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The behavior of alumina or stabilized zirconia particles in flight in Ar-H2 d.c. plasma jets (up 
to 40 kW) has been studied. Measurement of the temperature distributions in the plasma jets 
(by emission spectroscopy) has shown the importance of the electrodes and arc chamber designs 
on the length and diameter of the jets. The important cooling effect of the surrounding air has 
also been shown, and the parameters controlling it have been studied. Modeling of the mo- 
mentum, mass, and heat transfers between plasma and particles as well as measurements of the 
trajectory, velocity, surface temperature distributions, and particle evaporation have enabled us 
to determine the influence of the different parameters, such as size and injection velocity dis- 
tributions, particle morphology, etc., on the particle molten state upon impact. These calcula- 
tions and measurements on the particles in flight have been correlated to some physical properties 
of deposits. 

I. I N T R O D U C T I O N  

THE plasma spraying process consists of introducing 
solid particles into a d.c. plasma jet in order to accelerate 
and, if possible, melt these particles to form a coating 
with the splats, resulting in a lamellar structure. Almost 
any material that can be melted without evaporating or 
decomposing (with at least 300 K difference between 
melting and evaporation or decomposition temperatures) 
can be used to form the coating. The production of dense, 
high-strength deposits requires I1-81 that: 

(1) a large fraction (if not the whole) of the injected 
powder particles be heated to a molten state before they 
impinge on the substrate or the previously deposited layers; 
(2) besides being in a molten state, the particles should 
also have sufficient velocities to be able to spread out 
and flow into the irregularities of the previously depos- 
ited layers; 
(3) a strong interparticle or particle-substrate bond should 
be formed; and 
(4) a good control of the residual stresses' distribution 
should be obtained with an appropriate cooling of the 
deposit during spraying. 

Points (1) and (2) and, to a lesser extent, point (3) 
depend strongly on the momentum and heat transfers be- 
tween the plasma jet and the injected particles. Much 
work, especially in the laboratory, has been devoted to 
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studying these transfers theoretically and experimen- 
tally. The aim of this paper is to point out our present 
knowledge in the field, particularly for ceramic powders 
sprayed with Ar-H2 plasma jets at atmospheric pressure. 
This will be illustrated with recent calculations or mea- 
surements performed in the lab and correlated, if pos- 
sible, to the thermomechanical properties of the resulting 
deposits. Thus, the following will be presented 
successively: 

(1) models; 
(2) measurement techniques; 
(3) plasma jet temperature distributions; and 
(4) velocity, trajectory, and surface temperature distri- 
butions of particles upon impact. 

II. M O D E L S  

A. Plasma Flows 

Important advances were made through the more or 
less routine application of transport equations [9,1~ to 
plasma flows, especially recently, taking into account the 
turbulent mixing with the surrounding gas, using 
temperature-dependent physical properties and more rig- 
orous equations satisfying the overall balances, as well 
as radially-dependent torch exit profiles. The last point 
is particularly important, because as actually no one is 
able to model the plasma at the electrodes, the exit pro- 
files must be given; an d the jet temperature and velocity 
distributions are very dependent on these exit profiles 
that have to be measured, at least for the temperature 
ones.I9,10,111 

B. Particles 

1. Individual particles 
Although there are certain similarities between ordi- 

nary fluids and thermal plasmas, heat and momentum 
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transfers between plasma and particles are much more 
complex, due to the presence of charged particles, chem- 
ical reactions, and steep gradients, which are character- 
istic of thermal plasmas. However, according to the 
reviews of Pfender, [121 Chen, [13] and A. Vardelle, ]~41 for 
given temperature and velocity distributions in the plasma 
jet, the main parameters controlling the trajectory, ve- 
locity, and temperature history of individual particles, 
assumed to be spherical, are the following: 

l) corrections to the drag and Nusselt coefficients to ac- 
count for the steep temperature gradients; 
(2) noncontinuum effects (even at atmospheric pressure); 
(3) propagation phenomenon inside the particle; and 
(4) evaporation. 

To illustrate the difficulty in deducing very precise re- 
sults from the theories, A. Vardelle has recently calcu- 
late& 41 the behavior of various ceramic particles injected 
into a 29 kW Ar-H: plasma jet whose temperature and 
velocity distributions have been measured previ- 
ously. [~5']61 Figure 1 shows the trajectories and velocities 
of an alumina particle 20 /xm in diameter injected into 
this plasma jet. These particles were injected into the 
plasma with the ideal injection velocity (corresponding 
to a mean deviation of 3 deg with the torch axis) cal- 
culated for a particle-neglecting rarefaction of evapora- 
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Fig. 1--(a) The calculated trajectory and (b) velocity evolution along 
the trajectory of an alumina particle 20/zm in diameter injected into 
an argon-hydrogen d.c. plasma jet (29 kW, 75 l/rain At, 15 l/min H2). 
Calculations were performed for three different theories accounting 
for the steep gradients between particle and plasma, t~+~ 

