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Abstract

The melting and oxidation behavior of in-flight particles and their effects on the splat formation are studied. An
order-of-magnitude analysis and one-dimensional thermal resistance analysis are employed to investigate the heat
and mass transport from the plasma flame to the particle. Two dimensionless parameters, ‘‘melting index’’ and ‘‘oxi-
dation index’’ are derived to characterize the melting status and the oxide content of the in-flight particles, respectively.
These two indice are correlated with experimentally measurable parameters, such as particle size, velocity, temperature
and spray distance. Numerical simulations and experimental results are discussed to validate the analytic solutions.
Effects of particle size on the melting and oxidation behavior are also investigated.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Plasma spray is such a process in which a large
amount of powders are injected into a hot flame jet,
being heated and accelerated to the substrate. This pro-
cess has been widely used to produce metallic and cera-
mic coatings. The particle motion and heating is of vital
importance for process control and design, since the in-
flight particle characteristics greatly influence the splat
formation and coating properties. A number of models
have been developed on this subject that require consid-
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ering many special effects under plasma conditions [1–7].
However, most of these models used lumped thermal
analysis for particles and ignored the phenomena of
mass transport and chemical reaction. Particle melting
and oxidation behavior were not fully understood.

The melt fraction of the particles upon impact will
affect the splat morphology and coating properties sig-
nificantly, especially for low-thermal-conductivity mate-
rials, such as ceramic in thermal barrier coating (TBC).
Although it has not fully proved theoretically, the role of
partially melted particle in molten droplet spreading and
solidification are expected to be in two folds [8], the un-
melted part may enhance the dissipation of the kinetic
energy and thus slow down the spreading process; and
the unmelted part may also bounce away from the sub-
strate and then introduce the disturbance that favors
ed.
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Nomenclature

Bi Biot number, Bi = hrp/kl
Bim mass transfer Biot number, Bim = rphm/

qlDo,l

Cp specific heat, J kg�1 K�1

CD drag coefficient
Do diffusion coefficient of oxygen, m2 s�1

Fo Fourier number, Fo ¼ alt=r2p
Fom mass transfer Fourier number, Fo ¼ Do;lt=r2p
h convective heat transfer coefficient,

W m�2 K�1

hm mass transfer coefficient, kg m�2 s�1

k thermal conductivity, W m�1 K�1

L latent heat of fusion, J kg�1

Pr Prandtl number, Pr = m/a
rp particle radius, lm
Rep Reynolds number, 2qfrpjUf�Upj/lf
Sc Schmidt number, Sc = m/Do

S spray distance, cm

Ste Stefan number, Ste = Cp(Ts�Tm)/L
t time, ms
T temperature, K
Tm melting point, K
Ts particle surface temperature, K
U velocity vector, m s�1

Yo oxidant concentration

Greek symbols

l viscosity, kg s�1 m�1

q density, kg m�3

Subscripts

f flame
l liquid
ox oxide
p particle
s solid
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particle splashing. Therefore, the presence of partially
melted particles may result in a high fragmented splat,
low deposition efficiency and high coating porosity.

The oxidation of atmospheric sprayed metal particles
can also greatly affect the coating property and perfor-
mance. In some applications, oxidation is detrimental
[9]. For example, the coating corrosive resistance is
reduced due to the brittleness of the oxide and the
mismatch of the thermal expansion coefficients; and
the low wettability of the oxide layer is responsible for
the poor intersplat cohesion in the metal coatings.
Therefore, a reliable description of the melting and
oxidation behavior of the sprayed particle is essential
to improve the understanding of the relationship be-
tween the in-flight particles characteristics and the coat-
ing properties; this will certainly help develop an
effective control of the coating efficiency and quality.

Some research has been conducted to understand the
in-flight particle melting in various thermal spray
processes [3,10]. The effects of melt fraction on splat
morphology, however, are not fully understood. Vaidya
et al. [11] conducted an experimental investigation of
the splat morphology over a wide range of particle con-
ditions. A ‘‘melting index’’, given as Tp Æ t/2rp, was used
to indicate the particle melting state based on its in-flight
temperature, residence time and size. This parameter
was further refined by Zhang et al. through the energy
balance analysis and correlated with the splat morphol-
ogy after impact [8]. Efforts have also been made to
investigate the in-flight particle oxidation and its influ-
ences on coating property. The amount and distribution
of the oxide formed in the particles in-flight have been
observed by different researchers [12–15]. The oxidation
mechanisms have also been studied numerically by Wan
et al. [16] and Ahmed et al. [17] based on the mass trans-
port and chemical reaction during particle in-flight.

