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Direct current Suspension Plasma Spraying (SPS) allows depositing finely structured coatings. This
article presents an analysis of the influence of plasma instabilities on the yttria-stabilized suspension
drops fragmentation. A particular attention is paid to the treatment of suspension jet or drops according
to the importance of voltage fluctuations (linked to those of the arc root) and depending on the different
spray parameters such as the plasma forming gas mixture composition and mass flow rate and the
suspension momentum. By observing the suspension drops injection with a fast shutter camera and a
laser flash sheet triggered by a defined transient voltage level of the plasma torch, the influence of plasma
fluctuations on jet or drops fragmentation is studied through the deviation and dispersion trajectories of

droplets within the plasma jet.

Keywords ceramic oxide layers, fuel cells, influence of spray
parameters, nano-powders

1. Introduction

A relatively new process, Suspension Plasma Spraying
(SPS), allows forming finely structured coatings rapidly
and economically (Ref 1-3), using conventional spray
installations where, instead of micron sized particles
(about 20-80 um) suspension drops or jet are injected.
With this process, submicron solid particles, using a liquid
feedstock carrier, can be sprayed onto a prepared sub-
strate (Ref 4-6). When the suspension is injected into a
Direct Current (D.C.) plasma jet at atmospheric pressure,
first the liquid is fragmented into dispersed droplets a few
microns in diameter, second the droplets of solvent are
accelerated, vaporized, and transformed into plasma (Ref
2, 7), and finally the solid particles of the suspension
contained within droplets are melted and again acceler-
ated toward the substrate where they are flatten to form
splats (Ref 8) at least for those, whose Stokes number is
over 1. Due to the finer size of the powder injected,
compared to conventional one, the coating thickness can
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vary between a few tens of microns and a few hundreds of
microns depending on spray conditions. Besides if, in
conventional spraying, splats have diameters between 60
and 150 pm for zirconia with thickness between 0.8 and
2.5 um, with the suspension spraying their diameters are
below 3 pm and their thickness below 100 nm (Ref 3, 4)
resulting in finely structured coatings.

Compared to conventional spraying where the arc
fluctuations already have an important influence on parti-
cles velocities and temperatures, especially for those below
40 pm (Ref 9), with the suspension this influence is by far
more important because fluctuations act on drops or jet
penetration, fragmentation, particle trajectories, heating
and acceleration. The fragmentation of the liquid jet is a
very complex phenomenon which depends of the Weber
number, We = ng2dS/G (where, o, p,, ds, and U are
respectively, the surface tension of liquid (N/m'), the
plasma specific mass (kg/m?), the diameter of the drop (m),
and the relative velocity between the drop and the plasma
(m/s')), which represents the ratio of the aerodynamic
force to the surface tension force of the liquid. It is gen-
erally admitted that fragmentation takes place as soon as
We > 14. Moreover, plasma properties (e.g., velocity, spe-
cific enthalpy, gas mass density) vary continuously along
the plasma jet radius i.e., along the suspension penetration
path toward the plasma jet axis. The instabilities of the arc
root of the D.C. torch involve high transient voltage fluc-
tuations and thus dissipated power fluctuations, resulting in
plasma jets varying continuously in length and position
(Ref 10) with strong variations of their velocities in the
axial direction. Hence, materials (liquid or solid) embed-
ded in the plasma flow undergo strong variations of the
thermal and kinetic transfers. When the suspension drop
penetration within the plasma jet is poor, the fragmenta-
tion is also poor and particles contained in resulting
droplets undergo low thermal and kinetic transfers, thus
impacting the substrate in a semimolten state, and
increasing the porosity of the deposit if they stick to it.
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In conventional plasma spraying, Moreau et al. (Ref 9,
11) have shown that the arc root and corresponding power
fluctuations have a drastic effect on in-flight alumina
particle velocities and temperatures. When introducing
suspensions of much smaller (0.1-1 um) and lighter parti-
cles, is the effect of fluctuations enhanced or not? The aim
of this article is to achieve a better understanding of the
transient interaction between the suspension jet and the
fluctuating plasma jet, in order to ensure the repeatability
of coating properties (microstructural, electrical, and
thermal). Hence, the injection of the suspension is ob-
served with a fast shutter camera coupled to a laser flash
sheet and triggered by a defined instantaneous voltage
level of the plasma torch. Pictures taken with this device,
allow observing the time-resolved suspension-plasma
interaction for different torch working parameters.