tion effects. For a given particle size and injection velocity, 
the differences between trajectories result from the cor- 
rections for the steep temperature gradients between the 
plasma (up to 13,000 K) and the surface temperature of 
the particle (3500 K at best). For these corrections, two 
methods have been used: mean integrated thermal prop- 
erties t17] or correction factors proposed either by Lewis 
and Gauvin jim or by Lee and PfenderJ TM Similar differ- 
ences are observed whatever the particle size may be (at 
least below 100/xm, for which the calculations were 
performed). Figure 2 indicates that at atmospheric pres- 
sure, the noncontinuum effect in this spraying Ar-H2 
plasma jet is not negligible, even for 60 /xm particles. 
This is due to the high mean free paths of atoms and 
molecules at these temperatures. Figure 3, for a 20 /~m 
diameter particle, shows both influences of vapor and 
noncontinuum corrections. It is worth noticing that the 
vaporization has been taken into account only by cal- 
culating the energy necessary to heat up the vapor, and 
no corrections have been made for the transport prop- 
erties modification due to the presence of vapor. Pres- 
ently, to our knowledge, no transport properties 
calculations have been made for complex plasma mix- 
tures with oxide vapors due to the lack of data for inter- 
action potentials. Finally, when Ar-H2 plasmas (where the 
heat transfer coefficient reaches values between 20,000 
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Fig. 2 - - (a)  The calculated trajectory and (b) velocity evolution along 
the trajectory of alumina particles 20 and 60/zm in diameter, re- 
spectively, injected into an argon-hydrogen plasma. Calculations were 
performed taking into account noncontinuum effects. [~4j Cdc drag 
coefficient with continuum theory and Cdnc in noncontinuum theory. 
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Fig. 3--(a) The calculated trajectory and (b) velocity evolution along 
the trajectory of alumina particles (29/zm in diameter) injected into 
an argon-hydrogen plasma. Calculations were performed taking into 
account noncontinuum and evaporation effects, u4~ 

and 100,000 W / m 2 . K  114[) are used to spray ceramic 
particles, a heat transfer phenomenon occurs inside the 
particles. This is illustrated in Figure 4 for a 100/zm di- 
ameter alumina particle injected with a velocity of  2 m / s  
into a 29 kW N2-H2 plasma. [2~ The evaporation and 
noncontinuum effects have ffot been taken into account, 
and the mean integrated thermal conductivity method has 
been used. In Figure 4, plotted against time ( i .e . ,  par- 
ticle position along its trajectory divided by its velocity), 
is the plasma temperature seen by the particle (right axis) 
and the surface temperature, center temperature, and 
temperature of the particle calculated with no heat prop- 
agation phenomenon (left axis), respectively. The curve 
calculated for an infinite thermal conductivity, i .e. ,  a 
uniform particle temperature, represents relatively well 
the mean temperature of  the particle. It can be seen that 
the difference between the center and surface tempera- 
tures is tremendous (>1500 K), and the surface of the 
particle reaches melting temperature even though its cen- 
ter is still cold. Previous calculations [17] for infinite plas- 
mas have shown that this phenomenon occurs almost 
whatever the size the particle may be, and this explains 
the tremendous evaporation of  such ceramic partieles, 
especially the small ones, after a few millimeter trajec- 
tories. With this heat propagation phenomenon, the dis- 
tance between torch nozzle exit and substrate must be 
such that the center of  the particle reaches melting tem- 

perature. As can be seen in Figure 4, such a location (or 
time in the figure) does not correspond to the maximum 
surface temperature of  the particle (about 1.1 ms), be- 
cause center temperature is still rising. Finally, it must 
be remembered that for plasma spraying, the total length 
of the plasma jet is not infinite, as will be explained in 
Section IV, and the residence time of the particle is lim- 
ited. Thus, the particle size is of some importance for 
its complete melting. For example, Ilal an alumina par- 
ticle immersed in an infinite Ar-H2 plasma (17 vol pct H2) 
at 10,000 K will melt in 0.03 seconds if its diameter is 
20 / zm against 0.7 seconds for a 100/xm particle and 
0.15 seconds for a 50 /xm particle. 

The particle melting in a real plasma jet will depend 
both on the residence time of the particle and on the heat 
transfer from the plasma. Figure 5 represents the tem- 
perature evolution of the heat transfer coefficient h for 
an alumina particle 50 /xm in diameter with a relative 
velocity of 50 m / s  and a surface temperature of  1000 K 
in the Ar-H2 plasma, with h calculated u41 using different 
theories to account for the steep gradients. The discrep- 
ancies observed (especially the peaks at 6000 K) are dif- 
ficult to explain, due to the number of  parameters used 
to calculate the corrections. However,  as the gas prop- 
erties for the corrections giving the peaks are calculated 
at the film temperature, the dissociation temperature of  
HE plays an important role with the corresponding max- 
ima of Cp and K. Whatever the "good" correction may 
be, Figure 5 shows that the heat transfer coefficients are 
nearly constants for temperatures higher than 8000 K, 
i .e. ,  in the plasma core where heating occurs. Thus, t h e  
heating will be mainly controlled by the particle veloc: 
ity, depending on the drag coefficient CD and on the rel- 
ative velocity plasma particle. Figure 6 shows the 
evolution of Co with temperature for the same conditions 
as those given in Figure 5. The highest values are ob- 
tained with the highest temperatures. For the same con- 
ditions, the drag coefficient is almost multiplied by a factor 
of  2 when the particle diameter decreases from 50 to 
20 /zm,  whatever the temperature may be. Thus, the 
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smallest particles will have the shortest residence times. 
For example, [2'1 the maximum velocity reached by an 18 
/zm diameter alumina particle is only twice that reached 
by a 46 tzm particle in the same plasma jet. As the melt- 
ing times are in a ratio of  5 to 6, even with a lower 
residence time, the melting of the 4 6 / z m  particle will 
not be as good as that of the 18/xm particles. However, 
the heat transfer to the smallest particles is also reduced 
by the noncontinuum and evaporation effects. 

