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Abstract

A model describing the in-flight evaporation of particles injected into a high-temperature plasma jet issuing into
surrounding air has been developed and incorporated into an earlier model that includes a detailed description of
particle heating and melting. In addition to physical evaporation controlled by vapor diffusion and heat transfer, the
evaporation due to the production of volatile oxides on the particle surface is also modeled. The effect of evaporation-
induced mass transfer on heat flux to the particle surface is taken into consideration along with the effects of variable
plasma properties and the modification of heat and momentum transfer due to non-continuum effects experienced
under plasma conditions. Computational results on molybdenum particles in an argon—hydrogen DC plasma spray
system are developed and are qualitatively compared with experimental results. © 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

The thermal plasma spray process is a process widely
used for the production of high-performance metallic
and ceramic coatings. In this process micron-sized (5—
100 um) particulates are injected into a high-tempera-
ture plasma stream. The particulates are subsequently
melted, accelerated and impacted on a substrate to form
a coating. The process is most often performed in a
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normal laboratory environment with the plasma jet is-
suing into surrounding air.

Evaporation of powder materials during plasma
spraying is a common phenomenon that has recently
attracted considerable attention from researchers and
engineers in the thermal spray field. The evaporation
process itself may not directly cause deleterious effects
to the quality of the coatings produced, but it does
significantly affect the heating of particles in-flight and
introduces potentially harmful vapor into the envi-
ronment that can alter the thermo-physical properties
of the gas mixture. Since evaporation directly influ-
ences the momentum, heat and mass transfer between
the plasma gas and powder particles, an understand-
ing of this phenomenon is essential to the effective
control of the thermal plasma spray deposition process
and has even greater implications in reactive plasma
spraying where particle chemical reactions are pro-
moted.
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Nomenclature
A rate constant, kg/m2 s, Eq. (7)
B mass transfer number, Eq. (3)

Cpf specific heat capacity of gas at the film

temperature, J/kg K

particle diameter, m

diffusivity of gas, m?/s

activation energy, J/mol, Eq. (7)

fwo  factor for non-continuum effect, Eq. (9)

fv factor for evaporation effect, Eq. (11)

h heat transfer coeflicient, W/m2 K

/™ mass transfer coefficient, kg/m2 s, Eq. (9)

ke thermal conductivity of gas at the film
temperature, W/m K

L, latent heat of vaporization, J/kg, Eq. (5)

7y, evaporation rate, kg/s, Egs. (3) and (5)

1! oxidation rate, kg/m2 S

Nu  Nusselt number = hd,, /k;

Pr Prandtl number = pc,, ¢/ ke

q. convective heat transfer to particle surface,
W/m’, Eq. (12)

Qnet net heat transfer to particle surface, W, Eq. (5)

p radius of particle, m

R gas constant, J/mol K, Eq. (7)

Re,  Reynolds number, Re, = purad, /1, Eq. (10)

Sc Schmidt number, Sc = pD,/u, Eq. (10)

Sh Sherwood number, Sh = hwd,/(pD,), Eq. (9)

SIS

S source term, Eq. (14)

T oxidation temperature or surface temperature,
K

T Favre-averaged gas temperature, K

Tn melting temperature, K

T transition temperature, K

7 Favre-averaged radial velocity, m/s

Usel relative velocity between particle and gas,
m/s

v Favre-averaged axial velocity, m/s

X radial coordinate in cylindrical system, m

y axial coordinate in cylindrical system, m

Yo local mass fraction of oxidant in surrounding
gas, Eq. (8)

Y3 mass fraction of gas-phase oxidant at particle
surface, Eq. (8)

Y, local mass fraction of vapor in surrounding
gas, Eq. (4)

Yy mass fraction of vapor at particle surface,
Eq. 4)

Greek symbols

10 general variable for turbulent parameters,
Eq. (14)

u laminar dynamic viscosity of gas, kg/s m

L turbulent dynamic viscosity of gas, kg/s m

p density of gas, kg/m’

a5 Prandtl number, Eq. (14)

In most situations, the evaporation of high-tem-
perature particles can be attributable to two different
mechanisms. One is the physical evaporation where the
material changes from solid (s) or liquid () into vapor
(g) phase. This happens generally when the temperature
approaches the boiling point of this material. There is no
change of component in physical evaporation, which
can be simply expressed as

M(Svl)+Q:M(g)7 (1)

where Q is the latent heat of evaporation of material M.

The second mechanism of evaporation occurs when
volatile components are formed by chemical reactions
on the particle surface. This is mostly commonly due to
oxidation in the case of metallic powders. We will limit
our discussion in this paper to the production of volatile
oxides. The mechanism can be written as

M(s,1) +30:(g) = MO, (2). (2)

Both evaporation mechanisms are possible in plasma
spraying process, depending on the powder material,
particle temperature and oxidant content of the ambient
gas. The source of the oxygen is controlled by entrain-
ment of the surrounding atmosphere (air).

The physical evaporation of molten droplets has been
previously modeled with several papers published on the
topic. Most modeling studies that include evaporation
[1,2] assume that the heat flux at the particle surface is
the rate-controlling mechanism for evaporation, i.e.,
evaporation takes place only after the particle tem-
perature (or surface temperature) has reached the boil-
ing point. This simplified treatment ignores the
evaporation from the surface of a particle at tempera-
tures lower than the boiling point, and the possibility of
the formation of volatile species through thermal de-
composition or reaction with the surrounding gas. While
the consideration of mass-diffusion-controlled evapora-
tion is rather common in the research of droplet com-
bustion [3], knowledge on its role in thermal spray
analysis is very limited. Fiszdon [4] is probably the first
author who investigated the phase change of an alumina
particle in a plasma jet and included the diffusion of
vapor. Later, both the Langmuir evaporation and mass
transfer of species across the boundary layer were in-
cluded by Westhoff et al. [5] in their model through the
harmonic average of two mass transfer coefficients.
Vardelle et al. [6] have recommended that the Langmuir
expression is only applicable to the vacuum environment
while the mass diffusion must be considered for spraying
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under atmospheric conditions. Although no detailed
evaporation calculations under real plasma spray con-
ditions have been reported in the above-mentioned
publications, the basic transport phenomena associated
with the evaporation of in-flight particles are discussed
in detail in these papers.

Evaporation is complicated by chemical reactions on
the particle surface. Very few studies, either exper-
imental or theoretical, have considered this effect. Be-
cause of the complex nature of heterogeneous oxidation
or other chemical reactions, this mode of evaporation is
inevitably material dependent. Many different kinds of
chemical reaction can cause mass loss from the particle.
As discussed by Westhoff et al. [5], alumina droplets
can be evaporated through decomposition into volatile
AlO and O,, the evaporation rate determined by the
mass transfer of AlO vapor from the droplet surface
under equilibrium reaction conditions. Oxidation of
powder materials (e.g., molybdenum [7]), is another
mechanism of vapor production. The formation of
volatile molybdenum oxides will be taken as an exam-
ple in this paper.

A major consequence of evaporation is the effect of
mass transport on convective heat transfer. This is a
well-studied phenomenon in droplet combustion [3,8].
In plasma spray processing, this important effect was
first addressed by Chen and Pfender [9]. Their analytical
results of heat and mass transfer from a single particle
exposed to thermal plasma with a fixed temperature
show severe reductions in heat transfer to the particle
because of surface evaporation. Although the im-
portance of this effect has also been mentioned by a few
other thermal spray researchers [10], a comprehensive
model that accounts for particle movement, oxidation
and heating including the effect of evaporation on heat
and mass transfer has not been developed, and no sys-
tematic study has been conducted to analyze these effects
under transient plasma conditions.

It remains a formidable challenge to obtain quanti-
tative data on particle evaporation, such as the change in
particle size and vapor concentration in the plasma jet.
Although considerable experimental data are available
on particle trajectory, velocity, surface temperature and
particle size, they cannot be used directly to study each
of the evaporation effects as discussed in the previous
paragraphs since such experimental data represent all of
the physical phenomena in an integrated manner. It is
evident that only a comprehensive model can provide
information on each individual phenomenon as well as
their combined effects. The purpose of this paper is to
develop such a model for particle evaporation under
plasma spray conditions. The significance of each indi-
vidual effect is analyzed by performing calculations for
molybdenum powders sprayed in an argon-hydrogen
DC plasma system. A qualitative comparison with ex-
perimental data is also presented.

2. Mathematical model

Previously, we have developed a detailed model [11]
for particle heating, melting, physical evaporation and
resolidification. In this model the particle is assumed to
be spherical. The one-dimensional heat conduction
equation with phase change within the particle is solved
numerically. Physical vaporization and its effect on
convective heat transfer were included along with
modifications for non-continuum behavior in the ther-
mal plasma environment. Here, we will highlight only
the details related to physical evaporation and develop
the treatment used to account for the effects of the for-
mation of volatile oxides.

2.1. Physical evaporation

The evaporation rate controlled by vapor diffusion
through the boundary layer around the particle [3] can
be expressed by

i, = 2(pDy);mry In(1 + B)Sh, (3)

where the Sherwood number, Sh, accounts for convec-

tive mass transfer. The mass transfer number, B, is re-

lated to the local mass fraction of vapor in the gas phase,

Y,, and the vapor concentration on the particle surface,

Yy, and is defined as

Bt @)
1=

The vapor concentration on the particle surface, ¥, is
determined by the temperature dependence of the vapor
pressure of the particulate material. The evaporation
rate increases rapidly as the particle surface temperature
approaches the boiling point. Ultimately the rate of
evaporation is limited by the rate of heat transport to
the particle surface. As soon as the product of the rate of
evaporation (determined by Eq. (3)) by the latent heat of
evaporation exceeds the rate of heat transfer to the
particle surface, the rate of heat transfer limits the rate
of evaporation. At this point the rate of evaporation is
simply expressed as

mv,hcat = QllCt/LV' (5)

2.2. Evaporation controlled by oxidation (for molyb-
denum particles)

The rate of formation of surface oxides can alter-
nately be controlled by the rate of chemical reaction or
the rate of transport of oxidant to the particle surface.
The rate-limiting process therefore depends on the re-
action kinetics determined by the surface temperature
and the surrounding oxidant concentration. At a surface
temperature between 500 °C and the melting point, 2622
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°C, volatile oxide MoQO; is the predominant oxide
formed [12,13]. That is, a stable oxide scale is non-
existent at these temperatures and a fresh metallic sur-
face is always present. Hence, we will consider only a
single reaction mechanism. The reaction is expressed as

Mo(s) + 3 Oa(g) = MoOs g). (©

For temperatures between 500 °C and a transition
temperature T; (to be discussed below), the rate of
chemical reaction on the molybdenum particle surface is
the rate-determine process. Here, the transition tem-
perature, Ty, is the temperature beyond which the rate of
oxidation changes from being limited by the rate of
chemical reaction on the particle surface to being limited
by the rate of transport of oxygen to the particle surface.
That is, below T;, the oxygen concentration is sufficient
to supply oxidant at a rate greater than the rate at which
the chemical reaction proceeds. Above the transition
temperature the rate of reaction is limited by the rate of
transport of oxygen to the particles’ surface [12,13].

The rate of oxidation is given by Gulbransen et al.
[12] as

titgy = Aexp(—E/RT), 500 °C < T < T (7)

Here, T is the surface temperature of the particle that is
determined by the heat transfer between the plasma
flame and particle. The coeflicient 4 and activation en-
ergy E are given by Gulbransen et al. [12] as
10215 atom/cm” s (5.04 kg/m” s) and 19.7 kcal/mol
(82.4 kJ/mol), respectively.

The transport of oxidizer from the gas phase to the
particle surface becomes the rate-controlling phenom-
enon when the surface temperature exceeds the transi-
tion temperature, Ti,. At this point, the oxidation rate
becomes equal to the diffusion rate of oxygen from the
plasma gas to the surface, and is given as

Aoy = ha(Yo — Y¥3), Tyw < T <2622 °C. (8)

Here, Yo is the local mass fraction of oxidant in the
surrounding gas, and Y is the mass fraction of adsorbed
oxygen on the particle surface, whose value is generally
very small and can be set to zero. The mass transfer
coefficient, &,,, can be obtained from

_ Sh(pDy)

==

fkm (9)

where the Sherwood number is calculated from [3]
Sh = 2.0 + 0.6Re}/*Sc'/*. (10)

Here, Re, is the Reynolds number based on the particle
size and the relative velocity between the particle and
plasma gas. In Eq. (10), the Schmidt number Sc is taken
as 0.7 for the calculations presented here. The factor fy,
in Eq. (9) represents the influence of non-continuum

e

effects on mass transfer. We use the same formulation
for fi, as the one developed to modify the heat transfer
coefficient [14] to account for the Knudsen effect on
mass transfer.

It is worth pointing out that the formulation of fy,
suggested by Chen and Pfender [14] is derived from a
system without convection and evaporation. Here, we
have actually made an assumption that for a sys-
tem with convection and evaporation, the factor fi, in
Eq. (9) takes the same value as that for a system
without convection and evaporation. The validation of
such an assumption for a system with convection has
been discussed by Chen and Pfender [15] and Chen
[16].

2.3. Effect of evaporation on heat and momentum transfer

According to Faeth [3], the conventional formulation
for drag coefficient still provides a good correlation in
the situation of particle evaporation. The only modifi-
cation needed is to include the effects of variable plasma
properties [17] and Knudsen non-continuum on drag
[14]. However, the Nusselt number, Nu, for convective
heat transfer needs to be modified by considering the
effect of evaporation in addition to the effects of variable
plasma properties [17] and Knudsen non-continuum
[14]. The effect of evaporation on heat transfer can be
put in a single factor, f, [3]:

B Ty Cp ¢ [ 2T0r ks
—exp{rinyeye/2mroke — 17

(11)

Hence, the convective heat transfer rate to the particle is
given by

gl =h(T-T), (12)
where

ke

dy

The Nusselt number (Nu) is the function of Reynolds
number (Re) and Prandtl number (Pr), and its formu-
lation used here is based on researches in droplet com-
bustion [3], as also used and described in our previous
paper [11]. A more comprehensive study of the corre-
lations for heat and mass transfer (Nu and Sh) in ther-
mal plasma environment has been reported by Chen
[18].

2.4. Plasma jet

In this study, the plasma jet is simulated using the
two-dimensional axi-symmetric version of LAVA code
[19] that solves the complete, compressible Navier—
Stokes equations for a two-dimensional cylindrical co-
ordinate system:
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(14)

The turbulent viscosity is estimated using the stan-
dard k- model. The calculation includes a representa-
tion of the chemistry of an entraining plasma jet. The
reaction mechanism for the argon-hydrogen—air system
considered here includes dissociation, ionization and
recombination reactions, as given in our previous pub-
lication [11].

2.5. Particle movement and heating

Here, we assume that the powder particles are
spherical and the particles are accelerated or deceler-
ated mainly by drag force, which depends on the rel-
ative velocity between the particle and surrounding gas.
The particles can be heated up or cooled down by the
surrounding plasma gas through convection and radi-
ation. The effects of variable plasma properties, non-
continuum and evaporation on heat transfer are all
taken into consideration as previously described. In-
ternal conduction within the particle is also considered
in the present model. The particles can undergo phase
change such as melting, evaporation and even resolid-
ification based on the surrounding temperature and
rate of heat transfer. The details about the particle-
heating model can be found in the paper by Wan et al.
[11]. Oxidation is generally an exothermic reaction and
heat can be released in the reaction zone. Here, we
neglect the heating of particle due to the released heat
of reaction, since, as will be shown, the energy release
for the amount of metal oxidized is small as compared
to the magnitude of the heat transfer between plasma
and the particle.

3. Results and discussion

The calculations reported here are performed for an
argon-hydrogen DC plasma system with external power
injection. The geometry of the spray system and validity
of the computational results of the flow field for both
plasma jet and injected powder particles can be found in
our previous publication [11]. A series of conditions that
corresponded to a range of experimental conditions were
simulated. In the following sections the experimental
observation and comparison to computational results
will be presented. We will also examine the effects of
plasma power and particle size on evaporation phe-
nomena.

3.1. Experimental observations

A series of experiments were performed on the
evaporation of plasma-sprayed molybdenum particles.
As composed in Fig. 1, the laser-illuminated high-speed
photographs of the torch exit region illustrate the loca-
tion at which the evaporation of plasma-sprayed mo-
lybdenum particles is initiated at six different operation
conditions. The six images correspond to increasing
amounts of hydrogen in the plasma gas. Increased hy-
drogen increases the voltage of the constant current
discharge. This increases the power input to the plasma,
noted on the images. Molybdenum particles are injected
vertically (top to bottom) through an external injector.
Pictures clearly show the individual particles entering
the plasma jet, their trajectory changing as they interact
with the high-speed (3000 m/s) jet and the bright clouds
of vapor appearing as the particles progress in the
downstream direction. These bright clouds are vapor
clouds surrounding evaporating particles and are ap-
parent indicators of the location of initiation of vapor-
ization and a qualitative indicator of the level of
evaporation. The photographs were obtained with an
effective shutter speed of 30 ns. The particles and vapor
clouds were illuminated by a 337 nm nitrogen laser. The
images were recorded by a gated, image-intensified CCD
camera that was synchronized with the laser pulse.

From the pictures in Fig. 1, we conclude that: (1)
larger hydrogen concentrations lead to increased evap-
oration of particles. (2) Visible evaporation starts at the
hydrogen flow rate of 3 slm. (3) Evaporation starts
earlier (closer to torch) at higher hydrogen concentra-
tions at a downstream distance of about 1.5 cm for the 3
slm case and of about 1.0 cm for the 9 slm case. Hy-
drogen injection increases the power deposition in the
plasma gas by increasing the discharge voltage and also
enhances the heat transfer coefficient by increasing the
thermal conductivity of the gas. These observations will
be used for qualitative comparison with numerical re-
sults and partial validation of the present evaporation
model.

3.2. Comparison of calculations with observations

Iso-contours of plasma temperature and the oxygen
concentration calculated with LAVA code are plotted in
Fig. 2 to illustrate the general flow field of the plasma jet.
Trajectories of two particles with the size of 20 and 40
um, respectively, are also shown in this figure.

The proposed evaporation model was used to simu-
late the evaporation process of plasma-sprayed molyb-
denum particles under the same operation conditions as
in the experiments. As shown in Fig. 3, a particle with a
diameter of 20 pm (10 um radius) undergoes evapora-
tion shortly after its injection. The evaporation termi-
nates after the particle travels about 3 cm axially (note
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0 slm Hydrogen - 8.3 KW 1 slm Hydrogen - 14.6 KW 3 slm Hydrogen - 16.4 KW

5 slm Hydrogen - 18.6 KW 7 slm Hydrogen - 19.4 KW 9 slm Hydrogen - 20.9 KW

Fig. 1. Photograph of plasma-sprayed molybdenum particles near the torch exit at various hydrogen flow rates. Flow is left-to-right
with the exit of the plasma torch located at the left edge of each image. Vapor clouds around the particles after traveling a short
distance can be seen when hydrogen flow rate and power input to the plasma are high.
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Fig. 3. Reduction of particle radius along the axial distance due
to evaporation for different hydrogen flow rates.

that the injector is located at an axial coordinate of 0.6
cm). At this point the plasma temperature has decreased,
as shown in Fig. 2, and the rate of heat transfer is greatly
diminished. It is obvious from Fig. 3 that higher hy-
drogen flow rate (higher power input) results in greater
evaporation (Fig. 1). The mass loss of this particle due to
evaporation for the 1 slm hydrogen is less than 1%, while
it is more than 6% for the highest hydrogen flow rate (9
slm). In the case of the larger hydrogen flow rates, the
particle also starts evaporation earlier, as can be seen
from Fig. 3. This is consistent with experimental ob-
servations shown in Fig. 1. Note that the actual particle
trajectories are not identical for each case of hydrogen
flow rate and plasma power input.

A higher-resolution comparison is presented in Fig.
4, where the calculated trajectories of two particles with
size of 20 and 40 um are plotted together with the
starting point of evaporation. The penetration of the
smaller particle into the high-speed plasma jet is less
because of the greater axial acceleration. The smaller
particle starts evaporation a bit earlier, after traveling
about 0.7 cm axially, while the larger one starts evap-
oration after about 1.6 cm. The larger particles with
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Fig. 4. Trajectories of particles with different sizes and the lo-
cations where particles start evaporating.

their greater momentum penetrate further into the
plasma jet. These computational results qualitatively
match the visualization shown in Fig. 4, and account for
the “tilt” in the location of the apparent inception of
vaporization.

3.3. Effect of particle size

The evaporation rates for different sizes of particles
are plotted in Fig. 5. Note that, in addition to differences
in thermal mass, each particle size experiences a different
trajectory, Figs. 2 and 4, and exposures to very different
surrounding environments. Generally, smaller particles
have larger evaporation rates, because a small particle is
more readily heated up. In addition, the small particles
have larger mass transfer coefficients according to
Eq. (9). An exception is the behavior of the 10 um
particle, shown in Fig. 5, which exhibits a lower evap-
oration rate than that of a 20 pm particle. This is pri-
marily because a 10 pm particle with an injection
velocity of 9.8 m/s cannot penetrate into the hot core of
the plasma jet because of its low momentum. This keeps
the particle in the cooler outer region of the plasma jet
resulting in less energy transfer. The present results in-
dicate that, under the spraying conditions considered in
this study, particles about 20 pm in diameter will have
the highest evaporation rate.

3.4. Effect of mass transfer

The influence of mass transfer on heat transfer co-
efficient is demonstrated in Fig. 6. The dependency is
through an evaporation parameter, f,. This parameter is
unity when there is no vaporization and is otherwise
smaller than one. The very small value of this parameter
at an axial distance of about 2.2 cm is due to strong
vaporization resulting in a 50% reduction in heat
flux from the plasma gas to the particle. Also plotted in
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Fig. 5. Rate of evaporation for molybdenum particles of dif-
ferent sizes along the axial distance of plasma jet.
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Fig. 6. Effect of mass flow due to evaporation on heat flux to
the particle. Corresponding temperature of particle surface is
also shown in the plot. The boiling point of molybdenum is
about 4900 K.

Fig. 6 is the particle surface temperature. The value of f,
is less than unity even when the particle surface tem-
perature is much lower than the boiling point (about
4900 K) due to appreciable evaporation. At tempera-
tures less than the boiling point the evaporation is
controlled by the intrinsic vapor pressure of the mo-
lybdenum and limited by diffusion of vapor through the
boundary layer surrounding the particle surface. One
may notice that the value of f, returns to unity (at about
4.2 cm) even though the surface temperature is still very
high. This is because the local plasma temperature is
lower than the particle surface temperature and there is
a net rate of heat transfer from the particle to the
plasma. Thus, there is no energy available to further
vaporize material.

The consequence of the evaporation model used on
heat transfer is illustrated in Fig. 7. The change of
particle radius has been calculated for three different
cases: (1) without the influence of mass transfer on heat
transfer, (2) without the effect of diffusion-controlled
evaporation rate, and (3) with both effects included.
From Fig. 7, it is evident that if the effect of mass
transfer on heat transfer is not taken into account (case
1), the radius of the particle decreases significantly more,
approximately twice as much as when this effect is in-
cluded (case 3). This implies an 800% difference in the
prediction of mass vaporized. On the other hand, if the
diffusion-controlled vaporization is not included, i.c.,
assuming that the evaporation rate is controlled only by
heat transfer rate (case 2), the evaporation starts a little
later when the particle temperature reaches the boiling
point. However, the difference in vaporization rate as
presented in terms of radius reduction with and without
(case 2 and case 3) diffusion-controlled vaporization is
not significant. This suggests that the heat-transfer-
controlled evaporation model with the mass transfer
correction can be used without any appreciable error in
the prediction of particle size and conditions along its
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Fig. 7. Reduction of particle radius by evaporation calculated
with the consideration of different effects.

trajectory while saving significantly on computation
time. These results together, Figs. 6 and 7, emphasize
that the effect of evaporation on heat transfer must be
taken into consideration in the calculation of particle
heating if evaporation is anticipated.

3.5. Effect of oxidation

In Fig. 6, a small perturbation can be noticed in the
evaporation parameter, f,, at about 0.6 cm along the
axis. This is primarily due to the loss of a small amount
of mass through the production of the volatile molyb-
denum oxide. The evaporation rate that results from it is
so small that a logarithm coordinate needs to be used to
show the change in evaporation rates due to oxidation
and physical evaporation, as shown in Fig. 8. The first
peak of evaporation rate caused by oxidation is two
orders of magnitude smaller than the second one, which
is produced by physical evaporation. Such a small
change in evaporation rate (0.1 kg/m2 s) does not sig-
nificantly alter the particle diameter, Fig. 3. Therefore,
for molybdenum particles under the plasma spray con-
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Fig. 8. Evaporation rate caused by oxidation and physical
vaporization during the flight of a 40 pm molybdenum particle.
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ditions considered here, the amount of mass loss caused
by production of a volatile oxide can be neglected.

4. Conclusions

A model for vaporization of plasma-sprayed
molybdenum particles that includes formation of a
volatile surface oxide and physical evaporation is de-
veloped. The effect of mass diffusion due to evaporation
on surface heat flux is also included in the model. The
computational model predicts the location of the onset
of vaporization and the effect of particle size distribu-
tion. The results are in qualitative agreement with ex-
perimental observations. The importance of evaporation
in thermal spray processing is its influence on the rate of
heat transfer. The use of a simplified evaporation model
that considers heat transfer as the rate-controlling phe-
nomenon is justified by the small difference between the
predicted size change of particles using models with and
without consideration of mass-diffusion-controlled
evaporation. For molybdenum particles, the production
of volatile oxide on the surface contributes little to the
total loss of particle mass due to vaporization, in fact the
evaporation due to oxidation is two orders magnitude
smaller than that due to physical evaporation. The
smaller particles generally have higher evaporation rates
than the larger particles, as long as the injection velocity
is high enough for the particle to penetrate into the core
of the plasma jet.
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