First, the experimental facilities will be presented, then
the plasma suspension interaction study, and at last the
optimization of injection parameters.

2. Experimental Facilities

2.1 Injection System of the Suspension

The aim of this work is to adapt a new injection system
to a commonly used plasma torch, namely a PTF4 which is
available at the laboratory. The transverse injection out-
side of the nozzle was chosen, because previous works
have shown that an internal transverse injection led to
nozzle clogging. The injector system is composed of tanks
in which the suspension is stored, and a stainless steel tube
with its extremity a diaphragm on which a calibrated hole
is machined (150 pm in these experiments). The suspen-
sion is counter-flow injected, with 10° angle with respect to
the vertical axis at the nozzle exit at a distance of 23 mm
from the torch axis and aiming the nozzle plane center.
The injection velocity is adjusted by monitoring the tank
pressure using compressed air. This system permits to
work with drop injection velocities between 23 +2 m/s and
35.5+2 m/s.

2.2 Plasma Torch

A commercial D.C. plasma torch (PTF4 from Sultzer
Metco) is used with an anode nozzle internal diameter of
6 mm. The working parameters of the torch (arc current
intensity, voltage, thermal efficiency, and gas mass flow
rate) are measured and recorded for each experiment,
using a homemade computer code.

Experiments were started with the spray conditions
used to spray conventional 22-45 pm YSZ (8 wt.%)
powder with the PTF4 torch for thermal barrier coatings.
Then, different plasma gas compositions were tested to
reduce the level of fluctuations, level especially high with
these conditions. Finally, the suspension tests were per-
formed with the most characteristic mixtures: either Ar/H,
(45/15 slm) or Ar/He (30/30 slm) mixtures. The Ar/H,
plasma is generated with an arc current of 500 A, the
voltage shows a mean value V = 60V, and fluctuations of
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+30 V, peak to peak corresponding to AV/V = 1. These
arc instabilities, involve a high plasma jet fluctuation in
length and position. The Ar/He plasma is generated with
an arc current of 700 A. The replacement of hydrogen by
helium and the increase of arc current allow reducing the
mean voltage V =40V and amplitudes of the voltage
fluctuations AV= +6 V corresponding to, AV/V = 0.3.

2.3 Time-Resolved Imaging

The set up used to observe the suspension penetration
within fluctuating plasma jets consists of a fast shutter
camera coupled with a laser sheet flash at 808 nm. The
image acquisition is triggered when the arc voltage
reaches a given threshold. Therefore, the treatment of the
material injected can be observed and correlated to an
instantaneous state of the plasma flow. Figure 1 represents
the time-resolved triggering of the system used. The arc
voltage is recorded by a numerical oscilloscope and is sent
to a triggering system which activates the camera. When
the arc voltage reaches the chosen threshold, a voltage
pulse activates the camera and after a factory set delay of
10-20 ps, the fast shutter opens. This delay is not adjust-
able, but correspond approximately to the time of flight of
the plasma between the nozzle and the optical axis of the
camera. With Ar-H2 spray conditions the flow velocity at
the nozzle exit (axis of the torch) varies roughly between
1000 and 2000 m/s during one period (200 us) of the
voltage fluctuation. Thus, 10 ps delay represents about 5%
of the period time and that is why synchronization is never
activated at the maximum of voltage fluctuations to avoid
recording during the voltage drop. During the aperture of
the shutter (10 ps), a laser shot (2 ps duration) is sent to
illuminate the suspension jet, which otherwise is not suf-
ficiently luminous compared to the plasma flame. The la-
ser sheet thickness is about 1.5 mm and is focused to
illuminate the plasma jet in order to see the liquid inter-
action with it. However, one problem is to illuminate the
liquid jet, which, according to the injector vibrations, is not
necessarily illuminated at each laser shot. All measure-
ments (drop sizes and velocities) carried out by this optical
system present an uncertainty of +1 pixel, the CCD matrix
size being made of 400 x 480 pixels. According to the optic
enlargement 1 pixel correspond to 30 um. Thus drops or
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Fig. 1 Timing: Synchronization of the observational system
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droplets over 30 um can be observed with a precision
depending upon their size and below 30 um unfortunately
the definition is not sufficient to observe details of frag-
mentation.