All these calculations show how reliable experimental 
data are necessary to check the heat and momentum 

transfer expressions and to clarify the effects of various 
complicated factors within the boundary layers and on 
the particle surface. 

2. Particle size and injection velocity distributions 
The injection velocity is of primary importance for the 

particle trajectory, velocity, and surface temperature, as 
illustrated in Figure 7 for a 100/xm diameter alumina 
particle injected into a 29 kW N2-H2 plasma. However, 
in practice, particles with a given size distribution are 
injected in the plasma jet with the help of  a carrier gas. 
This injection mode corresponds to an injection velocity 
distribution, even for monosize particles, and finally the 
trajectory distribution results from the product of the in- 
jection velocity and size distributions, u4,'61 The injection 
velocity (to obtain an ideal trajectory) is, of  course, the 
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highest for the smallest particles (for example, 25 m/s  
for 18 txm A1203 particles against 2 m/s  for 100/xm ones). 
For a given injector, the injection velocity distribution 
is the broadest for the highest carrier gas flowrate (cor- 
responding to the highest mean gas velocity); small par- 
ticles, even with a narrow size distribution, will have a 
broad injection velocity distribution, whereas big parti- 
cles, even with a broad size distribution, will have a nar- 
row injection velocity distribution. Thus, the trajectory 
distribution inside the plasma jet (for example, see the 
results presented in Reference 16) is rather broad what- 
ever the powder nature, density, and size distribution may 
be, and the complete statistical analysis of the measure- 
ments to compare with models is an essential part of the 
experiment�9 

C .  P l a s m a - P a r t i c l e s  I n t e r a c t i o n s  

In the models presented, it has been assumed that there 
is no coupling between the gas and particulate phases; 
i . e . ,  the particle density is low enough to avoid plasma 
jet cooling. However, as shown by Pfender, ttzl the cool- 
ing of the plasma occurs as soon as the ratio of particle 
mass flowrate to plasma gas mass flowrate is higher than 
0.2. For the 29 kW Ar-H2 plasma jet considered, this is 
the case as soon as more than 15 g /min  of alumina pow- 
der is injected, as illustrated by the recent calculations 
of Proulx e t  a l .  p2] for this plasma. This is shown in 
Figure 8, representing the evolution of the centerline 
temperature and velocity profiles for different alumina 
powder loadings. With strong loading, the plasma jet is 
practically cooled in a few centimeters from the jet exit, 
and, of course, the heat transfer to the particles is strongly 
reduced. This can be correlated to the deposits obtained 
with alumina particles ( - 4 5  + t0 / zm)  injected radially 
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into the 29 kW Ar-H2 plasma jet (see Section I I I -C for 
the spraying conditions). The open porosity (which de- 
pends on the particle temperature and velocity upon im- 
pact) is almost constant (5 pct) up to 900 g /h  and starts 
to increase for higher powder flowrates. Moreover, heal 
transfer to the particles is reduced when small particles 
are sprayed. In fact, it is not really a loading effect but 
a reduction of the heat transferred to the particles due to 
the important vapor cloud surrounding each parti- 
cle. t]4,23] This is illustrated by the results obtained when 
spraying small ( - 1 2  + 5/xm) zirconia particles stabi- 
lized with calcia (7.6 wt pct) with an Ar-H2 plasma at a 
power level of 40 kW. t24] Up to a powder feed rate of 
0.5 kg/h ,  the open porosity Pv is constant (10 p3ct) as 
well as the sprayed layer density (p = 5430 k g /m  ), but 
it decreases for higher feed rates (for example, Pv = 
11 pct, = 5.37 at 0.95 kg/h).  Then it remains almost 
constant up to 1.6 kg/h  (the cooling effect of the plasma 
by the loading decreases the particle evaporation). This 
is also confirmed by the measurements of the monoclinic 
phase content in the as-sprayed deposits. As calcia evap- 
orates faster than zirconia, as shown by our measure- 
ments} TM the percentage of the monoclinic phase in the 
as-sprayed deposit increases with the power level but de- 
creases with the powder flowrate. At 8 g/min,  25 pct of 
the monoclinic phase is measured against 5 pct at 25 g/h .  
For bigger particles ( - 4 0  + 22/xm),  the porosity in- 
crease starts at powder flowrates higher than 0.85 kg/h.  

III. M E A S U R E M E N T S  AND 
E X P E R I M E N T A L  CONDITIONS 

A .  P l a s m a  J e t  T e m p e r a t u r e  

The plasma jet temperature has been measured in the 
frame of a CLTE (complete local thermal equilibrium) 
assumption by emission spectroscopy of atomic argon 
lines. The image of the plasma jet is formed on the en- 
trance slit of  the monochromator, and a 2 D OMA (op- 
tical multichannel analyzer) detector is located at the 
position of the photographic plate.t25,e61 This device pro- 
vides the only means to sample simultaneously ( i . e . ,  in 
a few milliseconds) all the data relative to the spectra at 
different positions of plasma jet cross-section. The stored 
line intensities, including Abel's inversion, are then treated 
numerically. Most of the measurements have been per- 
formed by using the emission coefficient of the ArI line 
at 826.4 nm. The error due to the composition modifi- 
cation by the pumping of  the surrounding air has been 
evaluated to be less than 8 pct in the fringes of the jet 
(in comparison with temperatures deduced from the atomic 
lines ratio). 

B .  P a r t i c l e s  i n  F l i g h t  

The flux density, the velocity, and the surface tem- 
perature distributions of the solid particles in flight in the 
plasma jet have been measured simultaneously with the 
experimental setup already described by M. Vardelle. t16y] 
The particle density was measured in different cross- 
sections of  the plasma jet by counting, during a given 
time, the pulses resulting from the light scattered by the 
particles passing through the focused point of  a laser beam. 
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The mean particle trajectory is obtained by moving the 
measurement volume (or, more precisely, by moving the 
plasma jet relative to the measurement volume) along 
two orthogonal directions and determining the corre- 
sponding radial distributions. The position of the two 
maxima corresponds to the mean trajectory in the plasma 
jet "slice" considered. 

The particle velocity distribution was measured by laser 
dual focus velocimetry (L2F) or laser doppler anemom- 
etry (LDA) with interferential arrangement. The particle 
surface temperature distribution was determined by two- 
color pyrometry (for details see Vardelle t23a and Mishin[27]). 

Of  course, all these measurements are statistical ones, 
and the values obtained for the parameter X are mean 
values for n particles passing through the corresponding 
measurement volume: 

n 

X : I E x  i 
ni=] 

Emission or absorption spectroscopy was used to mea- 
sure the concentration of  the metallic species (resulting 
from the ceramic evaporation) in the plasma jet [28] and 
emission spectroscopy to determine the size and tem- 
perature distribution in the vapor cloud surrounding one 
particle in flight. [29} 

C. Spraying Condit ions 

A homemade d.c. plasma torch was used to spray the 
powders of  alumina and stabilized zirconia used for the 
measurements in flight and the coating properties anal- 
ysis. The thoriated tungster~ cathode was the stick type 
(with an 8 mm diameter rod), and the nozzle was con- 
vergent followed by a cylindrical tube 8 mm in diameter 
and 18 mm long. The powder was injected radially either 
inside the nozzle, 2 mm upstream of its exit, or outside 
the nozzle, 2 mm downstream. The inside diameter of  
the injector was 1.6 mm,  and the carrier gas, pure argon. 
The plasma jet was a mixture of  Ar and H2 with a total 
flowrate either of  60 1/min (25 vol pct H2) or of 90 
l /min  (17 vol pct H2). Ar-~2 mixtures have been chosen 
because of  the longer plasma jets obtained compared with 
pure argon ones ~23,3~ but also for the much better heat 
transfer to the p a r t i c l e s .  H4,17,23,3~ The power level of 
the torch was varied between 15 and 40 kW (by adjust- 
ing the arc current between 200 and 600 A). All the de- 
posits were sprayed on disk substrates (~b = 25 mm) 
disposed all around the ring of a rotating disk (~b = 
200 mm) whose axis was perpendicular to that of  the 
plasma torch. In all the experiments, the rotation speed 
was kept constant as well as the velocity of  the torch (in 
the direction parallel to that of the substrate). The de- 
posits were cooled during spraying by air jets blown at 
their surface, and the plasma jet was prevented f rom 
heating the coating and substrate by an air barrier. [32] The 
coating surface temperature, measured by IR Thermog- 
raphy, was kept below 120 ~ during spraying. Spraying 
distance has been adjusted in order to have a mel~ing of 
the particles as complete as possible (see the discussion 
of heat propagation phenomenon in Section H-B- I ) .  Open 
porosity of the deposit is, for example,  a good parameter 
for adjusting the spraying distance. When the particle is 

not completely molten or has started to solidify again, 
the porosity increases. This is illustrated in Figure 9 rep- 
resenting, for the 90 1/min Ar-H2 plasma, the open po- 
rosity evolution vs spraying distance for three zirconia 
powders stabilized with 8 wt pct yttri a. For the two small 
particle distributions ( - 2 5  + 10/.tm) and ( - 1 2  + 5/xm),  
the optimum distance is d = 75 mm. For smaller values, 
the particle is not completely molten even if the surface 
temperature is decreasing (see Section V), and for higher 
values, the particle is cooling down. It is worth noting 
that there is almost no difference between 28 and 32 kW 
(see Section IV). For the biggest particles ( - 7 5  + 20/~m), 
there is almost no minimum. This is probably due to the 
lower temperature of  the bigger particles, with an in- 
complete melting of their central part. Such measure- 
ments have been confirmed with alumina deposits for 
which an incompletely melted particle crystallizes in the 
a phase and not in 3'. For example, with the A r - H  2 plasma 
jet, the optimum spraying distance for the - 2 1  + 15/.~m 
alumina particles at 29 kW is 75 mm. At this distance, 
the porosity P is 9 pet and the ratio R = y/ (o l  + y)  = 
6 pct, at a distance of 90 mm P = 12 pct and R = 9 pct 
against P = 13 pet and R = 10pct  for 6 5 m m .  It is 
worth noting that the distance of 75 m m  corresponds to 
a zone where the surface temperature is decreasing (see 
Section V-B) .  

IV.  P L A S M A  J E T S  
T E M P E R A T U R E  D I S T R I B U T I O N S  

The plasma jet temperature isocontours result from the 
following parameters: [33] 

(1) the nozzle and arc chamber designs and shapes; 
(2) the arc current I; 
(3) the total gas flowrate m ~ and nature, especially for 
the Ar-H2 mixture, the H2 vol pct; and 
(4) the mixing with the surrounding gas which increases 
with the arc current and total gas flowrate. I341 

What makes matters complex t33] is the plasma gas dis- 
tribution between the hot core of  the plasma (where tem- 
peratures are higher than about 6000 K) and the cold 
(below 3000 K) gas flowing close to the nozzle wall. 
The percentage of  hot gas (neglecting the demixing 
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Fig. 9 - -The  evolution of the open porosity with spraying distance for 
three zirconia powders stabilized with yttria (8 wt pct) with different 
size distributions.[24J 
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problems) depends on the hot plasma expansion from the 
cathode tip controlled (besides the designs, shapes, and 
dimensions of  the cathode, arc chamber, and nozzle) by 
the arc current, total gas flowrate, and hydrogen per- 
centage. A few rules, however, have been estab- 
lished [3~ for the plasma column diameter which increases 
with I, decreases with m ~ and decreases with H2 pct. 
However, as soon as the jet exits from the nozzle, the 
fast pumping of the surrounding air, with oxygen dis- 
sociation at 4000 K, cools it down very fast. For ex- 
ample, Figure 10 shows the evolution along the axis of 
the plasma gas percentage for our At-H2 29 kW plasma 
jet; 30 mm downstream of the nozzle exit, this percent- 
age is only 30 pct. This pumping effect, as shown by 
the measurements of  Brossa and Pfender, t34] increases 
with arc current and plasma gas flowrate. This is illus- 
trated by our measurements shown in Figures 11 and 12. 
Figures 1 l(a) and (b) show, respectively, a comparison 
of the isotherm of the two plasma jets used for spraying 
(see Section I l l -C) .  Figure 1 l(a) corresponds to the 75 
l /min  Ar + 15 l /min  H2 plasma and Figure l l ( b )  to the 
45 l /min  Ar + 15 l /min  H2 one, both for the same arc 
current and almost the same torch efficiency (60 pct for 
the highest flowrate and 56 pct for the lowest). The mea- 
surements have been started 3 m m  downstream of the 
nozzle exit, and both figures show the fast expansion of 
the plasma jet as soon as it flows in free atmosphere; for 
example, the 9000 K isotherm diameter 3 mm down- 
stream of the nozzle exit is larger than the nozzle exit 
diameter. The total increase of  the flowrate results in a 
rise of the length of the hottest isotherms (T > 12,000 K), 
when for the coldest ones, due to the increase of  the 
surrounding air pumping, it results in a decrease of  their 
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Fig. 1 0 - - T h e  evolution along the plasma jet axis of  the percentage 
of plasma gas (compared to its mixture with air) for the Ar-H2 29 kW 
plasma jet.t14] 
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Fig. 1 1 - - T h e  plasma jet temperature distributions for argon-hydrogen 
plasma jets flowing in air with the flowrates of  (a) DA, = 75 1/min, 
DH2 = 15 1/min and (b) D ~  = 45 l~/min, D~- 2 15 1/min, respectively. 

length. The importance of this air pumping (resulting in 
a fast cooling of the jet) is well illustrated in Figure 12 
where, for almost the same conditions (except a slight 
difference in arc current for the 90 1/min plasma, re- 
suiting in a power level of  33.2 kW against 31.9 in 
Figure 11), the plasma jets are flowing in an argon at- 
mosphere. The lengthening of the hottest isotherms 
(T > 11,000 K) is even more marked, and due to the 
less cooling efficiency of argon (compared to air), the 
isotherms up to 9000 K have almost similar lengths. 
The most spectacular effect of  argon is the drastic in- 
crease of  the jet diameter; for example, 43 m m  down- 
stream of the nozzle exit, the 9000 K isotherm for the 
90 1/min plasma is 58 mm in an argon atmosphere com- 
pared to 36 mm in air. 

Due to this complex air pumping, which increases with 
arc current, the increase of the plasma j6t length with 
power level (for a given total gas flowrate) is not as im- 
portant as the power level ratio. For example, when 
increasing the power level of the 60 1/min plasma from 
23.5 to 33.5 kW (i.e., a ratio of  1.43), the length ratios 
of  the 12,000 and 9000 K isotherms are, respectively, 
1.23 and 1.12. However,  the diameter of  the. isotherms 
increases with the higher current, [33l and the particle pen- 
etration in the plasma jet is easier (see Section V - A ) .  

It is worth noting the fast expansion of the "cold" 
isotherms (T < 10,000K) whose diameter, 3 m m  
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Fig. 12- -The  plasma jet temperature distributions for the same plas- 
mas as in Fig. 11 but flowing in argon atmosphere. 

downstream of the nozzle exit, is bigger than the nozzle 
diameter. This is probably due to the turbulent mixing 
with the surrounding atmosphere. It is also important to 
emphasize that this expansion is more important in an 
argon atmosphere, because oxygen dissociation at about 
4000 K cools down the plasma jet fringes very quickly. 

V. P A R T I C L E  V E L O C I T Y ,  T R A J E C T O R Y ,  A N D  
S U R F A C E  T E M P E R A T U R E  D I S T R I B U T I O N S  

A. Particle Injection 

As already emphasized (see Section I I - B - 2 ) ,  the in- 
jection velocity plays an important role in the trajectory 
distribution. This is illustrated in Figures 13 and 14. 
Figures 13(a) and 14(a) represent the size distribution of 
two different alumina powders: - 2 1  + 15/xm and - 9 0  
+ 45 /xm,  respectively, when Figures 13(b) and 14(b) 
represent the measured velocity distributions at the in- 
jector exit. I231 Of course, the largest particles are injected 
with a low mean injection velocity corresponding to a 
carrier gas flowrate of 2.5 1/min, while the smallest ones 
are injected with a high mean injection velocity corre- 
sponding to a carrier gas flowrate of 7.5 1/min. It is quite 
obvious that injection velocity distribution of the small 
particles is very broad even if the size distribution is very 
narrow. The broadness of the injection velocity is related 
mainly to the particle size and, of  course, mean injection 
velocity, rather than to their size distribution. For ex- 
ample, I141 compared to the -90 + 45/xm particles (mean 
size of 63/xm) injected with an argon carrier gas flow- 
rate of  2.5 1/min (Vinj = 12.7 m/s ) ,  - 7 0  + 50/ . tm par- 
ticles injected with the same carrier gas flowrate (Vinj = 
13.8 m/ s )  have almost the same injection velocity dis- 
tribution. The net result is a broader particle trajectory 
distribution for the smallest alumina particles ( - 2 1  + 
15/xm) than for the biggest ones ( - 9 0  + 45 /zm) ,  as 
illustrated in Figures 15(a) and (b). This figure repre- 
sents the normalized particle flux density in a "slice" of  
the plasma jet 75 mm downstream of the nozzle exit, 
i.e., where the substrate is normally disposed to spray 
the coatings. Such trajectory distributions will result in 
different heat treatments, as illustrated in the next section. 

B. Particle Trajectory, Velocity, and Surface 
Temperature Distributions 

The particle trajectory, velocity, and surface temper- 
ature distributions have been measured in different plasma 
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Fig. 13--Alumina particles (-21 + 18 /~m): (a) size distribution and (b) injection velocity distribution (carrier gas flowrate: 7.5 1/min). 
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and (b) injection velocity distribution (carrier gas flowrate: 2.5 1/min). 

jet "slices." Of course, all the presented results corre- 
spond to particle size distributions which have been in- 
jected with the optimum injection velocity for the mean 
size of the distribution. This means that especially with 
particle distribution containing a tail of  small particles, 
the smallest particles will not penetrate into the hot core 
of the jet and travel in its fringes where they can be melted 
but with drastically reduced evaporation. 

1. Influence of the particle'size 
The smaller the particles, the higher their acceleration 

(as well as their deceleration), as illustrated in Figure 16 
(velocity evolution along the mean trajectory) for two 
size distributions ( ( -21  + 15/xm) and ( - 5 2  + 40/xm)) 
of fused alumina particles injected into the 29 kW 

Ar-H2 plasma jet (45 l /min Ar-15 1/min H2). A similar 
influence of the particle inertia is shown in Figure 17, 
representing the evolution of the surface temperature Ts 
of these two particle distributions. It must be remem- 
bered that no Ts measurement is possible within the first 
50 mm downstream of the nozzle exit where the plasma 
emission is a few orders of magnitude higher than that 
of the particles. For the 18/xm particles, Ts has reached 
its maximum in the plasma core itself, when for the 46/xm 
particles, the maximum of T, is obtained at a distance 
of  about 70 mm. However, the surface temperature of 
the 18/zm particles decreases much faster than that of 
the 46/zm.  Moreover, even along the trajectory, the ve- 
locity and surface temperature distributions are rather 
broad within the measurement volume. Figure 18 shows 
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jet for alumina particles (a) - 2 1  + 15/xm and (b) - 9 0  + 45 /zm, resPectively. 
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Fig. 18--The particle number flux, velocity, and surface temperature 
profiles at z = 75 mm in 29 kW Ar-H2 plasma (45 l/min At, 
15 1/min H2). [~3j 

the velocity, flux, and surface temperature distributions 
in a plasma jet slice situated 75 mm downstream of the 
nozzle exit for alumina particles ( - 2 1  + 15/xm) in- 
jected in a 28 kW Ar-H2 plasma (45 l /min  of  Ar, 15 
1/min of HE). AS already emphasized in Figure 15(a), 
the trajectory distribution is broad, as well as are the 
resulting velocity and surface temperature distributions. 
With such particles and a substrate located at the same 
position, the ratio a/(c~ + y) is 4 pet. This shows that 
most of  the panicles are completely molten upon impact. 
For the 46 /xm panicles, this ratio is 8 pet, in good cor- 
relation with the measurements shown in Figures 16 and 
17. With these 4 6 / ~ m  panicles, whose surface temper- 
ature is lower than that of  the 18 /zm panicles, the heat 
propagation phenomenon ds more important, and all the 
panicles are not necessarily completely molten upon im- 
pact. The residence time % of the 18/xm particles along 
the mean trajectory is about 0.3 ms, time which corre- 
sponds to a center temperature of  the panicle far over 
melting temperature. For the 46/~m particles, ~-, = 0.7 ms, 
and with such a residence time, the center temperature 
is of the order of  the melting temperature. However,  
compared to the 18/zm panicles, the less dispersed tra- 
jectory distribution of the 46 /xm panicles probably lim- 
its the number of particles traveling in the fringes of  the 
jet where the heat transfer is more reduced. This is il- 
lustrated when performing measurements in single pass 
deposits (whose shape is more or less Gaussian accord- 
ing to the flux distribution shown in Figure 18 and the 
relative velocity torch-substrate). In the center of  the sin- 
gle pass coating (obtained with the 18/xm panicles), the 
ratio a/(c~ + 3,) is 3 pet, and it reaches 7 pet in the fringes 
(the mean value for a complete deposit is 4 pet). 

2. Influence of the power level and plasma 
gas flowrate 
When increasing the power level, two phenomena occur: 

(1) the plasma jet length in air increases (but much less 
than the power level; see Section IV); and 
(2) the plasma velocity increases too; thus, the residence 
time of the particles decreases. 

It is then clear that the increase of the panicle tem- 
perature will not be proportional to the power level in- 
crease. This is illustrated in Figure 19, showing the 
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velocity of alumina particles ( - 2 1  + 15 /xm) in the Ar- 
H2 plasma (45 1/min Ar, 15 1/min H2) for two power 
levels: 29 kW (420 A) and 21 kW (280 A). The maxi- 
mum velocities are 245 m/s  and 180 m/s ,  respectively, 
and the residence time of the particles in the 29 kW plasma 
is reduced. Due to the compensation between the two 
phenomena (reduction of the heat transfer and increase 
of the energy density), the surface temperature differ- 
ence between the two power levels is only about 100 K, 
as illustrated in Figure 20. When treating bigger parti- 
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cles with a broader size distribution, ZrO2 stabilized with 
Y203 (8 wt pet) - 125 + 35/zm,  the surface tempera- 
ture difference between 21 and 29 kW is higher: 250 K 
(see Figure 21). The close interaction between power level 
and particle sizes can also be shown in Figure 22, rep- 
resenting the evolution with power level of the density 
of zirconia coatings for different particle sizes: zirconia 
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stabilized with yttria (8 wt pct) with size distributions of 
( - 2 5  + 8/xm) and ( - 7 5  + 20/xm),  calcia (10 wt pct) 
( -  12 + 5/xm), or with yttria (20 wt pet) ( - 9 0  + 10/zm). 
It is clear that the density increases regularly with the 
power level corresponding to a better melting of the par- 
ticles. The best result is obtained with a size distribution 
of - 2 5  + 8/xm, as could be foreseen from the previous 
results. The lowest density at high power level obtained 
with the smallest particles can be explained by the large 
flux distribution with such particles, the highest surface 
tension, and the high evaporation rate, especially of cal- 
cia, in the central part of  the jet. With the biggest par- 
ticles incompletely molten, the influence of the power 
level is more drastic. 

Another point which must be emphasized is the influ- 
ence of the plasma gas flowrate. As already mentioned 
(see Section IV and Figures l l (a)  and l l (b)) ,  when 
increasing the total plasma gas flowrate to 90 1/min 
(75 l/rain Ar, 15 1/min H2), the constriction of the plasma 
column increases, thus increasing the power densities and 
the velocities. These results for the particles are illus- 
trated in Figure 23 where it can be seen (when compar- 
ing to Figure 18, obtained with the same particles, the 
same plasma torch, the same power level but with a total 
flowrate of 60 l /min) that in spite of a higher velocity 
(at the maximum 210 m/s  against 150 m/s  with the lowest 
flowrate), the surface temperatures are about the same 
with a better centered flux distribution. 

3. Influence of the powder morphology 
Ceramic particles may be very different even for 

the same chemical composition and size distribution, 
depending upon the way they have been manufac- 
tured. [35'361 Roughly, they can be classified either in round- 
~haped particles (agglomerated, agglomerated and 
calcinated, flame or plasma densified, atomized, etc.) 
or blocky and angular particles (fused and milled or sin- 
tered and milled). The round-shaped particles are porous 
and even hollow while the blocky ones are rather dense. 
This morphology is very critical for the heat transfer. 
The fused particles have the coarser shapes, and this seems 
to play a role in the melting of the particles. [371 The po- 
rous particles enhance the heat propagation phenome- 
non. This can be seen when studying the cross-sections 
of particles collected in water after their travel in the 

plasma jet. After plasma treatment, the agglomerated or 
agglomerated and sintered powders are often hollow 
spheres .(with a rather thin wall) containing unmelted 
grains.f37] The thickness of the melted wall depends upon 
the densifflcation of the particles before spraying as well 
as upon their mean size. For the same size distribution, 
the melting of the ZrO2-Y203 (8 wt pct) particles ( - 9 5  
+ 40/zm) is more uniform for agglomerated particles 
which have been densified but not at too high a tem- 
perature (flame densification). For example, the powder 
melting is better for agglomerated powders than for ag- 
glomerated and sintered powders. The first ones are al- 
most a mixture of  monoclinic zirconia and yttria, while 
the sintered ones are mainly in the tetragonal phase with 
20 pct of the monoclinic phase. However, a better melt- 
ing is obtained with agglomerated flame-densified par- 
ticles, which are still a mixture of monoclinic zirconia 
and yttria. [37.38] Similar results have been obtained with 
nickel-based alloys, t391 and it is worth studying the heat 
propagation phenomenon inside such agglomerated par- 
ticles where melting seems to occur along the segregated 
regions of  the original powder. The size of the particles 
plays a role through the surface tension, which is higher 
for smaller particles. With big particles, the gas included 
in the pores will expand and blow up the melted surface 
as a balloon reducing the heat transfer to the central part 
of the particle. For zirconia particles (agglomerated and 
sintered, - 105 + 10/zm, stabilized with 8 wt pet yttria), 
the surface temperature of the particles (for the same power 
level and plasma gas flowrate) is higher than that of  the 
same particles that have been sintered. Within the shell 
formed at the surface of the particle, the heated mass is 
smaller, and thus the temperature is higher. The contrary 
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is true for alumina particles (on the one hand, fused ones 
- 2 1  + 15/xm (noted DGI5) and, on the other hand, 
agglomerated ones ( - 2 8  + 10/xm) (noted A125)) the 
surface temperature of the agglomerated ones is a little 
lower than that of the fused ones (Figure 24). The ag- 
glomerated powders, as well as the fused ones, are melted 
because for both deposits, the ratio a / ( a  + 2/) is 2 pct. 

VI. CONCLUSIONS 

1. Plasma spraying has been used in industry for more 
than 30 years and is in full development with a sales 
annual growth rate of 12 pct. It is foreseen that among 
the sprayed materials, ceramics is of increasing in- 
terest, and thus this paper has been devoted to a bet- 
ter understanding of the physical phenomena involved 
in the momentum, mass, and heat transfers between 
Ar-H2 plasma jets flowing in air and oxide particles 
such as alumina and stabilized zirconia. These trans- 
fers have been modeled and measured, and the flux, 
velocity, and surface temperature distributions of the 
particles upon impact calculated or measured have been 
correlated to some coating properties. The coatings 
were obtained under the same spraying conditions for 
substrate cooling and relative displacements torch/  
substrate, avoiding any load effect with ratios of par- 
ticle to plasma gas mass flowrates lower than 0.1 and 
adjusting the spraying distance to obtain as many 
completely molten particles as possible. 

2. Calculations of these plasma-particle transfers and 
measurements of the plasma jet temperatures, of the 
particle trajectory, velocity, and surface tempera- 
ture distributions, as well as vapor cloud sizes and 
densities have shown an acceptable agreement 
between calculated and measured distributions. 
However, it must be emphasized that since all mea- 
surements are statistical (for n particles passing 
into the measurement volumes), their present preci- 
sion does not allow one to choose among the different 
theories, especially between the coefficients account- 
ing for the steep temperature gradients around the 
particle, the noncontinuum effect, or the evaporation. 
In spite of that, the theories give a fairly good idea 
of the particle behavior under thermal plasma 
conditions. 

3. Of course, it is mandatory to know with a good pre- 
cision the temperature and velocity isocontours of the 
plasma jets. The performed emission spectroscopic 
measurements have shown that t he  length and di- 
ameter of the jets are not simply correlated to the 
dissipated power level and thermal efficiency of the 
torch, but they depend on: 

a. a careful design of the cathode, plasma gas injec- 
tor, arc chamber, and anode-nozzle shapes. For 
the same gas nature and flowrate, power level, 
thermal efficiency, and nozzle exit diameter, the 
length of the plasma jet can be increased by a fac- 
tor up to 1.5 through an appropriate design. 

b. the surrounding air being pumped very rapidly into 
the plasma jet and cooling it down very quickly 
(due to the low dissociation temperature of  oxy- 
gen). As the pumping rate increases with the arc 

current and plasma gas flowrate, When increasing 
the power level by doubling the arc current, the 
length of the jet is multiplied by only 1.3 to 1.4. 
The diameter of the jet increases, too, with the arc 
current and that improves particle penetration into 
the hot core. Of course, when spraying in an ar- 
gon atmosphere, the length of  the jet is multiplied 
by 1.5 to 2, compared to the same plasma jet in 
air, and its diameter is also increased. 

c. an increase of plasma gas total flowrate, which 
results in a more consLricted plasma core with 
higher temperatures, enthalpies, and velocities. This 
is confLrmed by a good melting of the particles (in 
spite of higher velocities) and better deposit 
properties. 

The highest velocities are, of course, obtained with the 
smallest particles; however, for particles below 20/xm 
in diameter, noncontinuum effects and strong evapora- 
tion reduce heat and momentum transfers. The strong 
evaporation is due to heat propagation phenomenon en- 
hanced by the high heat transfer coefficient of Ar-H2 
plasmas (up to 100,000 W / m  2 �9 K) and the low thermal 
conductivity of  the studied oxides. For the small parti- 
cles (below about 25/~m), especially those traveling in 
the central part of the hot core, the evaporation is tre- 
mendous. (The vapor cloud which surrounds and travels 
with the particle can reach 10 to 15 times its diameter.) 
This reduces the heat transfer drastically and also, ac- 
cording to the coatings properties, the size of the splats 
and the contacts between them. An optimum size of the 
particles must be determined for their complete melting. 
When increasing their diameter from 20 to 50 p~m, their 
residence time is doubled, but their melting time is mul- 
tiplied by 6 and, for the studied 40 kW plasmas, the 
oxide particles bigger than 45 to 50/~m are not com- 
pletely molten upon impact. 

A very critical point, emphasized by our calculation 
and measurements, is the trajectory distribution resulting 
from the product of  the size and injection velocity dis- 
tributions. For small particles, which require high injec- 
tion velocities to penetrate into the plasma core, the 
injection velocity distribution is very large, resulting even 
in very narrow size distributions in large trajectory dis- 
tributions. These trajectory distributions are larger than 
those obtained with big particles (for example, d = 60/xm) 
with broad size distributions. A mean particle size with an 
adequate size distribution must be chosen to improve the 
quality of the coatings and limit the differences in par- 
ticle heat treatment as confirmed by the deposit properties. 

Finally, in this paper we have been considering the 
influence of  the particle morphology (fused or sintered 
and milled, agglomerated, agglomerated and calcinated, 
etc.). The measurements have shown that this problem 
is rather complex. For example, low density particles, 
such as agglomerated or agglomerated and calcinated ones 
do not have the same behavior, depending on their size. 
The bigger ones (over 40/xm),  due to heat propagation 
phenomenon, have a melted shell blown by the included 
gas and their central part is not, or poorly, melted, while 
the smaller ones are rather well melted down to their 
center, their higher surface tension compensating the 
molten shell blowing. The degree of melting seems also 
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to depend on the contacts between the small grains form- 
ing the particles, a calcinated particle being better mol- 
ten than a sintered or agglomerated one. Many studies 
are still necessary to understand these phenomena better. 
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