This paper presents analysis and characterization of
the melting and oxidation behavior of in-flight particles.
Two practical parameters, melting and oxidation indi-
ces, are derived to estimate the melt fraction and the
oxide content, respectively. Values of these two indices
are validated by the three-dimensional simulation results
for representative ceramic (ZrO2) and metal (Mo) pow-
der materials. In particular, the melting index of ZrO2

particles and its relationship with the deposition rate
and splat morphology will be discussed in terms of
experimental data.
2. Mathematical model

2.1. Particle melting index

Coating is an assemble of splats formed on the sub-
strate and the splat morphologies are directly related to
the coating properties. Fig. 1 shows SEM pictures of
splats formed by partially and fully melted ceramic par-
ticle. The experimental data revealed that the particle
melting status before impact affects the splat morphol-
ogy. For a partially melted particle, splat is formed in
such a way—only melted part of particle sticks well to
the substrate. To qualitatively identify the melting status
of the particle, the scaling analysis is conducted to the
heat and mass transfer for particles in a plasma heated
environment as shown in Fig. 2(a). The analysis is based
on the assumptions such that the particle is spherical, and



Fig. 1. SEM picture of the splat formed (a) by a totally melted zirconia particle and (b) by a partially melted zirconia particle.
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heat transfer inside particles is conduction dominated;
the particle is primarily heated up by surrounding plasma
gas through convection. The schematic of particle geom-
etry and important heat transfer modes are shown in
Fig. 2(b). It shall be noted that once particles are
entrained into the plasma hot core, their surfaces are
heated up rapidly and reach the melting point in a short
time (approximately 0.1 ms) [3]. And this heating time is
negligible compared to the melting time required for the
latent heat dissipating from the particle surface to the
center for ceramic particles. From the thermal resistance
analysis [18], the relationship between the surface tem-
perature, Ts, the melting temperature, Tm, and the flame
temperature, Tf, can be obtained as follows:

T f � Tm

T s � Tm

¼ R1 þ R2

R1

; ð1Þ

where R1 and R2 are the thermal resistances by conduc-
tion and convection, respectively. Based on spherical

particle geometry, R1 ¼ 1
4pkl

1
r � 1

rp

� �
and R2 ¼ 1

4pr2ph
. If

Tf � Tm = 1000 K is assumed, Ts � Tm = 60 K and
3.2 K are derived for in-flight ZrO2 and Mo parti-
cles, respectively, using heat transfer coefficient, h =
1500 W/m2 K, particle diameter of 50 lm, and unmelted
core diameter of 10 lm. Different values for (Ts � Tm)
are attributed to a high thermal conductivity of Mo,
46 W/m K, compared to a low thermal conductivity of
ZrO2, 2.32 W/m K. A large temperature difference be-
tween the surface and the melt front is an important
characteristic for melting a ceramic particle.

For a metal particle, the temperature is virtually uni-
form inside the particle due to its high thermal conduc-
tivity. Thus the particle surface temperature can be used
to identify the phase status of the particle. Also due to
the high thermal diffusivity of a metal particle, it is easy
for a particle to be heated up in the plasma jet to the
melting temperature and being melted. For a ceramic
particle, the particle temperature changes from a high
value at its surface to a low value at its center; and high
temperature at the particle surface does not guarantee
the particle being fully melted. This is attributed to its
low thermal conductivity and high melting point; at
which conditions, the particle being injected into a plas-
ma flame may not be melted completely even if the sur-
face temperature of the particle is much higher than the
melting temperature. The melting percentage of the
particle depends on its size, thermal conductivity, latent
heat, and residence time in the plasma flame. A melting
index is therefore needed to determine the melting
behavior of a particle.

