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of time and resources to develop a repeatable process for desired
coatings. Therefore, it is important that the relationship between
the gun operating parameters and the resulting particle trajecto-
ries and temperatures, etc.,is well understood and predictable.

For this purpose, a series of experiments[1–3] has been carried
out using a Metco-9MB DC plasma spray system at the Idaho
National Engineering and Environment Laboratory. These mea-
surements provide a comprehensive database for velocity and
temperature of different kinds of particles under varying condi-
tions of the current, voltage, and hydrogen flow rate.

Segregation patterns of powder species on the deposition re-
ported in Ref 3 show the necessary control of particle trajecto-
ries through the configurations of powder injectors.

The primary goal of this work is to develop a reliable model
for the simulation of plasma spraying of FGMs, use of which can
minimize the tedious and expensive trial and error optimization
experiments. The detailed mathematical models for plasma flow
and particle movement have been described in another publica-
tion;[4] the focus here is on the validation of the complete model
by comparing the calculations with experimental results, and de-
velopment of an animation and visualization algorithm.

2. Physics-Based Computer Model

In our model, the argon-hydrogen plasma jet is simulated
using the LAVA code,[5] which is a three-dimensional CFD soft-
ware developed for transient simulations of thermal plasma. The
comprehensive mathematical formulation employed in this al-
gorithm treats the plasma as a compressible, multicomponent,
chemically reacting ideal gas with temperature-dependent ther-

1. Introduction

Plasma spraying has emerged as a practical method to pro-
duce the coatings of functionally graded materials (FGMs), in
which powders of two or more materials are injected at varying
rates into a high-temperature plasma jet. These particles after
being heated and accelerated impact a substrate to form a coat-
ing that has either continuously or stepwise varying composi-
tions and/or microstructures. One of the major objectives in the
fabrication of FGMs is that the final structure should vary in a
desired regular and consistent manner. Since the thermophysical
properties (e.g.,melting temperature and density) of powder ma-
terials can vary greatly, attempts to produce desired FGMs in-
volve laborious trial and error experiments to determine the
precise spray parameters for each kind of graded coating. The
process parameters, such as the power level, the flow rate of pri-
mary and secondary gases, the powder injector configuration,
etc.,consist of so many possible combinations that this “Edis-
onian” type optimization process consumes an immense amount
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mophysical and transport properties. Ionization, dissociation, re-
combination, and other chemical reactions are treated using a
general kinetic algorithm.[6] A reduced set of reactions[6,7] is used
for the Ar-H2 plasma considered here. A detailed description of
the physical model and numerical techniques incorporated into
LAVA can be found in the article by Ramshaw and Chang.[5]

LAVA solves the convection-diffusion transport equations,
whose general form for a two-dimensional cylindrical coordi-
nate system is given as

(Eq 1)

Here, w̃ represents all the Favre-averaged dependent variables,
including velocities in r and y directions, ũ and ṽ and represent
the mass fraction of chemical species and thermal energy. In Eq
1, Sw is a general representation of the source term for variable
w̃ . The standard k̃2 ε̃ model[8] is used to estimate the turbulent
viscosity mt and the equations for  k̃ and ε̃ follow the general
form of Eq 1. Local thermodynamic equilibrium is assumed
within the plasma jet for the calculations reported here.

The plasma gas flow is considered to be without any swirl,
and the influence of the carrier gas on plasma flow field is ig-
nored. The reasons for ignoring the carrier gas effect are as fol-
lows. (1) The carrier gas flow rate is 5 slm, relatively very low
compared to the flow rate of primary and secondary plasma gas,
which is about 52 slm. (2) The carrier gas can cause the plasma
flow to be asymmetric; hence, requiring time-consuming three-
dimensional calculations.