2.4 Liquid Jet Measurements

The suspension of Yttria-Stabilized Zirconia (YSZ) is
made with a 7 wt.% powder dispersed within a solvent
(ethanol), with a mass density of 860 kg/m>. The stabil-
ization and the dispersion of the suspension are ensured
by a phosphate ester, whose percentage is adjusted to a
previous study (Ref 4). The suspension jet shows weak
instabilities within the first centimeters following the
injector hole and is completely fragmented into drops
after traveling a distance of 30 =2 mm. The liquid jet be-
fore fragmentation is approximately 200+30 pm in
diameter and the drop mean diameter is about
290 +£30 pum. Therefore, it is possible to inject the sus-
pension, either as a continuous jet or regular drops,
depending on the distance between the injector tip and the
torch axis. With a pressure tank of 4x10° Pa, the drop
velocity is 27+2 m/s, the mean distance between two
consecutive drops is about 730 +£30 pm, and the number of
drops emitted per unit times 3.7 x 10%s. In this condition,
the liquid flow rate is of 0.47 cm’/s.

3. Interaction Plasma/Suspension

3.1 High Fluctuation Level

The penetration of the suspension is first studied for the
Ar/H2 (45/15 slm) plasma gas, 503 A arc current, corre-
sponds to the mean arc voltage of 60.6 V and torch ther-
mal efficiency of 59%, parameters resulting in the specific
enthalpy of 13.3 MJ/kg. Figure 2 represents the typical
waveform of the arc voltage, with a period approximately
equal to 200 ps.

The voltage fluctuation shape is linked to the geometry
of the anode nozzle and that of the cathode together with
the plasma forming gas composition. Moreover, on this
wrapping of 200 s, ‘“‘restrike oscillations” of the arc root
at higher frequencies can be identified. Therefore, the
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Fig. 2 Typical voltage waveform of an Ar/H2 (45/15 slm)
plasma gas (nozzle internal diameter 6 mm, /=503 A)

Journal of Thermal Spray Technology

é

instantaneous electrical power supplied to the plasma gas
is fluctuating in a frequency range of 2-10 kHz. The
breakup mechanisms of the suspension drops, according to
the continuous variation of the arc voltage, are observed
thanks to the detection system triggered by a defined
voltage level of the plasma torch. Figure 3 represents the
fragmentation of the suspension for two different instan-
taneous plasma states.

The scale is given by the two horizontal dashed lines
which are separated by the distance corresponding to the
nozzle internal diameter (6 mm). Figure 3a shows the
picture taken for an instantaneous arc voltage of 65 V.
The distance between the injector tip and the torch axis is
23 mm,; at that distance the liquid jet is not yet fragmented
but shows weak instabilities whose wavelength is about
900 pum (see Fig. 3a). When the suspension jet penetrates
the plasma and its fringes, it is broken at the neck of its
own instabilities by the shear stress produced. Hence,
several individual clouds of materials (liquid and/or solid)
within the plasma jet can be clearly identified. These
clouds are composed of a compact head of suspension and
behind it, some sort of tail with tiny droplets and/or solid
particles. The heads of the different clouds are equally
spaced following the radius of the plasma, this distance
being represented in the Fig. 3(a) by the horizontal white
full lines. The distance along the liquid jet axis between
two successive cloud heads correspond to the wavelength
(900 um) of the jet instabilities before entering the plas-
ma. This means that the initial vertical velocity of the
suspension (26.6+2 m/s) is kept along the injection axis
after its penetration within the jet (i.e., following plasma
radius). Taking into account the velocity of the liquid,
26.6 =2 m/s, the time required for traveling from the up-
per edge of the plasma jet down to its axis, 3 mm below, is
approximately corresponding to the half period of the arc
voltage fluctuations, that is about 100 ps. This “‘crossing
time” is very important to understand the history of the
heat and momentum transfer between the suspension and
the plasma. Therefore, the cloud which travels toward the
plasma jet axis is only treated by one puff of plasma, and
the treatment of materials is strongly dependent on the
properties of this puff (e.g., velocity and specific enthalpy).