Defining a dimensionless parameter—melting index
M.I. as a ratio of the time for particle in-flight, Dtfly,
to the time required for a particle fully melted, Dtmelt.
Based on the thermal resistance analysis, the total time
required for a particle being fully melted, is estimated
analytically. For most plasma spray conditions, the Biot
number for powder particle is small. The temperature
distribution in the solid phase is negligible. Thus, the
total heat transferred to the particle melt and solid inter-
face shall be balanced with the latent heat absorbed by
particle for melting. This is described mathematically
as follows:

q00 ¼ _mL ¼ T f � Tm

R1 þ R2

¼ T f � Tm

1

4pkl

1

r
� 1

rp

� �
þ 1

4pr2ph

; ð2Þ

where L is the latent heat of fusion, and _m ¼ �4qpr2 dr
dt.

Substituting _m into Eq. (2),

�q � 4pr2 dr
dt

� L ¼ T f � Tm

1

4pkl

1

r
� 1

rp

� �
þ 1

4pr2ph

ð3Þ

is obtained. It shall be noted that the convection heat
transfer coefficient h and the flame temperature Tf vary



Fig. 2. (a) Schematic of plasma spraying process using a DC plasma torch, (b) schematic of the in-flight particle melting process, and
(c) initial particle size distribution from sieving experiment and data used in simulations.
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with particle location. Nevertheless, their variations
along the particle trajectory under most normal plasma
spray conditions are not significant for the given gun
power. Eq. (3) can thus be integrated and the total melt-
ing time is derived as follows:
Dtmelt ¼
r2p
6

1þ 2

Bi

� �
� qL
klðT f � TmÞ

ð4Þ

in which Bi = hrp/kl. The melting time for ZrO2 particles
with radius of 25 and 50 lm are estimated as 2.1 ms and



Table 1
Particle properties

Particle material ZrO2 Mo

ks, W m�1 K�1 2.0 84
kl, W m�1 K�1 2.32 46
Cp,s, J kg

�1 K�1 580 339
Cp,l, J kg

�1 K�1 713 570
qs, kg m

�3 5.89 · 103 10.0 · 103

ql, kg m
�3 5.89 · 103 9.35 · 103

Tm, K 2950 2895
L, J kg�1 7.07 · 105 3.71 · 105
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30 ms, respectively; while the melting time for Mo parti-
cles with these two radii are about 0.028 ms and 0.11 ms,
respectively. In this estimation, h = 1500 W/m2 K and
Tf � Tm = 3000 K are used along with the particle pro-
perties listed in Table 1. Apparently, a metal particle
melts much faster than a ceramic particle of equivalent
size. With Eq. (4), the melting index can be formulated
as follows:

M.I. ¼ Dtfly
Dtmelt

¼ 6kl
qL

� 1

1þ 2=Bi
� ðT f � TmÞ � Dtfly

r2p
. ð5Þ
Fig. 3. Schematic of the in-flight particle oxidation process: (a)
cross-section of an oxidized particle and (b) mass transfer and
diffusion of oxidant through the particle.
2.2. Particle oxidation index

Molybdenum (Mo) is a metal material used to spray
wear-resistant coatings. In atmospheric plasma spray,
Mo is easily to be melted because of its high thermal
conductivity. However, the plasma spraying of metals
in atmospheric environment inevitably leads to oxide
formation, which will degrade the Mo coatings. To con-
trol oxidation of metal particles in-flight, the oxidation
behavior of Mo particles is studied here. Different oxida-
tion mechanisms should be considered for different
material and in different stage of particle temperature.
For example, Wan et al. [16] considered three oxidation
mechanisms for Molybdenum particle: diffusion in an
oxide thin film at a surface temperature lower than
450 �C, chemical reactions at temperature higher than
500 �C, and adsorption of oxidant diffused from the
gas to the surface when the particle is melted. Their
results showed that the primary oxidation mechanism
for Mo particle in-flight is the adsorption after particle
melting since the reaction rates of the two former mech-
anisms are very small, usually below 10�3 kg/m2 s.
Therefore we only considered the primary oxidation
mechanism that the oxidant diffuses from the gas to
the melted surface and reacts with the metal particle.
This mechanism can be represented by