An algorithm for thermal interaction between the plasma and
powder particles has been added to LAVA, and this new version
of LAVA, which is able to handle multiple particles and can ac-
count for particle heating, melting, evaporation, and resolidifi-
cation, is called LAVA-P.[4] In this model, the injected powder
particles are discretely treated in a Lagrangian manner. The par-
ticles (particle groups, in fact) are introduced at the point of in-
jection and tracked throughout their flight. Spherical symmetry
is assumed to be applicable to powder particles, and internal con-
vection within the molten part of the particle is considered neg-
ligible. The particle is heated (or cooled) by surrounding plasma
gas through heat convection and thermal radiation. The temper-
ature distribution within the particle is governed by internal heat
conduction. The conduction equation is solved by tracking the
movement of solid-melt interface and the change in the outer
boundary of the particle due to evaporation. Effects on convec-
tive heat transfer due to variable plasma properties,[9] noncon-
tinuum properties of the plasma gas,[10] and mass transfer due to
evaporation[4] are also taken into consideration. A detailed de-
scription of this model for particle heating, melting, resolidifi-
cation, and evaporation, and the solution method for moving
interfaces and boundaries, can be found in Ref 4.

Drag is considered to be the dominating driving force for the
momentum exchange. Also, the effects of variable plasma prop-
erties and the Knudsen noncontinuum effect on the driving force
are included in the present model. A nonuniform mesh of 56
grids in the x direction and 65 grids in the y direction is selected
for the plasma gas calculations performed here.
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The goal of our visualization system is to provide a better vi-
sual understanding of the effects of changes in various parame-
ters, such as nozzle location, injection velocity, plasma
conditions, and different particle properties including their size.

The visualization algorithm for the time-varying thermal
spray deposition process has been written in C and OpenGL, and
runs on a SGI Onyx 2. Some example screen shots of this sys-
tem appear in Fig. 8 to 11. The details of the technique employed
in this visualization system have been described in a previous
paper.[11]

3. Process Conditions for Simulation

The present study has been conducted for atmospheric
plasma spray of a commercial Metco 9MB plasma gun.[2] The
processing conditions used for the calculations reported here are
selected from that reported in the experiments of Smith et al.[2]

The detailed operating conditions for the benchmark case are
listed in Table 1. For other cases, either the arc current intensity
or the flow rate of H2 (and, correspondingly, the arc voltage) is
different from the benchmark case, and the corresponding con-
ditions are listed in Table 2. The nozzle diameter of the plasma
gun is 7.5 mm and the powder is fed with the carrier gas of argon
from outside the plasma gun, as illustrated in Fig. 1. The pow-
der port is located axially 6.0 mm downstream from the nozzle
exit and vertically 8.0 mm above the axis of the nozzle. The in-
ternal diameter of the powder injector is 1.25 mm.

For cases to be compared to the experimental data, partially
stabilized zirconia (ZrO2) and NiCrAlY powders are injected
separately from the same injector with different injection veloc-
ities, 14.5 m/s for ZrO2 particles and 9.8 m/s for NiCrAlY parti-
cles, as listed in Table 4. For the species segregation
calculations, different injector configurations are used whose
conditions are described later. The particle sizes used in the cal-
culations correspond to PSZ2 and NiCrAlY2 as in Ref 2 and are

Table 1 Processing parameters for the benchmark case

Processing parameter Value

Current 500 A
Voltage 70 V
Power efficiency 0.7
Primary gas flow 40 slm Ar
Secondary gas flow 12 slm H2

Feed rate 4 rpm

Table 2 Operating conditions for the cases calculated

Currency (A) Voltage (V) H2 (slm)

Ca400A 400 70 12
Ca450A 450 70 12
Ca550A 550 70 12
Ca600A 600 70 12
CaH0 500 32.3 0
CaH2 500 50 2
CaH4 500 55 4
CaH6 500 59.5 6
CaH8 500 63 8
CaH10 500 67.5 10
Benchmark 500 70 12
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listed in Table 3. A flat size distribution for both powder species
is assumed here for simplicity, although the model is capable of
employing any size distribution.

The thermodynamic properties of ZrO2 are taken from Sam-
sonov.[12] Thermal properties of NiCrAlY are not well known
and cannot be found in the literature. We use the thermal con-
ductivity, heat capacity, melting point, and evaporation proper-
ties of pure nickel to represent that of NiCrAlY. This may cause
inaccuracy in the predictions of temperature for NiCrAlY parti-
cles, as displayed in Fig. 4(b) and 5(b). The thermodynamic
properties of nickel are selected from Hultgren et al.[13]

The calculation was first run 5 ms to steady state in the absence
of particles. The resulting plasma solutions served as the initial
conditions for transient simulations of the particle behavior.