The first comet (Fig. 3a), just under the upper edge of
the plasma, enters into the jet approximately at the time at
which the shutter is opened, which is also the time at
which (within 10 ps) the arc voltage is 65 V in that par-
ticular case. Instead of that, the third comet, which is close
to the plasma torch axis, has penetrated the jet about 60 s
earlier (Fig. 3a), when the voltage was about 40 V (see
Fig. 2). During that time this cloud has covered an axial
distance of 2 mm and is embedded in a region where the
plasma shows a still high energy density. An estimation of
the droplet velocities can be made by considering the fact
that all the material belonging to the same cloud enters
the plasma at the same time and also that the penetration
of two consecutive drops are delayed by around 30 ps. As
an example, considering the first and third comets in
Fig. 3(a), it can be deduced that the axial distance covered
by the head of one cloud is 1 mm during 60 ps, that gives
around 17 m/s and, in the same time, that the top of the
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Fig. 3 Interaction plasma-suspension according to triggering level. Pictures according to triggering of Fig. 2 injection velocity of
26.6 m/s, and distance between the injector tip and torch axis 20 mm. (a) triggering level of 65 V, (b) triggering level of 40 V

tail is displaced over a three times longer distance, that
gives around 50 m/s.

The picture of the Fig. 3(b) shows the interaction
plasma-suspension with a low triggering level, namely
40 V. It is interesting to note that the liquid jet was
insufficiently illuminated by the laser and thus not seen on
the picture. In order to ease the understanding of the
cloud treatments, the liquid jet has been represented by a
white straight line. On the upper part of the plasma jet, the
clouds originate from drops which have penetrated the
plasma jet during a low voltage phase, showing a relatively
low specific enthalpy and velocity. In this half period, the
shear stress “ppuz” applied to the suspension is lower than
that of the preceding half period. But, in this picture no
drops can be observed at the plasma jet axis position. This
is due to the fact that the drops which are absent have
penetrated into the plasma 100 ps before this picture, was
taken, i.e., during the preceding half period. This preced-
ing period is characterized by higher mass enthalpy, tem-
perature, and velocity. Thus, these clouds, which are
absent, have been swept downstream by the preceding
puff of plasma.

According to the high arc voltage fluctuations, each
particle contained within the fragmented drops has its own
thermal and kinetic histories which depends on the mo-
ment when it enters into the plasma. In order to reduce
these arc root instabilities, an Ar/He mixture is tested
thereafter.

3.2 Low Fluctuation Level

In order to homogenize the treatment of drops and
then particles, the amplitude of plasma oscillations has to
be reduced. Thus, the hydrogen has been replaced by
helium and the arc current increased. In these conditions
the “takeover mode” is favored, diminishing the arc
voltage oscillations. The plasma is generated with 701 A
arc current, and the flow rates of argon and helium are
30/30 slm. The torch thermal efficiency is 64 %, the arc mean
voltage is 39.9 V, and the specific enthalpy is 18.2 MJ/kg'
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Fig. 4 Typical voltage waveform of an Ar/He (30/30 slm)
plasma gas (nozzle diameter 6 mm, /=701 A)

(higher than that with the Ar/H, mixture). The waveform
of the arc voltage (Fig. 4) shows that the amplitude of the
fluctuation has been reduced, nevertheless the wrap of
fluctuation is still about 200 ps. By the way this observa-
tion about the mean time of fluctuations supports the idea
that these fluctuations depend strongly on the geometry of
the nozzle and the electrode (Ref 12). Due to these weak
fluctuations, no significant differences have been observed
whatever was the triggering level. In Fig. 5, the liquid
trajectory within the plasma flow is more homogeneous.
Furthermore, with this relative steady plasma jet, the
particle states at impact could be more easily homoge-
nized.

