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Spray Parameters and Particle Behavior

Relationships During Plasma Spraying

M. Vardelle, A. Vardelle, and P. Fauchais

Using laser anemometry, laser fluxmetry, and statistical two-color pyrometry, the velocity, number flux,
and surface temperature distributions of alumina and zirconia particles in dc plasma jets have been de-
termined inflight for various spraying parameters. The flux measurements emphasized the importance
of the carrier gas flow rate, which must be adjusted to the plasma jet momentum depending on the arc
current, nozzle diameter, gas flow rate, and gas nature. It has also been shown that the particle trajecto-
ries depend both on the particle size and injection velocity distributions and that the position and tilting
of the injector plays a great role. The particle size drastically influences its surface temperature and ve-
locity, and for the refractory materials studied, only the particles below 45 pm in diameter are fully mol-
tenin Ar-H; (30 vol %) plasma jets at 40 kW. The morphology of the particles is also a critical parameter.
The agglomerated particles partially explode upon penetration into the jet, and the heat propagation
phenomenon is seriously enhanced, particularly for particles larger than 40 pm. The effects of the arc
current and gas flow rate have been studied, and the results obtained in an air atmosphere cannot be un-
derstood without considering the enhanced pumping of air when the plasma velocity is increased. The Ar-
He (60 vol %) and Ar-H: (30 vol %) plasma jets, when conditions are found where both plasma jets have
about the same dimensions, do not result in the same treatment for the particles. The particles are not as
well heated in the Ar-He jet compared to the Ar-H; jet. Where the surrounding atmosphere is pure argon
instead of air (in a controlled atmosphere chamber), the radial velocity and temperature distributions
are broadened, and if the velocities are about the same, the temperatures are higher. The use of nozzle
shields delays the air pumping and increases both the velocity and surface temperature of the particles.
However, the velocity increase in this case does not seem to be an advantage for coating properties.

1. Introduction

THERMOMECHANICAL properties of dc plasma-sprayed coatings
depend, among other parameters,!-3]on the molten state and ve-
locity of particles upon impact on the substrate, which control
their flattening and the cooling of the resulting splats. For a
given particle, its velocity and temperature upon impact are
linked on the one hand to the plasma jet parameters—gas nature,
velocity and temperature distributions, and turbulent mixing
with the surrounding atmosphere—and on the other to each par-
ticle trajectory in the plasma jet. The trajectory is controlled by
the particle injection velocity, the position where it is injected,
its nature, density, size, and morphology. Other than the number
of parameters involved, the fact that the particles have size and
injection velocity distributions that result in a trajectory distri-
bution adds to the complexity. Thus, all of the injected particles
have widely different momentum and temperature histories.
These very different trajectories result in different heat treat-
ments undergone by the particles, heat treatments that are also
complicated by heat propagation and evaporation phenomena,
which are enhanced by low thermal conductivity particles and
high thermal conductivity plasma jets. Thus, the coating results
from the piling up of very different splats.
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The aim of this article is to show through in-flight measure-
ments!®1on oxide particles the influence on their velocity and
temperature distributions of the different macroscopic parame-
ters, such as carrier gas flow rate, injector (internal diameter),
position and tilting toward or against the plasma flow, powder
size distribution, arc current, size of plasma gun nozzle, plasma
gas nature, flow rate, and surrounding atmosphere. Of course,
in-flight measurements give only mean values, and the distribu-
tion of each measured parameter should be considered. For ex-
ample, particularly for the temperature distribution that might be
rather broad, a mean value significantly over the melting tem-
perature, T,,, does not necessarily mean that all the particles
have their temperature over T,,. Moreover, the particles whose
surface temperature is below 2000 K do not give any signal and
are not taken into account by the measuring device. Thus, the
temperature measurements must be considered cautiously, and
they only provide trends. In the following, all the results pre-
sented were obtained at atmospheric pressure with the plasma
jet flowing in air, except for one case in which it is flowing in an
argon atmosphere.

2. Particle Injection

2.1 Influence of Particle Injection Momentum

For a given plasma jet (nozzle diameter, power level, gas na-
ture, and flow rate), the momentum of the injected particles has
to be adapted to that of the plasma jet so that they travel in the hot
zones of the jet. This is illustrated in Fig. 1, where for a given
plasma jet, a given carrier gas (always Ar in the following), a
given injector, and a given fused and crushed alumina powder
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Fig. 1 Yttria-stabilized zirconia (8 wt% Y,03) particle mean trajec-
tory in an Ar-H, plasma jet. 75 slm Ar; 15 slm Hp; nozzle diameter, 8
mm; I =450 A; V=71 V, thermal efficiency p = 60%; fused and
crushed powder —25+8 pum; injector inside diameter, 1.6 mm.