Moþ x
2
O2 () MoOx. ð6Þ

The oxide phase will be formed and well separated from
the metal phase due to the difference of the surface ten-
sion. SEM images obtained by Espie et al. [13] in the
atmospheric plasma spray showed that the collected
in-flight iron particles have distinguishable oxide grains,
Fe0.95O. As indicated in Fig. 3(a), a large oxide nodule is
typically formed within the particle, and some small
oxide nodules are distributed around it. To reduce the
complexity of the problem, we assume that the oxides
form a large nodule and are located at the particle cen-
ter, as shown in Fig. 3(b). From the resistance analysis,
the relationship among the oxygen concentration on the
particle surface, Yo,s, in the particle center, Yo,c, and in
the gas phase, Yo,f, can be obtained as follows:

Y o;f � Y o;c

Y o;f � Y o;s

¼ R0
1 þ R0

2

R0
2

¼ 1þ Bim
rp
r
� 1

� �
; ð7Þ

where R0
1 and R0

2 are the mass transfer resistances by dif-
fusion and convection, respectively. Bim in Eq. (7) is the
mass transfer Biot number, Bim = rphm/qlDo,l. Based on

the spherical geometry for particles, R0
1 ¼ 1

4pqlDo;l

1
r � 1

rp

� �
,

and R0
2 ¼ 1

4pr2phm
. If Yo,f � Yo,c � Yo,f = 0.4 is assumed,

Yo,s = 0.04 and 0.2 are derived for Bim = 0.025 and



Table 2
Operating conditions for plasma spraying of ZrO2 and Mo

Processing parameters ZrO2 Mo

Current, amp 600 500
Voltage, volt 69 60
Primary gas flow, Ar, SLMa 32 40
Secondary gas flow, H2, SLM 8 7
Carrier gas flow, SLM 3 3

a SLM means standard liter per minute; 1 SLM = 16.67 ·
10�6 m3/s.

5126 H.-B. Xiong et al. / International Journal of Heat and Mass Transfer 48 (2005) 5121–5133
0.25, respectively using the particle diameter of 50 lm
and the oxide nodule diameter of 10 lm. The concentra-
tion of oxygen at the particle surface is a strong function
of mass transfer Biot number, and the particle in-flight
oxidation process is either diffusion-in-melt controlled
for large Bim case, or mass-transfer-in-gas controlled
for small Bim case. Note that for large Bim, e.g., greater
than 1, the concentration of oxygen in the melted surface
might reach the solubility of oxygen in the liquid Mo.

The oxidant flux at the particle surface can be ex-
pressed as follows:

m00
o ¼

Y o;f � Y o;c

R0
1 þ R0

2

¼ m00
ox

W o

W ox

; ð8Þ

whereWo andWox are the atomic weights of the oxidant
and the oxide product, and m00

ox ¼ qox4pr
2 dr
dt. Substitut-

ing m00
ox into Eq. (8),

qox4pr
2 dr
dt

¼ Y o;f � Y o;c

1

4pqlDo

1

r
� 1

rp

� �
þ 1

4pr2phm

� W ox

W o

ð9Þ

is obtained. Eq. (9) can be integrated and the oxide nod-
ule size, rox, can be obtained as follows:

r2ox
2

þ r2ox
3rp

1

Bim
� 1

� �
¼ ðY o;f � Y o;cÞDo;l

W ox

W o

ql

qox

t. ð10Þ

To quantify the intensity of the oxidation in the par-
tile, an oxidation index, O.I., is introduced in this article.
It is defined as the ratio of the oxide weight moxide to the
particle weight mparticle as follows:

O.I. ¼ moxide

mparticle

¼
ðY o;f � Y o;cÞDo

W ox

W o

t

r2p
rp
2rox

þ 1

3

1

Bim
� 1

� �� � . ð11Þ

If Bim is much larger than one, the mass transfer resis-
tance by diffusion in the liquid droplet becomes domi-
nant. This leads to Yo,f � Yo,s � Yo,c. Eq. (11) can be
simplified to

O.I. ¼ ðY o;f � Y o;cÞDo
W ox

W o

t
r2pðB=2� 1=3Þ ; ð12Þ

where B is the ratio of the particle radius to the oxide
nodule radius, rp/rox. If Bim is much smaller than one,
the mass transfer in the gas phase will be dominant,
and Yo,f � Yo,s � Yo,c. Eq. (11) can be simplified to