Figure 5 shows that the liquid jet is fragmented into
several clouds, as with a high plasma fluctuation level (see
Fig. 3a). However, the different clouds within the plasma
flow seem to occupy a region defined by two envelopes.
The upper one corresponds to the extension of the comet
tails, and near this envelope the flow is composed of tiny
droplets and/or solid particles which are very sensitive to
the plasma acceleration. Hence, this upper envelope
delimits the high velocity of the materials into the plasma
jet. On the contrary, the lower envelope is delimited by
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Fig. 5 Interaction plasma-suspension with the Ar/He plasma (working conditions of Fig. 4). Pictures whatever the triggering level,
injection velocity of 26.6 m/s, and distance between the injector tip and the torch axis of 20 mm
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Fig. 6 Protocol of image processing: (a) original picture, (b) image obtained after the filtering, and (c) result of the sum of several

images treated

the compact heads of the clouds, and characterized by the
lower velocity of the droplets.

4. Optimization of Injection Parameters

4.1 Protocol of Image Processing

The preceding section has shown the importance of
controlling the penetration and fragmentation of the
suspension jet or drops into the fluctuating plasma. In
order to ensure the quality and reproducibility of
the coating formed in SPS, it is necessary to optimize the
parameters which control drop trajectories. With the
suspension itself, several parameters such as, the injection
velocity, v, the surface tension force, o, the mass density
(load of powder), p, the internal diameter of the injector,
and the suspension jet axis can be varied. The other group
of adjustable parameters concerns the plasma torch
working conditions, with the plasma forming gas compo-
sition and mass flow rate, the arc current intensity, and the
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geometry of electrodes. The influence of the plasma gas
mixture and the injection velocity are treated in this
section. The other parameters have already been fixed
(Ref 8).

The goal of this part is to superpose several images
taken in the same conditions, in order to observe the mean
trajectories of the materials within the plasma flow.
However, if the different images are superposed, the weak
luminosity of the liquid (Fig. 6a) is masked by the high
one of plasma jet. Consequently, before superposing
images, the first step, is to eliminate the plasma luminosity.
Overlapped two filters (with matrox software) are applied
on each image (Fig. 6b), a ‘““‘median” filter, eliminating the
noise of the picture, and a second filter, the ‘““vertical
edge,” allowing eliminating the plasma luminosity by the
extraction of vertical contours. The liquid jet, as under-
lined previously, is not necessarily illuminated by the la-
ser, thus when superposing images sometimes the liquid
jet looks rather broad because of its uncontrolled vibra-
tions or does not appear at all. In the latter case it has
been represented by a white straight line.
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Then, treated images taken in the same operating
conditions are superposed (about 10), and in the final
image (Fig. 6¢) obtained, the cone of drops dispersion for
fixed operating parameters can be observed. Starting from
this final image (Fig. 6¢), it is necessary to determine
some parameters measurable in order to qualify the
quality of the injection. Two parameters are chosen, the
dispersion angle of the liquid within the plasma flow, 6,
and the deviation angle of the suspension jet, o. The
deviation angle, o, represents the mean penetration de-
gree of the suspension into the plasma core. This devia-
tion is proportional to the ratio of the quantity *p>”
(where, p; is the suspension specific mass (kg/m’), and v,
the velocity of the jet (m/s)) of the suspension to that,
“ppuz” (where, py, is the plasma specific mass (kg/m?), and
v, the velocity of the plasma jet (m/s)), of the plasma jet.
The dispersion angle, 0, is representative of the homoge-
neity of the drops treatment. When the dispersion angle is
large, the percentage of drops and then particles which
travel near the plasma jet fringes increases. Thus, these
particles have weaker thermal and kinetic transfers, and
they impact the substrate under a semimolten state.
Hence, a good injection of suspension is determined by a
low cone of dispersion near the plasma jet axis. The dif-
ferent lines which allow measuring the dispersion and
deviation angle are drawn manually (Fig. 6¢). The angles
are measured by image analyses with an accuracy of about
10-20%.