POWDER

|

-2

1300

) =

0 e e

- "“----H::__———————__.
4 T r

I INTERNAL INJECTION —

o
=
=]
‘/§
=
-]
(=]
o
=

EXTERNAL INJECTION

10 20 30 40
TORCH AXIS (mm)

o

Fig. 2 Calcia-stabilized zirconia (7.5 wt% CaO) particle mean trajec-
tory in an Ar-H; plasma jet. 75 slm Ar; 15 slm Hp; nozzle diameter, 8
mm; [ =450 A; V =71 V; p = 60%; fused and crushed powder —15+5
Hm; injector inside diameter, 1.6 mm.

size distribution, very different mean trajectories can be ob-
served depending on the argon carrier gas flow rate. When the
flow rate is too low, the particles do not penetrate into the jet, and
when it is too high, they cross it. To illustrate the influence of the
plasma jet momentum, Fig. 2 shows the trajectories obtained
with the injector either in the nozzle, 3 mm upstream of its exit
(internal injection), or outside, 5 mm downstream of its exit (ex-
ternal injection). The optimum trajectory is that corresponding
to the highest surface temperature resulting in the highest depo-
sition efficiency. With an internal injection, the optimum trajec-
tory crosses the jet axis with an angle of about 3.5°. With the
same carrier gas flow rate (9.5 slm) as that allowing an optimum
trajectory with the internal injection, the particles cross the
plasma jet more rapidly. This is due to the lower momentum of
the expanding plasma jet. Similar results are obtained(8! if, for a
given nozzle (ID = 7 mm) a given arc current (/ = 500 A) and a
given hydrogen volume percentage of 25%;, the total flow rate,
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Fig. 3 Fused and crushed alumina particle injection velocity distribu-
tions corresponding to the same mean trajectory in an Ar-H; plasma jet.
75 slm Ar; 15slmHp; d = 8 mm; / = 400 A; V = 72 V; p = 60%; injector
inside diameter, 1.6 mm. (a) —21+15 pm; Mgg = 7.5 slm. (b) —90+45
pm; M7= 2.5 slm.
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Fig.4 Radial normalized number flux of fused and crushed particle in
the Ar-H, plasma jet, defined in Fig. 3, measured 75 mm downstream
of the nozzle exit for two size distributions. (a) -21+15 pm; M ° =75
slm. (b) -90+45 um; M° =2.5slm.

m?®, of the plasma gas is increased. The carrier gas flow rate,
M > Must be increased correspondingly to obtain the same mean
particle trajectory and thus the same mean deposition efficiency,
Pp, as summarized in Table 1 for fused and crushed alumina par-
ticles (—45+22 pm).

The carrier gas flow rate corresponds to an injection velocity
distribution. The smaller the particles, the higher the carrier gas
flow rate and the higher the resulting velocities. This is illus-
trated!®! in Fig. 3 for fused and crushed alumina particles, which
shows for two size ranges (=21+15 pm, left and ~90 + 45 pum,
right), the corresponding measured velocity distributions at the
injector exit for two carrier gas flow rates giving the same mean
trajectory. The important difference in the injection velocities
for the two size distributions emphasizes the fact that the trajec-
tories of the particles depend on their momentum. It should be
noted that the velocities given in Fig. 3 were measured by laser
doppler anemometry (LDA) in the direction of the injector axis.
However, the radial velocity components are not at all negligible
and correspond to a dispersion cone angle up to 30° for the small
particles. Such a dispersion is due to the particle collisions with
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the injector wall. The particle trajectories are thus the product of
both size and injection velocity distributions.

It is not surprising that, even with a very narrow size dis-
tribution, the smaller particles, due to their very broad injection
velocity distribution, exhibit a much broader trajectory distribu-
tion than the larger particles (Fig. 4) for which the velocity dis-
tribution is narrower. The distributions presented in Fig. 4 were
measured in the direction parallel to the injector axis, but be-
cause of the nonaxial symmetry of this injection, a different dis-
tribution (broader) is obtained in a direction orthogonal to the
injector axis. The maxima of these two number flux distribu-
tions define the “mean trajectory,” as represented in Fig. 1 and 2.

Tablel Correlation between the plasma gas flow rate and the
carrier gas flow rate

AlpOj3 particles —45+22 pum, fused and crushed, plasma gun nozzle, ID,
7 mm

46.7 53.3 60
35 35 35
56 57 58
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Of course, different trajectories resulting from different carrier
gas flow rates inducel®] different velocity, v, surface tempera-
ture, T;, and number flux radial distributions, as illustrated in
Fig. 5(a), (b), and (c), respectively. The maximum v and T, val-
ues correspond to M, = 5.5 slm and a trajectory close to the jet
axis (for example an angle of 3.5° between the jet axis and the
mean trajectory as illustrated in Fig. 1). Of course, the highest
values of T and v, are obtained along the plasma jet axis.