4. Results and Discussions

Simulation results for the process conditions described in
Section 3 are presented here.

4.1 Gas Velocity and Temperature at the Nozzle
Exit

The velocity and temperature of plasma gas at the nozzle exit
are determined directly from the operating conditions. They are
correlated to the arc voltage, currency intensity, and flow rates
of primary and secondary gases through mass balance and en-
ergy balance.[5] In the calculation, the velocity and temperature
profiles at the exit have to be provided as boundary conditions.
The following expressions[5] are used for plasma velocity and
temperature profiles at the exit:

(Eq 2)v v r
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wherev0 andT0 are velocity and temperature at the centerline of
the nozzle exit, respectively, whose values are determined by
the spraying conditions. The termT` is the ambient temperature.
The value of the power indicesnv andnT have to be fixed by
comparing the calculatedv0 andT0 with the experimental data.
The values of 1.2 and 6.0, respectively, are found to be appro-
priate for the present cases. For the cases with different hydro-
gen flow rates, the velocity and temperature at the exit centerline
are plotted in Fig. 2. Generally, the velocity increases as the flow
rate of hydrogen becomes larger, and the temperature drops
slightly except for the case of zero hydrogen flow rate. The ex-
ceptional low temperature in this case is because of the very low
voltage (32.5 V) associated with zero hydrogen flow rate. For
the hydrogen flow rates considered here, the variation of tem-
perature is less than 10%, while the variation of velocity is more
than 40%. Evidently, the flow rate of hydrogen has more influ-
ence on the velocity than on the temperature of the plasma jet.

4.2 Particle Velocity and Temperature History

Before we attempt to compare the calculations with the
measurements, it is necessary to re-examine the methods used
in the measurements of Smithet al.[2] and to interpret the ex-
perimental data appropriately, so that the comparison makes
sense. In the experiments of Smithet al., the transverse and
axial particle trajectory patterns were obtained with a spray pat-
tern trajectory (SPT) sensor. In addition, a laser doppler ve-
locimetry system capable of spectral width measurements was
used to measure the average velocity and size of the particles.
For the measurement of the particle velocity along the axis, as
shown in Fig. 3(a), 4(a), 5(a), and 6(a), the SPT sensor was fo-
cused on a very small region near the axis. Therefore, the av-
eraged axial velocity of particles is actually the velocity of

Fig. 1 Illustration of the plasma spray system being simulated

Table 3 Powder characteristics

Particle 
Powder size range Average size Density 
species (mm) (mm) Morphology (g/cm3)

NiCrAlY 43 to 91 62 Spherical 8.11
ZrO2 30 to 99 58 Spherical 5.89

Table 4 Powder particle injection velocity[1]

NiCrAlY (m/s) ZrO 2 (m/s)

Separate injection 9.8 14.5
Mixed injection 11.7 11.7
Two injectors 9.8 14.5
Two injectors, same velocity 11.7 11.7

Fig. 2 Plasma gas velocity and temperature at the centerline of the exit
for the cases with different hydrogen flow rates
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those particles that are traveling in a narrow zone along the
axis. These are mostly the particles with small sizes, since the
large particles move away to the periphery of the flame due to
their larger inertia. The average in-flight particle temperature
was determined using a two-color pyrometer, IPP2000. Obvi-
ously, the measured particle temperature was an averaged tem-
perature of many of the particles moving through the focused
window.