4.2 Influence of Plasma Gas Mixture

4.2.1 Argon-Hydrogen Plasma. The plasma generated
is the Ar/H; (45/15 slm) with an arc current of 500 A, as in
the preceding section. Therefore, the plasma presents high
arc voltage fluctuations (Fig. 2). In Fig. 7(a), with high
voltage, the materials occupy a region delimitated by a
dispersion cone of 33°, and the deviation angle of the
suspension jet is 60.5°.

According to Fig. 7(b), corresponding to low voltage,
the drops dispersion angle is very large, 64°, this is due to
the drastic variation of plasma velocity between the
consecutive half periods. Figure 7a shows that using

Ar/H, plasma jet and suspension injected at 26.6 m/s, the
drop trajectories are very different due to the arc insta-
bilities. A fluctuating plasma flow induces strong varia-
tions of the dispersion cone; in these operating conditions
particles which form the coating have undergone very
different thermal and kinetic transfers according to their
trajectories. However, the deviation angle does not
present significant differences with the arc voltage level.
Furthermore, no materials within the dispersion cone
cross the plasma jet axis. Thus, the distribution of par-
ticles in the plasma cross section should be heteroge-
neous.

4.2.2 Argon-Helium Plasma. The Ar/He plasma gas is
generated with an arc current of 700 A, in the same
operating condition than those of Fig. 4. Different pictures
of injection are taken whatever may be the triggering le-
vel, and Fig. 8 presents the result of images processing.

Using this relatively steady plasma jet, the dispersion
angle is drastically reduced, 15°, against 64° with Ar/H,.
Figure 8 confirms the idea that the dispersion of particle
trajectories, within the plasma, is directly dependent on

Fig. 8 Interaction plasma-suspension with an injection velocity
of 26.6 m/s, distance between the injector tip and the torch axis of
20 mm, Ar/He plasma (working conditions of Fig. 4)

Fig. 7 Interaction plasma-suspension with an injection velocity of 26.6 m/s, distance between the injector tip and the torch axis of
20 mm: (a) high voltage level of Ar/H, plasma, (b) low voltage level of Ar/H, plasma (working conditions of Fig. 2)

862—Volume 16(5-6) Mid-December 2007

Journal of Thermal Spray Technology



the torch voltage fluctuations. The deviation angle of the
suspension with this Ar/He plasma is 63.5°, value slightly
higher than that obtained with the Ar/H, plasma gas.
However, it can be observed that the penetration depth of
the suspension jet in the plasma jet fringes (determined by
counting pixels), of 0.58 mm (see Fig. 8) is better. The
suspension jet is apparently not fragmented into the cold
boundary layer of the Ar/He plasma, thus involving that
the fragmentation step and then the vaporization one
occur closer to the plasma jet axis. Thus, it can be sup-
posed that the melting and acceleration of particles are
more homogeneously distributed in the plasma jet cross
section.

V=26.6 m/s

High voltage level

Low voltage level

<

4.3 Influence of the Injection Velocity

4.3.1 Argon-Hydrogen Plasma. In SPS, because of the
fragmentation and the vaporization of the solvent, the
quantity “psv*>”” of the suspension must be higher than that
of plasma. But, the ratio between these two quantities
which allows obtaining a good penetration is not clearly
identified. Moreover, the “psv2” of the suspension de-
creases while approaching the plasma axis, and in the
same time the shear stress applied by the plasma flow
increases drastically. In this section two injection velocities
are tested, 26.6 m/s using a pressure tank of 0.4 MPa, and
33.5 m/s for a pressure tank of 0.6 MPa. Figure 9a shows

V=33.5m/s
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Fig. 9 Evolution of the interaction plasma-suspension with the suspension injection velocity using an Ar/H, plasma (working conditions

of Fig. 2)
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Fig. 10 Evolution of the interaction plasma-suspension with the injection velocity using an Ar/He plasma (working conditions of Fig. 4):

(a) injection velocity, 26.6 m/s and (b) injection velocity, 33.5 m/s

two different behaviors depending on the velocity of the
suspension jet injected.