O.I. ¼ 3hmðY o;f � Y o;cÞ
W ox

W o

t
qlrp

¼ 3
W ox

W o

� Bim � ðY o;f � Y o;cÞ � Fom. ð13Þ

Therefore, more oxide will be formed for the small con-
vective mass transfer resistance (large Bim), long flight
time (large Fom), and/or high oxygen concentration in
the environment (large Yo,f).
2.3. Determination of heat and mass transfer

coefficients

In Eqs. (5) and (13), the heat and mass transfer co-
efficients between the particle surface and the en-
vironment, h and hm, are unknown. These parameters
depend on plasma jet conditions, particle size and trajec-
tory. Thus numerical simulations have been performed
to determine their values using a well-tested and vali-
dated code—LAVA–P–3D [3,4,16,19]. A DC (direct
current) plasma spraying process, as displayed in
Fig. 2(a), has been simulated using the operating condi-
tions listed in Table 2, with the powder materials of
ZrO2 and Mo, respectively. The initial particle size dis-
tribution used in the simulations is shown in Fig. 2(c),
along with the original sampling experimentally ob-
tained by sieving. Volume fraction (90%) of the particles
has the diameter in the range of 28–44 lm.

The current LAVA–P–3D code treats the plasma jet
as a compressible, continuous multi-component, chemi-
cally reacting ideal gas with temperature-dependent
thermodynamic and transport properties. The governing
equations of mass, species, momentum and energy con-
servations in cylindrical coordinate have been solved.
Detailed descriptions of the governing equations and
numerical solutions can be referred to Ref. [18].

The particle is treated as a discrete Lagrangian entity
that exchanges mass, momentum, and energy with the
gas. The movement of particles is driven by the drag
force due to the velocity difference between the particle
and gas. The momentum transfer between the particle
and the gas can be described by:

Fp ¼ mp
dUp

dt
¼ pr2pCD

qjUf �UpjðUf �UpÞ
2

; ð14Þ

where the drag coefficient CD ¼ 24Re�1p þ 6
�
1þ

�
Re�1=2p

�
þ 0:4

�
f �0:45
prop f 0:45

Kn [1,2]. The particle�s Reynolds

number, Rep = 2qf rpjUf � Upj/lf, is less than 100. Eq.
(14) is used to calculate the particle velocity and trajec-
tory. The particle velocity is larger for higher gas veloc-
ity and for smaller particles. The local conditions of the
plasma gas around the particles can then be determined
including the thermal and diffusion coefficients. The heat
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transfer coefficient can then be calculated from the Nus-
selt number as [3],

Nu ¼ 2hrp
kf

¼ ð2:0þ 0:6Re1=2Pr1=3ÞðfpropÞ0:6fKn f v; ð15Þ

where fprop, fKn and fv represent the effects of variable
plasma properties, non-continuum, and mass transfer
due to evaporation, respectively; the formulations for
fprop, fKn and fv can be referred to Wan et al. [3]. The
mass transfer coefficient of oxygen from the gas to
the surface can also be calculated from the Sherwood
number as [3],

Sh ¼ 2hmrp
qfDo;f

¼ 2:0þ 0:6Re1=2Sc1=3. ð16Þ

The heat and mass transfer within the particle are
described by one-dimensional conduction and diffusion
equations in spherical coordinate [3,16]

qpCp
oT p

ot
¼ 1

r2
o

or
kpr2

oT p

or

� �
and

oY o

ot
¼ 1

r2
o

or
Do;lr2

oY o

or

� �
. ð17Þ

The boundary conditions of heat transfer at the par-
ticle center and surface are given as

oT
or

����
r¼0

¼ 0 and

4pr2p kp
oT
or

� �����
r¼rp

¼ _Qconv � _Qvap � _Qrad; ð18Þ

where _Qconv, _Qrad and _Qvap accounts for the heat flux
at the particle surface by convection, radiation and
evaporation, which are expressed as 4pr2phðT f � T sÞ,
4pr2perðT 4

s � T 4
1Þ and _mvLv respectively. Only the radia-

tion between the particle surface and the environment is
considered in the case of optically thin plasma gas. Sim-
ilarly, the boundary conditions of mass transfer at the
particle center and surface are given as

oY o

or

����
r¼0

¼ 0 and qpDo;l
oY o

or

����
r¼rp

¼ hmðY o;f � Y o;sÞ.