Results shown in Fig. 3 and 4 are the particle velocity and
temperature along the central axis for the benchmark case. The
calculated data are number-averaged values for the particles with
the size in a specified size group; Three size groups are pre-
sented. Two other size groups in between are not shown in these
figures. Both Fig. 3(a) and 4(a) show that smaller particles have
much higher axial velocity than the larger ones. The difference
in velocity between the larger and smaller groups can be over
30% for NiCrAlY particles (Fig. 4a) and even greater than 50%
for ZrO2 particles (Fig. 3a). The larger variation of velocity in
the case of ZrO2 particles is because of the larger size difference.
The reason for smaller particles having larger velocities is that
smaller particles can be easily accelerated by the surrounding

plasma gas. For the same reason, the flight time of a smaller par-
ticle in the flame is shorter than that of the larger one, and there-
fore, since most of the particles traverse along the axis of the
plasma plume, the positions of smaller particles are closer to the
axis than the larger ones. Since the signals collected in the ex-
periments of Smith et al.[2] using an SPT sensor focusing on the
axis come mostly from the particles with smaller sizes, the ex-
perimental data plotted in Fig. 3(a) and 4(a) represent the veloc-
ity of the particles in the smallest size group. In this sense, the
agreement between the predictions and the measurements shown
in both figures is quite good. The slightly higher velocity of ZrO2

particles is attributed to its lower density compared to that of the
NiCrAlY particles.

The calculated number-averaged temperature of the ZrO2

particles is in reasonable agreement with the measurements, as
shown in Fig. 3(b). While the smaller particles display much
larger overheating, the large size particles just reach the melting
point (2950 K) with many of them only partially melted or not
even melted. This is because the larger particles have much
higher total heat capacity and need more time to be heated;
moreover, the general trajectories of large particles are further

Fig. 3 Axial velocity and temperature of ZrO2 particles with different
sizes along the axial distance. Experimental data of Smith et al.[2] are
plotted as a reference

Fig. 4 Axial velocity and temperature of NiCrAlY particles with dif-
ferent sizes along the axial distance. Experimental data of Smith et al.[2]

are plotted as a reference
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away from the hot core of the flame. Figure 3(b) also shows that
the smaller particles cool rapidly while the larger particles keep
their temperature around the melting point during the flight.

The results on the temperature of NiCrAlY particles are
plotted in Fig. 4(b). As mentioned before, the thermal proper-
ties used in the calculation are that of the nickel instead of
NiCrAlY. We are not attempting to compare the results with the
experimental data for NiCrAlY, although we also show these
data on the same plot just as a reference. In Fig. 4(b), we see no
great difference in the temperature between the particles with
difference sizes. The main reason is the low boiling point (3100
K) of nickel, which is the maximum temperature the particle
can reach. Most of the nickel particles get heated to the boiling
point and start vaporizing. The temperature begins to drop when
the surrounding plasma gas temperature decreases, and eventu-
ally, the smaller particles reach slightly lower temperatures.

Figure 8 is a snapshot of the animated spray, in which the
temperature field of both plasma gas and powder particles (here,
PSZ particles) are demonstrated with a color map. (The image
on the upper-right corner shows the growth of a coating layer).
The physical size of particles is represented by the size of the fly-
ing circles on the screen.

4.3 Particle Velocity and Temperature with the
Variation of Current

The numerical results shown in both Fig. 5 and 6 are the num-
ber-averaged velocity and temperature of the particles that are
passing through the axial position of 100 mm. The collection
window for particle velocity is from 0 to 210 mm in the z di-
rection; refer to Fig. 1, which closely represents the focused re-
gion of the SPT sensor in the measurements. To calculate the
particle temperature, all particles flying through the x–zplane at
an axial distance of 100 mm are taken into averaging.

Fig. 5 Comparison of calculated average velocity and temperature of
ZrO2 and NiCrAlY particles at the axial distance of 100 mm for differ-
ent current levels, compared with the experimental data of Smith et al.[2]

Fig. 6 Comparison of calculated velocity and temperature of ZrO2 par-
ticles at the axial distance of 100 mm for the cases with different hy-
drogen flow rates with the experimental data of Smith et al.[2]
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As shown in Fig. 5, the results for both ZrO2 and NiCrAlY
particles agree well with the measurement data, except the tem-
perature of NiCrAlY due to the use of the thermophysical prop-
erties of nickel. The NiCrAlY particles have generally lower
velocities than the ZrO2 particles because of the higher density
of NiCrAlY (Fig. 5a). The temperature of NiCrAlY is much
lower than that of ZrO2 (Fig. 5b). The reason is that NiCrAlY has
a much lower boiling point and the temperatures of these parti-
cles at this standoff are very close to the boiling point.

For both materials, the particle velocity increases with the
current value, as shown in Fig. 5(a). This is primarily because a
higher current produces a higher gas temperature and, hence, a
higher exit velocity of the plasma gas. A similar reasoning is ap-
plicable to the small increase of temperature of ZrO2 particles
with the current (Fig. 5b). But this effect is weaker in the case of

NiCrAlY temperature, since the temperature has already become
close to its boiling point, which is the maximum the particle can
attain.

4.4 Particle Velocity and Temperature with the
Variation of H 2 Flow Rate

The effect of hydrogen flow rate on the velocity and temper-
ature of particles is displayed in Fig. 6. The calculation results,
again in good agreement with the experimental data, reveal the
general trend of the effect of the hydrogen flow rate. This trend
for the particle velocity is easy to understand and is consistent
with the increase of plasma velocity with the hydrogen flow rate,
as shown in Fig. 2. However, the fact that a lower plasma tem-
perature is obtained at a higher hydrogen flow rate, as well as
that the residence time of an in-flight particle becomes shorter at
a higher flow rate, seems to suggest that particle temperature
may be lower at a higher hydrogen flow rate. This is contradic-
tory to what we observed in Fig. 6(b). An increase in particle
temperature with the hydrogen flow rate can be attributed to the
higher thermal conductivity of the plasma mixture because of the
increase in the hydrogen content.

The increase in particle velocity and temperature is especially
strong when the flow rate increases from zero to about 4 slm, as
seen in Fig. 6(a). This result suggests an optimum in the flow rate
of hydrogen, about 4 slm for a given set of parameters, above
which the benefit of an increase in hydrogen flow rate dimin-
ishes.

4.5 Species Segregation and Optimization of Spray
Conditions

The deposition position of a particle is determined by its tra-
jectory, which in turn depends largely on the injection condi-
tions. In the calculations we present below, two different powder
injection configurations are used. One is the mixed injection.
Both metal and ceramic powders are injected through one injec-
tor. The position of the injector is the same as in the case dis-
cussed above and shown in Fig. 1.[1] Both kinds of powder
particles have the same injection velocity, 11.7 m/s, as listed in
Table 4. Another injection configuration considered here as-
sumes that the metal and ceramic powders are injected from two
separate injectors. The position of the injector for ZrO2 is the
same as displayed in Fig. 1. The injector for NiCrAlY is, how-
ever, located at an axial distance of 10 mm, 4 mm downstream
from the ceramic injector. This arrangement of injectors consid-
ers that the NiCrAlY particles traverse a little further than ZrO2

in the direction of injection, as well as the fact that NiCrAlY can
be more easily melted. The injection velocity for each powder is
listed in Table 4.

One Injector, Mixed Injection Figure 7(a) shows the ap-
proximate deposition areas of ZrO2 and NiCrAlY materials
under the mixed injection conditions. The coordinates used in
the plot indicate the vertical direction (powder injection direc-
tion) and horizontal direction (vertical to the plane formed by
plasma jet and powder injection direction). As shown in this plot,
most NiCrAlY particles deposit a few millimeters below the
ZrO2 particles. This result roughly repeats the observation made
by Jewett et al.[3] (In their observation, they found that the metal
was concentrated in the lower right of the deposit and the ce-

(a)

(b)

Fig. 7 Calculated deposition positions of both ZrO2 and NiCrAlY par-
ticles on the plane at the axial distance of 100 mm. (a) Both materials
are injected together through the same injector. (b) Two injectors with
the same injection velocity (11.7 m/s)
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ramic was segregated to the upper left. The slight shift in hori-
zontal direction in experiments is due to the swirl of the plasma
plume.)

The trajectories of different powders are visualized clearly in
Fig. 9 by the circles with two different colors. Generally,
NiCrAlY particles traverse a little further through the flame due
to their higher density (or larger inertia). Therefore, the two
kinds of powder materials are segregated during their flight in
the gas flame and produce lower homogeneity in the coating.
Furthermore, since NiCrAlY has much lower melting and boil-
ing points than PSZ, it may be vaporized significantly while PSZ
is just around or below its melting point.

Two Injectors, Different Injection Velocity The segrega-
tion of different species needs to be avoided in the spraying of
FGMs. Using two separate injectors, as we mentioned before, is
one of the many possibilities. Figure 10 shows an effort in this di-

rection. The injector for NiCrAlY is moved a little bit down-
stream with the consideration that NiCrAlY is heavier and easier
to be melted. The injection velocity for these two materials needs
to be optimized for the purpose of good mixing of two component
particles. If the injection velocities selected for NiCrAlY and PSZ
are 9.8 and 14.5 m/s, respectively, as in the case of a single injec-
tor, separate injection (Table 4 and Fig. 8), the resulting spray still
has a segregated pattern at the standoff of 100 mm (the maximum
axial distance shown in figures is 150 mm), as shown in Fig. 10.
The PSZ particles are further traversed through the flame because
of their higher injection velocity and a little more travel distance.
This suggests that the injection velocity of NiCrAlY should be in-
creased and that of PSZ should be decreased.

Two Injectors, Same Injection Velocity An improvement
on the mixing of the in-flight NiCrAlY and PSZ particles at 100

Fig. 8 Visualized temperature field of plasma jet with particle trajecto-
ries and temperatures. Particle sizes are also demonstrated by the size of
the images. Particles shown here are PSZ particles

Fig. 11 Same injection velocity (11.7 m/s) for both powders is used to
achieve better mixing of particles of different materials

Fig. 9 Different colors of particles represents two different materials.
Red refers to PSZ particles and green to NiCrAlY particles. Two kinds
of powders injected mixed at the same time

Fig. 10 Two injectors are used for two different powders. Injection ve-
locity for PSZ is 14.5 m/s, much higher than that for NiCrAlY (9.8 m/s
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mm standoff is obtained by using the same injection velocity
(11.7 m/s) for both materials, as shown in Fig. 11. From the de-
position position shown in Fig. 7(b), the overlap of the deposi-
tion areas of the two powder materials is improved by using such
an arrangement. This benefit comes from the fact that the posi-
tion of the injector for NiCrAlY is away from the gun nozzle,
which results in less distance traveled by the heavy metal parti-
cles. It demonstrates that, with the help of simulation and visu-
alization, an optimized injection velocity can be obtained easily
and effectively.

It needs to be pointed out that, in the configuration of two in-
jectors, the upstream injector may have strong influence on the
flow field near the downstream injector and, hence, on the be-
havior of the particles injected through the second injector.
However, our calculations currently ignore the effect of carrier
gas; this influence needs to be examined further.

5. Conclusions

Calculations are performed for plasma spray coating of PSZ
and NiCrAlY alloy as functionally graded materials. Several
plasma-operating conditions are considered to examine the ef-
fects of arc currency, voltage, and hydrogen flow rate. The pre-
dicted particle temperature and velocity conditions are compared
with the measurements carried out at INEEL. The agreement be-
tween the calculations and the experiments clearly demonstrates
the capability of the computational code, LAVA-P, in simulat-
ing the particle behavior when they pass through the plasma. Re-
sults on the particle velocity and temperature show that the
particles with smaller sizes traverse less in the powder injection
direction, along the plasma central axis, and they usually have
higher velocities and temperatures than the larger one. Most of
the ZrO2 particles larger than 80 mm can not be fully melted even
under the favorable heating conditions. The effect of current and
hydrogen flow rate on the velocity and temperature of particles
has also been analyzed. Higher values of power current and hy-
drogen flow rate usually result in higher particle velocity and
temperature. The high-density materials move away from the
central axis and further through the plasma plume. As a result,
the difference in density of the components in FGMs causes the
segregation of species affecting the uniformity and consistency
of the deposition. The segregation can be greatly reduced and
controlled by using a separate injector for each powder material
and rearranging their locations as well as the velocity of parti-

cles in each injector. The LAVA-P code, together with a visual-
ization algorithm, is an effective tool for the optimization of
FGM coatings.
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