The dispersion angle for a low voltage level has
diminished from 64° to 29° as the injection velocity in-
creases. Thus, the enhancement of the velocity decreases
the variation of the angle dispersion whatever may be the
triggering level. With the high velocity, 33.5 m/s, the cone
of dispersed particles is closer to the plasma jet axis, where
the shear stress increases, hence the deviation angle is the
highest in these conditions: 66°. The graph in the Fig. 9(b)
presents the variation of the different angles according to
the injection velocity. As the variation of the two angles
diminishes, it can be concluded that the injection is sta-
bilized with a suspension jet velocity of 33.5 m/s. With the
suspension jet velocity of 26.6 m/s the quantity “py®” is
0.61 MPa, while with the highest velocity (33.5 m/s), this
quantity increases by 60% (0.96 MPa). The mean velocity,
u, of the Ar/H, plasma is dependent on the arc voltage of
the torch (Ref 13):

1 —1
nov-1 o,

Pa-T-T Y

where, u, v, d, p,, U, and n are respectively, the plasma
velocity (m/s), isentropic coefficient (-), the nozzle internal
diameter (m), atmospheric pressure (Pa), the arc voltage
(V), and torch thermal efficiency (-).

The arc voltage, V, shows important time variations
(40-100 V) with argon-hydrogen plasma (Fig. 2). In the
plasma the quantity “p,u’ is almost constant (Ref 8), thus,
the shear stress (ppuz) applied by the plasma varies as its
velocity linked to arc voltage. Furthermore, the quantity
of 0.61 MPa (low velocity: 26.6 +2 m/s) of the suspension
is probably not sufficiently high to permit the good
penetration of the liquid jet when the arc voltage is 100 V.
Then in the next puff (40 V) drops near the top of the
plasma jet are observed, which did not penetrate during
the preceding period, and correlatively the dispersion
angle increases (0: 64° in Fig. 9).

4.3.2 Argon-Helium Plasma. Using the Ar/He plasma
flow, the arc level voltage variations (Fig. 4) are drastically
reduced (AV=6 V), and the mean voltage value is quasi
constant, 40 V. Thus, the time-averaged plasma velocity is
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constant. Figure 10 presents the evolution of the material
trajectories within the Ar/He plasma flow.

The angle of dispersion is always constant, thus what-
ever may be the injection velocity the trajectories of the
drops are homogeneous. However, with the high injection
velocity, the suspension jet is fragmented closer to the
torch axis (Fig. 10b). In this case, the percentage of par-
ticles crossing the plasma jet axis increases to the detri-
ment of particles which travel into the plasma jet fringes.
Thus, the distribution of particles into the plasma jet cross
section is more homogeneous.

5. Conclusion

The injection of suspension drops has been observed
with a fast shutter camera coupled with a laser sheet flash,
and triggered by a defined transient voltage level of the
plasma torch. This study has shown that the plasma jet
fluctuations have a strong influence on drops fragmenta-
tion. An important difference in drop trajectories within
the plasma flow has been observed between the argon-
hydrogen and argon-helium plasmas. This heterogeneity
of drops treatment is due to arc voltage fluctuations. Im-
age processing has allowed choosing some spray parame-
ters in order to homogenize drop trajectories. The
stabilization of the interaction plasma jet-zirconia sus-
pension increases when using plasmas with low arc voltage
oscillations. The suspension injection parameters (jet
velocity) have to be adjusted according to plasma forming
gases. Work is in progress to study coatings formed using
the best spray parameters resulting from this study in or-
der to validate it.
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