ð19Þ

The melting interface is treated as an internal moving
boundary between the two different phase domains.
The boundary conditions are given as

T i ¼ Tm and

kp;s
oT
or

����
r¼r�m

 !
� kp;l

oT
or

����
r¼rþm

 !
¼ qpL

drm
dt

. ð20Þ
3. Experimental data

The experimental data from the literature [11] have
been used to validate the numerical results and investi-
gate the melting index of ZrO2 particles. Their experi-
ments use a PTF 4MB DC plasma gun, with operating
conditions listed in Table 2 (the case of ZrO2). The
partially stabilized zirconia (PSZ) AE7592 from Sulzer-
Metco, which is a plasma densified hollow spherical
powder (HOSP), with a mean size of 36 lm is used as
the feedstock. The particle injector is located at 0.6 cm
away from the torch exit. The experimental data for
in-flight particles and splats are collected at the spray
distance of 6, 8, 10 and 12 cm, respectively. The Tecnar
DPV 2000 diagnostic system is used to measure the
in-flight particle size, velocity and surface temperature.
Splats are collected on mirror polished 304 stainless steel
(roughness <0.1 lm). A large number (70) of splats are
scanned by the scanning white light interferometry,
Zygo New Viewer 200.
4. Results and discussion

4.1. Melting index

To evaluate the particle heat transfer coefficient,
numerical results have been obtained and compared
with the experimental data. Fig. 4 shows the numerical
results of axial velocity, surface temperature and melting
status for ZrO2 particles for different sizes. It reveals that
a small particle has a high axial velocity and a high sur-
face temperature. All particles start melting virtually at
the same location of 0.8 cm, regardless of the size. They
are totally melted after a flight distance of 1.1, 1.8, 3 and
5.5 cm for particles with initial diameters of 20, 30, 40,
and 50 lm, respectively. The latent heat of fusion and
thermal resistance are responsible for the different flight
time for different size of particles being fully melted.

The simulation results of average axial velocity and
surface temperature, are also shown in Fig. 4 (see straight
lines) for the particles with size distributions of Fig. 2(c).
The experimental results measured from the DPV2000,
are shown by square symbols in Fig. 4. The simulation
results agree reasonably well with the experiment in con-
sideration of the uncertainty in the measurements. Note
that the measured velocity decreases significantly be-
tween the spray distance of 6 cm and 12 cm, while the
simulation results show that the particle velocity is virtu-
ally constant after certain spray distance. This discrep-
ancy is attributed to the fact that the DPV2000 tends
to ‘‘see’’ large and hot particles better. After the spray
distance beyond 6 cm, the DPV2000 is no longer sensible
to the small particles that cool down rapidly.

To interpret the particle melting process analytically,
we need to estimate the particle flight time, the flame tem-
perature and the heat transfer coefficient using the simu-
lation results. The simulation results in Fig. 4(a) shows
that particles experience the motion with constant accel-
eration in most flight distance. The flight time is therefore



Fig. 4. (a) Particle velocity and (b) surface temperature for
different sizes of ZrO2 particles, with experimental data.
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approximated as Dtfly = 2S/Vp, where S is the axial flight
distance and Vp is the particle axial velocity.

Fig. 5 shows the heat transfer coefficient h and the
flame temperature Tf during the melting process of
ZrO2 particles. The heat transfer coefficient is related
to the particle size, Reynolds number and the flame
gas thermal conductivity. The results show that h varies
within a small range during particle melting for a given
size. The averaged values are 3.5, 3.2, 2.6, 2.2, and
2.1 · 104 W m�2 K�1 for particles with initial diameters
of 20, 30, 40, 50 and 60 lm, respectively. These values
have been used to calculate the melting index.

The particles with different sizes experience different
flame temperature, since each particle undergoes its
own trajectory. Small particles experience low flame
temperature as they cannot penetrate the flame center
easily. This is seen schematically in Fig. 2(a). On the
contrary, a large particle reaches the center of the
plasma flame but moves away from the hot core of the
plasma jet. Since the flame temperature is related to
the particle surface temperature (see Eq. (1)), we
introduce a dimensionless temperature A = (Tf � Tm)/
(Ts � Tm) to estimate the flame temperature. As shown
in Fig. 5(c), this dimensionless temperature behaves sim-
ilarly during the melting process for particles with differ-
ent sizes. Substituting Dtfly and A to Eq. (5),

M.I. ¼ A
12kl
qL

� 1

1þ 2=Bi
� ðT s � TmÞS

r2pV p

ð21Þ

is obtained. Note that in the experiments, the particle sur-
face temperature and velocity are measurable. The prop-
erties such as kl, L, q, and Tm are also known for the given
powder material. However, the values of A and h are un-
known and they are estimated from the simulations.

Mass fraction of the melt in the particle, f, can be rep-
resented by the melting index as shown in Fig. 5(d). The
melting index is calculated by Eq. (21), using the heat
transfer coefficient h and dimensionless temperature A

estimated by simulation (see Fig. 5(a) and (c)). When
the particles are fully melted (f = 1), the melting index,
M.I., ranges from 0.8 to 1.2 for the particles of
D = 20–40 lm. The results of melting index deviate more
from the melting fraction for large particles of D =
50–60 lm, since their surrounding flame temperature
changes dramatically during its in-flight (see Fig. 5(c)).
Therefore, the steady-state assumption for heat transfer
analysis becomes questionable. This can be improved
in the future by considering the transient heating and
cooling process into the melting index formulation.

If the ZrO2 particle diameter is smaller than 1 lm, the
Biot number will be much smaller than one, even with
an extreme high heat transfer coefficient of 104 W m�2

K�1 under the plasma conditions. For this case, the
melting index can be further simplified as such,

M.I. � A
3h
qL

� ðT s � TmÞ � Dtfly
rp

¼ 3A � Bi � Ste � Fo. ð22Þ

Eq. (22) revealed that the melting status of particle is
proportional to the product of the Biot, Stefan and Fou-
rier numbers if the convection is dominant. A better
melting will be expected if more heat is convectively
transferred from the surface to the particle. In general,
the particles are more difficult to be melted in the
high-velocity-oxy-fuel spray process because its short
residence time in the flame prevents particle from receiv-
ing large amount of heat. The formulations derived in
Eqs. (21) and (22) will be helpful to determining the
melting behavior of the particles. Eventually, it can be
used for control and optimization of spraying process.

4.2. Melting index for experiments

After validating with simulation, the melting index
can be used to characterize the melting status of the



Fig. 5. (a) Heat transfer coefficient, (b) flame temperature, (c) dimensionless temperature A = (Tf � Tm)/(Ts �Tm) and (d) melting
index vs. the non-dimensional melting radius, r* = (rp � rm)/rp, for ZrO2 particles.
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in-flight particles in plasma spraying. Previous experi-
mental studies have shown that the melt fraction of
the in-flight particle has a great influence on the deposi-
tion rate and the splat morphology; a better particle
melting status will increase the deposition rate [11].
The prediction of the melting is thus important for
experiments. In the following, the calculation for the
melting index is presented for the experiments in which
the ZrO2 particles with an averaged diameter 36 lm is
plasma sprayed. The melting index is calculated by Eq.
(21) with numerically estimated heat transfer coefficient
(h = 3 · 104 W m�2 K�1) and dimensionless flame tem-
perature (A = 3.3).

Fig. 6 shows the optical pictures of the collected
splats, the deposition rate, and the calculated melting in-
dex based on measurable particle temperature and velo-
city at different spray distances. The results show a good
correlation between the melting index and the splat
deposition rate. This indicates that the melting index
can be used to characterize the melting fraction of the
ceramic particles upon impact, and can therefore be used
as a control parameter to improve the spray yield. It is
pointed out that the highest particle temperature is at
the spray distance of 6 cm (see Fig. 4(b)), while at this
location a low deposition rate of 0.06 and small melting
index are obtained. This is due to the short particle flight
time that does not allow particle to absorb sufficient
amount of heat for melting.

The effects of the melting index on the splat morphol-
ogy is also observed. The splat morphology is character-
ized by fragmentation degree DS, which presents the
extent of the break up of a splat. It is defined as [8],

DS ