect to total
porosity, total pore porosity, small pore porosity and large
pore porosity, crack porosity, and vertical and horizontal
crack porosity. Figure 9 shows a sample cross section with
pores and cracks indicated. SEM imaging has been chosen
to acquire pictures of the coatings as it permits to obtain
high-resolution images. For each substrate, 10 images at
800x magnification have been taken and 3 at 300x mag-
nification (the latter are used only for qualitative results).
The images have been analyzed using a custom made
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MATLAB (MathWorks Inc.) code. The process chosen to
analyze the coating characteristics (SEM imaging and
analysis) has proven to be quite reliable and fast, espe-
cially with respect to the most advanced, expensive and
time-consuming techniques (Ref 17). In addition, the error
introduced using this method is limited: as shown in
Ref 18, the image analysis overestimates the porosity by
2% compared to a water immersion method. The same
trend has been observed comparing image analysis with
small angle neutron scattering (Ref 17): the presence of a
systematical error has been observed. This systematical
error has no effect on the conclusions reached in this study
where relative changes in microstructure with various
nozzle configurations have been investigated.

The MATLAB code basically reads the gray scale
images obtained through the microscope, filters them in
order to eliminate noise (using a hybrid median filter that
preserves edges, thus keeping cracks sharp and visible),
and converts them to black and white images. The con-
version procedure requires threshold values to evaluate if
the correspondent pixel in the final image will be white
(gray level above threshold) or black (gray level below
threshold). As the pores appear usually white while the
cracks tend to be black, a double thresholding is per-
formed, on both the original image and the inverted color
image; this procedure allows all the features in the image
to be clearly recognized. Threshold values of 55 and 65%
have been chosen for the original and the inverted color
image, respectively, and each image comprised an area of
150 x 90 pm. Cracks are recognized based on the major
axis/minor axis ratio: 3.5 has been chosen as threshold
value, the cracks being above the threshold. The code can
then separate both pores and cracks into more groups,
depending on their area.

The porosity of every single image is then calculated as
the ratio of white areas and picture size, being the sum of
pore porosity and crack porosity. Ten images are analyzed
and average feature sizes (in pixels) and their standard
deviations (as a percentage of the average value) are
calculated based on all the areas in all the images taken
from the same substrate. Total porosity is estimated as the
average of the porosities from the ten images, and
the standard deviation is computed (this value indicates
the differences between the images). Crack and pore
porosity are calculated in the same way as total porosity.
Once the results for each substrate are obtained, an
average between the two substrates of each run is made to
estimate the run performance.

A regression analysis has been used to correlate the
data with particle property data. The porosity values
relate to average particle temperature and velocity as
shown in Fig. 10 and 11 (Ref 15).

The increase in porosity with increasing velocity has
also been reported by Kulkarni et al. (Ref 5). A decrease
in porosity with increasing temperature is found. It should
be emphasized that in this study the different particle
property data have been obtained by using different noz-
zle configurations. The effects of particle properties on
porosity are summarized in Fig. 12. The figure shows that
at higher average particle velocities, the effect of an
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injector. (1) COMM = standard anode and injection; (2) SP = spline insert; (3) AN 9.5 = microjet anode with 9.5 slm of argon flow;
(4) AN 3.5 = microjet anode with 3.5 slm of argon flow; (5) SP, SH 9.5 = spline insert with microjet shroud with 9.5 slm of argon flow;
(6) SP = spline insert; (7) SUPER = supersonic anode in standard configuration

Table 1 Average standard deviation values of
temperature and velocity data weighted by particle flow
rates, expressed as a percentage of the average value
inside the plasma jet for different torch configurations

Configuration Temp, SD% Vel, SD% Code Gy
Stand. commercial 6.39 22.82 Com
Reduced swirl 6.04 24.28 Sw
Reduced swirl microjet 6.14 23.06 SW AN 3.5

AN 3.5 slm
Reduced swirl microjet 6.11 2223 SW AN 9.5

AN 9.5 slm
Reduced swirl, spline 6.18 25.62 SW Sp Pores
Reduced swirl, spline, 6.35 25.02 SW SP SH 3.5

microjet shroud 3.5

“.
10mm WD 15.0mm
increase in temperature is more pronounced, while at Fig. 9 Sample image of cross section of YSZ coating indicating
higher average particle temperatures, the effect of the identification of cracks and pores
increasing velocity is less pronounced. Table 2 gives the
data for average particle characteristics and the porosity
values with their standard deviations. (c) The spline insert resulted in longer plasma jets, higher
The following observations can be made with regard to particle velocities, and some increase in temperature,

comparison with the standard configuration: resulting in high pore porosity and low crack porosity

with relatively high standard deviations.
(a) The supersonic nozzle offers approximately 25%

higher velocities and about 100 °C lower tempera-
tures, and a significantly larger fraction of unmelted
particles (estimated from DPV results of particle
numbers at a certain temperature), resulting in high (e)
values of porosity with low values of standard devia-

tions, and low values of crack porosity. The size of the

pores is relatively large, and numerous unmelted
particles are visible.

(d) The combination of micro-jet shroud and any of the
other combinations could increase both particle tem-
perature and particle velocities (at optimal flow rate).

The lowest values for pore porosity and total porosity
were obtained with the microjet anode, with low val-
ues of radial velocity gradients, while the highest
porosity values were obtained with the supersonic
anode or with the spline insert, both configurations

(b) The reduced swirl injector offers lower particle aver- offering high particle average velocities.

age velocities, lower values for the standard deviation No direct correlation has been found between coating
of the pore porosity and total porosity, associated with porosity and the values of the particle velocity and
a narrower particle flux profile. temperature standard deviations; however, low values for
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Pore porosity vs particle average temperature
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Fig. 10 Increase in crack porosity and decrease in pore porosity with increasing average particle temperature (Ref 15)

Pore porosity vs particle average velocity
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Fig. 11 Increase in total porosity with increasing average particle velocity (Ref 15)
the particle velocity standard deviations are clearly cor- higher particle velocities (supersonic anode, spline insert)
related with more uniform coatings, i.e. more uniformly and increased for higher particle temperatures (micro-jet
distributed pores. Crack density values are reduced for anode). This behavior can be explained by increased
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Table 2 Relations between YSZ particle average velocity (m/s), temperature (K), and velocity gradient (s~') with
porosity, pore porosity, crack porosity and the standard deviations of the porosity values for different nozzle configurations

RUN Vel Temp Vel grad Porosity SD por Pore por SD Ppor rack por SD Cpor RUN
COMM 207.81 3438.58 7.07 7.69 29.91 5.68 35.09 2.01 28.14 COMM
SW SP AN9,5 206.00 3522.71 9.95 7.73 17.40 5.52 20.40 2.21 36.94 SW SP AN9,5
SW AN3,5 182.56 3485.44 7.11 7.09 20.72 5.23 25.98 1.86 31.38 SW AN3,5
SW AN9,5 176.50 3479.16 5.54 6.99 20.71 5.02 28.14 1.97 28.61 SW AN9,5

SW 194.89 3545.41 8.13 7.34 16.80 5.30 20.81 2.04 27,79 SwW
SW SP SH3,5 223.11 36555.75 10.45 7.42 15.10 5.29 21.60 2.05 (6.65 ) SW SP SH3,5
SW SP 210.15 3523.79 9.60 8.15 2133 5.60 24,96 255 o SW SP
SUPER 255.76 3385.35 9.25 8.30 (13.80 ) 7.24 (15.65) (.06 ) 51.52 SUPER
SP 230.50 3475.23 9.17 876 Yoo 6,55 293 T 40.71 SP
SP AN3,5 (6.55 ) 23.42 (4.94) 26.42 1.61 32.64 SP AN3,5
T — T —

Comm = standard 175 nozzle, SW-SP-ANO9.5 = reduced swirl, spline insert with microjet anode using 9.5 slm of argon; SW-AN3.5 = reduced swirl,
microjet anode with 3.5 slm of argon flow; SW-AN9.5 =reduced swirl with microjet anode and 9.5 slm of argon flow, SW =reduced swirl with
standard anode; SW-SP-SH3.5 =reduced swirl, spline insert and microjet shroud with 3.5 slm of argon; SW-SP reduced swirl with spline insert;
SUPER =supersonic anode #358; SP =spline insert, SP-AN3.5 =spline insert with microjet anode and 3.5 slm of argon

stresses in the splats when they start solidification from a
higher initial temperature (Ref 19).

One additional observation on the advantage of using a
spline insert should be mentioned. The coating obtained with
the spline insert was less affected by uncontrolled variations
of the arc current or voltage, e.g. as generated by a mis-
aligned cathode or a strong restrike behavior of the arc anode
attachment. This observation indicates that fluid flow control
in the jet can mitigate arc instabilities inside the torch.

4. Conclusions

Correlations have been derived between nozzle con-
figurations, plasma jet appearance, particle velocity and
temperature distributions, and coating characteristics.
Spline inserts into the anode nozzle or a micro-jet ring

Journal of Thermal Spray Technology

change particle velocity and temperature distributions;
however, to take full advantage of the effects, a combination
of changes must be employed. In particular, use of a
reduced swirl gas injector or a micro-jet shroud will reduce
the standard deviations of the particle properties and
result in more uniform coatings. Consequently, such noz-
zle configurations may be used as passive control devices,
allowing an enhancement of the reproducibility of plasma
torch operation in a wide window of operating conditions,
or they may be used to enhance certain coating charac-
teristics in combination with process parameter changes.
Furthermore, the nozzle modifications act on the vorticity
in the plasma jet and therefore can improve torch opera-
tion even with fluctuating anode attachment or improper
cathode alignment. All changes in the nozzle configura-
tions or gas injection are easily implemented with almost
any type of plasma spray torch.
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The combination of process parameter changes for the
different nozzle designs requires further investigations.
This is particularly true for the carrier gas flow rate and
the powder injection. The results presented here may
guide such further investigations.
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