2.2 Influence of Powder Injector Tilting

To increase the powder residence time in the plasma jet, it has
been proposed to tilt the injector counter to the flow, as illus-
trated in Fig. 6. Similar mean trajectories!!% can be obtained
with the two injectors by adjusting M¢, . If for the considered
working conditions, Mg, with the orthogonal injection, it then
must be only 2 slm with the 60° injector, otherwise the mean tra-
jectory crosses the plasma jet too rapidly. This tilting has a
drastic influence on the mean velocity of the particle and tem-
perature along their mean trajectory, as illustrated in Fig. 7(a)
and (b). In spite of a higher velocity with the 60° counter current
injection angle, the particles reach a higher surface temperature.
This is due to the longer residence time of the particle in the hot-
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Fig. 5 Radial velocity (a), surface temperature (b), and number of flux distributions (c) for fused and crushed alumina particle —21+18 um measured 75
mm downstream of the nozzle exit for different carrier gas flow rates in the plasma jet defined in Fig, 3.
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Fig. 6 Calcia-stabilized zirconia (7.5 wt% CaO) particle (-75+44 pm)

mean trajectories for two injection angles (orthogonal to jet axis and
60° counter current) in the plasma jet defined in Fig. 3.

VELOCITY (m/s)
200

Q 50 100 150
POSITION ALONG THE MEAN TRAJECTORY (mm)

——90° =60

(a)

test zone of the jet. However, due to the lower injection velocity
with the 60° angle and injection in a hotter zone of the plasma
(compared to the 90° injection), problems occur where particles
adhere and build up a deposit on the anode throat, thus reducing
the interest in this type of injection.

3. Influence of Particle Size and
Morphology

3.1 Particle Size

For similar trajectories and the same morphology, particle
size plays an important role in the particle residence time in the
hot zones of the plasma jet’>!! and in the temperature that is
reached. Surface temperature can be measured only outside of
the plasma core,®7}as illustrated in Fig. 8 for fused and crushed
alumina particles of =21 + 15 pm and 52 + 40 um. The accel-
eration of the smaller particles is much higher (up to 70,000 g)
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Fig. 7 Mean velocity (a) and surface temperature (b) along the mean trajectory of calcia-stabilized zirconia particles injected at 90 and 60° (see Fig. 6)

in the plasma jet defined in Fig. 3.
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Fig. 8 Velocity (a) and surface temperature (b) along the same mean trajectory of fused and crushed alumina particles (-21+15 pm and ~52+40 um par-

ticle size range) injected in the Ar-Hj plasma jet defined in Fig. 3.
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than that of the larger ones (about 19,000 g). The maximum ve-
locities are in aratio of 1.7, but with their higher inertia the larger
particles decelerate more slowly. For surface temperature, the
maximum is reached for the larger particles only at the end of the
plasma core (50 mm downstream of the nozzle exit) when at the
same location the smaller particles are already cooling down.
Similar velocity results were obtained with zirconia particles
(stabilized with 8 wt% Y,03) (Fig. 9). Because their density is
about twice that of alumina, the maximum velocities for the
same plasma jet are lower. However, for particles with such a
low thermal conductivity (~1.5 W/m - K), surface temperature
is not necessarily the mean temperature of the particle due to the
heat propagation phenomenon.[!2] With the argon/hydrogen
plasma used, the Biot number varies between 0.06 and 0.2, and
the center temperature, T, differs from the surface T, at least in
the first few centimeters of the trajectory, as illustrated in Fig,
10. T and T, have been calculated for two particle sizes with the
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Fig. 9 Velocity of fused and crushed ZrO; + 8 wt% Y03 particles in-
jected in the Ar-H; plasma jet defined in Fig. 3. The —40+10 pwm parti-
cles were injected with a carrier gas flow rate (Mc"g )of 5.4slm (Vip; =
17 m/s}); the ~63+40 um particles with Mgg =6.4slm (Vinj =13.3m/s);
the ~80+63 pm particles with Mcg = 4 slm (Viy; =7 m/s).
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same trajectory in the Ar-H, plasma jet used. Of course, T for
the 60-pum particle is lower by 700 K than T for the 30-jm par-
ticle because heat propagation is slower. This means for exam-
ple that, with the 60-jum particles, the substrate must be placed at
least 80 mm downstream of the nozzle exit to receive completely
molten particles upon impact (assuming the optimum trajec-
tory!). Figure 10 also shows, at least for the 30-um particle, that
for distances greater than 70 mm the surface temperature de-
creases faster than the center temperature.

3.2 Particle Morphology

Even when particles have the same size distribution and the
same chemical composition, they might have very different
morphologies depending on the way they were manufac-
tured.!13:14] For example, when comparing dense fused and
crushed particles with porous agglomerated particles (agglom-
erates made with crushed particles in the size range —5+1 um),
very different results are obtained. If the fused and crushed par-
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Fig. 10 Calculated surface and center temperatures of fused and crushed
ZrO; + 8 wt% Y, 03 particles, 30 and 60 pm in diameter injected with the
same trajectory in the Ar-H, plasma jet defined in Fig. 3.
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Fig. 11 Mean velocity (a) and surface temperature (b) along the mean trajectory of agglomerated and fused and crushed ZrO; + 8 wt% Y,O3 particles
(~45+10 pm) injected in an Ar-H; plasma. 50 slm Ar; 15 slm Hj; nozzle diameter, 8 mm; P = 32 kW with carrier gas flow rates resulting in the same mean

trajectory.
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Fig. 12 Radial evolution of the velocity (a) and surface temperature (b) of —45+10 pm ZrO, + 8 wt% Y03 particles of different morphologies injected
in the plasma depicted in Fig. 11. Measurements performed 75 mm downstream of the nozzle exit.

VELOCITY (m/s)
00

*/ I

A
—

50

-15 -10 -5 0 10 15

5
PLASMA JET RADIUS (mm}

P agglomerated —* fused and crushed—l

(a)

o _TEMPERATURE (K)
/Q/_.o——-éﬂ\
R
l/___l
A ’\\ﬂ\
3000 | \
.4

2500

3500
/

2000
-15 -10 -5 o 5 10 15
PLASMA JET RADIUS (mm)

—4— agglomerated % fused and crushed

b)

Fig. 13 Radial evolution of the velocity (a) and surface temperature (b) of -90+45 um ZrO; + 8 wt% Y;0; particles of different morphologies injected
in the plasma depicted in Fig. 11. Measurements performed 75 mm downstream of the nozzle exit.

ticles exhibit normal behavior, the agglomerated particles par-
tially explode upon penetration into the plasma jet. This is prob-
ably due to their poor mechanical resistance and the high
thermal shock experienced when the gas trapped in the pore
structure and the particles rapidly expand on exposure to the
plasma jet. This is illustrated in Fig. 11(a), which shows three
velocity distributions: that of the fused and crushed particles,
that of the nonexploded agglomerated particles, and that of the
exploded (or broken) agglomerated particles. The exploded par-
ticles do not penetrate into the jet because their momentum is too
low; thus, they travel in its periphery and are dragged into the jet
due to the large vortices created at the jet fringes. This results in
a much lower velocity. According to their lower density (about
half that of the fused and crushed particles) the agglomerated
particles reach higher velocities than the fused and crushed par-
ticles, but they decelerate faster.

When considering the surface temperature, only two distri-
butions are observed (see Fig. 11b). This is probably because the
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small exploded particles entrained in the low-temperature re-
gions of the plasma do not reach 2000 K (which is the detection
limit) or have been, because of their small size, heated in the jet
plume to similar temperatures as that of the “large” particles that
have crossed the hot core of the plasma jet. It is however inter-
esting to note that 7 is higher for fused and crushed particles
than for agglomerated particles, which is logical because the ve-
locity of the fused and crushed particles is lower. Such results
are confirmed by the particle radial distributions measured 75
mm downstream of the nozzle exit (see Fig. 12a and b). Itis in-
teresting to note that agglomerated and sintered particles whose
density is between that of fused and crushed and agglomerated
materials have similar temperatures as that of the fused and
crushed particles (see Fig. 12b). “Zircyt” powders (ZrO, + 8
wt% Y,O3) that were made by a chemical route (the mean size of
the agglomerates is about 0.1 pm versus a few micrometers for
sintered or agglomerated particles) exhibit the same behavior (v
and T) as that of the fused and crushed particles. It does not ap-
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Fig. 14 Evolution along the mean trajectory of the velocity (a) and surface temperature (b) of fused and crushed alumina particles (—21+15 pum) injected

in the plasma jet depicted in Fig. 3.
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Fig. 15 Radial velocity, surface temperature, and normalized number flux distribution 75 mm downstream of the nozzle exit of fused and crushed alu-
mina particles (-21+15 um) injected in an Ar-Hj plasma jet. Nozzle diameter, § mm; P = 29 kW. (a) Ar 45 slm, Hy 15 slm. (b) Ar 75 slm, Hj 15 slm.

pear that they explode upon penetration, but this size of elemen-
tary particles is about the detection }imit of the authors’ LDA
setup.!® Very different results were obtained when considering
larger particles (-90 + 45 um), as illustrated in Fig. 13 for
fused and crushed and agglomerated particles. In this case, in
spite of a higher velocity (see Fig. 13a), the agglomerated
particles exhibit (see Fig. 13b) a higher surface temperature.
The explanation can be found by looking at cross sections of
the particles collected 200 mm downstream of the nozzle
exit.['5] The —45+10 um particles are uniformly porous,
whereas the —90 + 45 [tm particles are almost hollow spheres.
The temperature of the small particles is 700 K higher than that
of the large ones (see Fig. 10), whose temperature is hardly
above the melting point. The gas trapped in the small porous ag-
glomerated particles can escape through the liquid, whereas for
the large particles it cannot because the temperature is very close
to T,,. Consequently, the compressed gas expands the molten

Journal of Thermal Spray Technology

shell like a balloon. The surface temperature of the molten shell
is thus overheated. Therefore, the best thermomechanical coat-
ing properties are obtained with the fused and crushed particles
whose size is —45+10 pm.[16:17]

4. Influence of Spraying Parameters and
Torch Design

As emphasized in a previous paper, (9! the influence of spray-
ing parameters (arc current, /; gas flow rate, m®; gas nature) and
torch design (nozzle diameter, nozzle shield) is rather complex.
On the one hand, any parameter increasing the power level, such
as / or H,%, should increase both the length and velocity of the
plasma jet. It is also the case that increasing the constriction of
the plasma jet (e.g., with nozzle diameter decrease, mass flow
rate increase, Hy% increase) increases the velocity. On the other
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Fig. 16 Evolution along the mean trajectory of fused and crushed alu-
mina particles (—21+18 pm) injected in a pure Ar plasma (13.3kW) and
in Ar-H; plasma (21 kW). Both plasmas had the same mean enthalpy.

hand, any increase in the plasma jet velocity enhances ther-
mofluid interactions with the surrounding atmosphere!!®]
(known as pumping), which, when it is air, rapidly cools the
plasma jet and reduces its length and diameter.[1% Moreover, the
particle heating depends not only on the plasma enthalpy, but
also on the thermal conductivity of the plasma gas, which is en-
hanced by the hydrogen or helium percentage in the plasma.

4.1 Influence of Power Level

The effect of an increase in power level is shown in Fig. 14.
The shift from 21 to 29 kW was obtained by increasing the arc
current. The maximum velocity of fused and crushed alumina
particles increased by almost 40% when the temperature in-
crease was less than 5%. This is due to the higher velocity of the
plasma jet and to the fact that when increasing the power level by
40% the length of the plasma jet is only increased by 8%. This
results in a shorter residence time and an enthalpy increase. It
should be noted that when the surrounding atmosphere is argon
then the length of the plasma jet increases with the arc current
more regularly than in air. The limit of the plasma jet length
reached at 700 A in air is not observed in an argon atmosphere.
Thus, at least up to this arc current value, in argon atmosphere
the increase in the surface temperature of the particles is almost
linear with the arc current (see Fig. 11 in Ref 6).

4.2 Influence of Plasma Gas Flow Rate

Figure 15 shows radial distributions of v, T, and flux number
of fused and crushed alumina particles in two plasma jets with
total flow rates of 60 and 90 slm. It can be seen that, in spite of a
higher (37%) velocity with the 90 slm flow rate, the surface tem-
perature is almost the same, even if in the 90 sim flow rate the Hy
mole fraction is only 17% versus 25% in the 60 slm flow rate.
This means that, in spite of a slightly shorter plasma jet, a higher
velocity, and a lower thermal conductivity,[?0l constriction of the
plasma jet with the flow rate increase induces a higher gas en-
thalpy, which maintains the particle surface temperature almost
constant.
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Fig. 17 Radial velocity, surface temperature, and normalized number
flux distributions 75 mm downstream of the nozzle exit of fused and
crushed alumina particles (-21+15 pm) injected in an Ar-H, plasma
jet. Nozzle diameter, 8 mm; P = 29 kW; Ar 75 sim; Hy 7.5 slm.

4.3 Influence of Hydrogen Percentage in Argon

With pure argon plasma jets, for the same arc current, the
torch voltage is one third that obtained with Ar-H; (20 vol%)
plasmas, and it is thus difficult to compare both plasma jets due
to power level differences. Direct current (dc) spraying plasma
torches hardly sustain more than 1000 A with pure Ar and more
than 800 A with Ar-H, mixtures. However, the argon flow rate
can be reduced in such a way that the mean enthalpies of both
jets are the same, even if the real enthalpies of the hot plasma
columns are probably different due to the higher constriction of
the Ar-H; plasma. The results for the surface temperature of
fused and crushed alumina particles obtained with two plasma
jets with the same mean enthalpy are shown in Fig. 16. It can be
readily seen that, in spite of a velocity that is twice as low as in
the argon plasma, the surface temperature is 10% higher for the
Ar-H; plasma with 18.5 vol% H,. This is due to the higher mean
thermal conductivity of this mixture, which takes into account
the recombination of the H atoms.!2% The influence of the H,
percentage can also be seen in Fig. 15(b) and in Fig. 17. With 9%
H, (Fig. 17) versus 17% H, (Fig. 15b), the velocities are almost
the same, but the surface temperatures are 4 to 5% higher with
the 17% H, mixture.

4.4 Comparison of Ar-H, and Ar-He Mixtures

According to Pateyron et al.,[20 the mean integrated thermal
conductivities of Ar-H; (18.5 vol%) and Ar-He (60 vol%) plas-
mas are about the same (at least for temperatures higher than
9000 K). The viscosity of the Ar-He (60 vol%) mixture is higher
(about 55% at the maximum) than that of the Ar-H; (18.5 vol%)
mixture. Comparison of the plasma jets is as difficult as that be-
tween Ar and Ar-H; because the maximum voltage with Ar-He
is about 40 V versus 70 to 80 V with Ar-H,. However, even with
alower power level for Ar-He, it was possible to find conditions
where both plasma jets have about the same length and diame-
ter.[21) This was achieved by using 75 slm Ar-15 slm H, with a
power level of 31 kW versus 40 slm Ar-60 slm He with a power
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Fig. 18 Evolution along their mean trajectory of the mean velocity (a) and mean surface temperature (b) of ZrO; + 8 wt% Y,0j3 particles (—45+22 pm)
injected in an Ar (75 slm)-Hj (15 slm) plasma jet at 31 kW or in an Ar (40 slm)-He (60 slm) jet at 23.4 kW. In both cases, the nozzle diameter was 8 mm.
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Fig. 19 Radial distributions of velocity (a) and surface temperature (b) measured 75 mm downstream of the nozzle exit for the same conditions as those

depicted in Fig. 18, except that the Ar-H, power level was lowered to 23.4 kW,

level of 23.4 kW and almost the same arc currents, The Ar-He
plasma jet is as long as the Ar-H; one because of its higher vis-
cosity, thus reducing the surrounding air pumping. Figure 18
shows the velocity and surface temperature of fused and crushed
Zr0,-8 wt% Y,03 particles (—45+22 pum) along their mean tra-
jectory in both plasma jets. If the velocities are not very different
(less than 10%), the surface temperature of the particles in the
Ar-H; plasma is 800 K higher than that in the Ar-He plasma jet
50 mm downstream of the nozzle exit. This is probably due to
the higher enthalpy of the Ar-H, jet and to its higher mean ther-
mal conductivity for temperatures lower than 10,000 K. How-
ever, with its higher viscosity, particularly at temperatures
below 10,000 K, the Ar-He plasma undergoes less mixing with
the surrounding air than the Ar-H, plasma. Thus, the particle sur-
face temperature decrease with distance is lower with this
plasma.

When the power level of the Ar-H, plasma jet is reduced to
that of the Ar-He plasma, the velocity of the particles in the Ar-
H, plasma is lower than that obtained in the Ar-He plasma, but
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the surface temperature is still higher for the Ar-H; plasma (see
Fig. 19). This figure shows the advantage of heat transfer with
Ar-Hj; due to the recombination of H atoms, thus resulting in a
higher mean thermal conductivity at T < 10,000 K.

4.5 Influence of Nozzle Diameter

When the nozzle diameter is increased from 6 to § mm for a
given gas flow rate and type and a given arc current, then the gas
velocity and pumping of the surrounding air decrease. The
plasma jet length is also minimally increased. The carrier gas
flow rates were adjusted to have the same mean trajectory with
nozzles of 6, 7, or § mm diameter. The net effect of this diameter
change on fused and crushed alumina particles (—45+22 pm) is
shown in Fig. 20, The maximum velocity is 50% higher with the
6-mm nozzle compared to the 8-mm nozzle. The 7-mm nozzle
gives intermediate results. The velocity in the fringes of the jet
drops less rapidly with the 8 mm nozzle, which is expected with
a larger diameter jet. Similar results are obtained for changes in
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Fig. 20 Radial distribution of velocity (a) and surface temperature (b) measured 75 mm downstream of the nozzle exit for fused and crushed Al,O3 par-
ticles (-45+22 um) injected in Ar (45 slm)-H (15 slm) plasma jets with an arc current of 600 A and three nozzle diameters of 6, 7, and 8 mm, respectively.
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Fig. 21 Radial velocity (a) and surface temperature (b) of nickel particle (—~80+60 pm) in an Ar (75 slm)-H; (15 slm) plasma jet. P = 29 kW; d = 6 mm

flowing in air or in an argon atmosphere.

temperature, the highest values being obtained with the lowest
velocity particles, i.e., with the 8-mm diameter nozzle. The re-
sults obtained with the 6- and 7-mm nozzle are about the same.

4.6 Influence of the Surrounding Atmosphere

When spraying in a controlled atmosphere chamber filled
with argon, the plasma jet is broadened and lengthened.[1922]
This is due to the fact that the pumped argon is ionized at 15,000
K, whereas the pumped O, from air is dissociated at 3500 K,
thus consuming a high quantity of energy even in the fringes of
the plasma jet. If the particle velocity is almost the same as that
obtained when spraying in air (see Fig. 21a for nickel particles),
except that the distribution is broader, then the surface tempera-
ture is a little higher (200 K maximum at the measuring dis-
tance), but with a much lower drop with respect to the radius
when spraying in an Ar atmosphere.

The advantage of spraying in a controlled atmosphere is ob-
vious; however, the cost of the chamber and its utilities is not
negligible. Thus, nozzle shields have been developed to delay
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the mixing of the surrounding air with the plasma jet. Figure 22
shows examples of the normal short PTF4 nozzle (a) and the
long nozzle with a shield (b), in which the powder is injected in
the exit cone of the nozzle. With this nozzle, the plasma jet exit-
ing is as long as the jet obtained with the normal nozzle in spite
of a 25 mm increase in its length. Thus, for comparison pur-
poses, measurements along the mean trajectory for both nozzles
are presented, designating the normal nozzle exit as zero. There-
sults obtained for —75+20 um Y,0; particles are presented in
Fig. 23. The velocity of the particles with the shielded nozzle
and internal injection is higher than that obtained with the nor-
mal nozzle and external injection. It is also worth noting that,
due to the lower plasma jet velocity exiting from the diverging
section, mixing with the surrounding atmosphere is delayed
with the shielded nozzle and the drop in velocity is much lower
(230 m/s 120 mm downstream of the nozzle exit versus 130 with
the normal nozzle). In spite of the higher velocity, the surface
temperature of the particles is also higher with the shielded noz-
zle, as illustrated in Fig. 23(b).
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Fig. 22 Normal PTF4 spraying nozzle (a) and with a shield (b).
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Fig. 23 Evolution along the mean trajectory of the mean velocity (a) and mean surface temperature (b) of Y503 particles (-=75+20 um) in the two nozzles

shown in Fig. 22 working with 30 slm Arand 12 slm Hy; P = 31.7 kW.

With the shielded nozzle, the effect of the total gas flow rate
(with the same H; vol%) varies. Figure 24(a) shows that the ve-
locity increases by 12% when the surface temperature increases
by 8% in spite of the higher velocity (Fig. 24b). This shows that
the plasma is more constricted by the mass flow rate increase, in-
ducing higher enthalpies and thus higher surface temperatures.
With the shielded nozzle, the effect is more pronounced due to
the reduced surrounding air pumping that occurs when the gas
velocity increases (see for example Fig. 15).

5. Conclusion

Laser anemometry, laser fluxmetry, and statistical two-color
pyrometry allow one to obtain velocity, number flux, and sur-
face temperature distributions of in-flight particles of plasma
jets and to correlate these values with the macroscopic spraying
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parameters. However, it is necessary to remember that particles
with a surface temperature below 2000 K are not detectable and
may be present in regions where measurements show that the
particles are molten.

Such measurements have emphasized the importance of the
dispersion of the trajectories, dispersion that depends on both
the size and injection velocity distributions of the particles. The
smaller the particles, the higher the carrier gas flow rate needed
to give them the proper momentum, resulting in a broad injec-
tion velocity distribution and thus in a broad trajectory distribu-
tion inducing different heat treatments. The particles exiting
from an injector also exhibit a rather large dispersion angle (up
to 30° cone angle) resulting from their collisions with the walls.
This dispersion, playing an important role in the trajectory dis-
tribution, depends on many parameters (injector inside diame-
ter, carrier gas flow rate, particle size distribution, and density)
and is not yet clearly understood. The particle flux measure-
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Fig. 24 Evolution along the mean trajectory of the mean velocity (a) and mean surface temperature (b) of Y03 particles (~75+20 pm) in the two nozzles
shown in Fig. 22 working with 30 slm Ar or 50 slm Ar with 30% of H, and 31.7 kW.

ments have emphasized the necessity, for a given injector inside
diameter, position, and tilting, and for given particles, to adjust
the carrier gas to the arc current, nozzle diameter, gas flow rate,
and gas type so as to achieve the optimum trajectory to obtain,
for example, the best deposition efficiency corresponding to
molten particles upon impact. However, the position of the in-
jector and its tilting, as well as the distance from the plasma jet
axis, require further studies to improve particle melting, particu-
larly in terms of designs to limit the plasma jet perturbation by
the carrier gas.

The influence of the macroscopic parameters on particle
melting is strongly linked to the surrounding atmosphere of the
plasma jet. Air pumping rapidly cools the plasma jet with oxy-
gen dissociation at 3500 K, and as pumping increases with the
plasma gas velocity, all parameters increasing this velocity have
anegative effect on particle beating. This happens when the arc
current, plasma gas flow rate, or percentage of hydrogen in-
creases, or when the nozzle diameter decreases. On the contrary,
when the viscosity of the plasma increases, for example with the
He percentage, the pumping effect is reduced. However, the en-
thalpy of the plasma increases with the arc current, and the heat
transfer increases with the hydrogen percentage. Thus, compro-
mises have to be found. For example, to increase the power level
(through the arc current) over 40 kW for alumina or zirconia
does not increase the surface temperature of the particles be-
cause the plasma jet length tends to reach a limit and the velocity
increases and reduces the residence time.

For nozzle diameters, a compromise must also be found, the
stability of the arc decreases when the diameter of the nozzle in-
creases for a given gas flow rate. To limit the dispersion, larger
particles should be injected, but to achieve particle melting,
higher percentages of hydrogen should be used to enhance the
heat transfer. According to the particles studied (Al,O3 and
ZrQ5), optimum size for an Ar-H, plasma appears to be —45+22
pum. Larger particles are incompletely molten and smaller ones
become much too dispersed in the jet. The use of He instead of
H; limits the surrounding air pumping, but does not melt the par-
ticles as well due to the lower thermal conductivity of the mix-
ture. However, the heat propagation phenomenon s less critical,
and the particle temperature drops less rapidly than with Ar-H,.
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Thus, Ar-He-H, mixtures, recently patented, present some ad-
vantages for refractory materials spraying.

A controlled atmosphere of argon broadened and lengthened
the plasma jet. This results in broader velocity and surface tem-
perature distributions of the particles, with similar maximum ve-
locities but higher temperatures. This of course increases the
deposition efficiency. Moreover, in an argon atmosphere, the
length of the jet does not tend to reach a limit for 7 > 700 A as
when spraying in air, and thus, the surface temperature of the
particles increases linearly with arc current. To avoid the cost of
a controlled atmosphere chamber nozzle, shields are used to de-
lay the phenomenon of air pumping. Their net effect is to delay
the mixing with surrounding air. The velocity of the plasma is
lower at the exit of the shield with the conical shape than the ve-
locity at the exit of the normal nozzle, and thus air pumping is re-
duced. The plasma jet length is about the same as that obtained
with the normal nozzle plus the length of the shield for shields
that are less than 30 mm in length. Thus, when particles are in-
jected inside the shield, their velocity and temperature are in-
creased. The main problem is that a higher velocity is not
necessarily the best for coating properties, and nozzle shields
should be used with normal nozzles that provide lower particle
velocities to limit the effect of the velocity increase.

Such in-flight measurements have also emphasized the im-
portance of particle morphology and explained why the use of
agglomerated particles results in poor mechanical properties of
coatings. The agglomerated particles partly explode upon pene-
tration of the plasma, and the small exploded grains traveling in
the jet fringes are sucked in by the jet farther downstream and
become embedded in the coating. Moreover, particles with di-
ameters greater than 40 um form hollow spheres with a surface
that is overheated and a central core that remains completely un-
molten.

If such measurements allow one to optimize the molten state
of particles upon impact on the substrate, they are not sufficient
to optimize the coating properties, which depend on splat forma-
tion and cooling, as well as on the monitoring of temperature
gradients within successive passes during spraying. Measure-
ments that allow one to determine the velocity, temperature, and
diameter of a single particle upon impact as well as the tempera-
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ture evolution during its flattening and the corresponding splat
cooling are under development. They will provide interesting
information on the coating formation (contact between the
splats and substrate or splats and coating) versus the tempera-
ture, velocity, and diameter of the impacting particles.
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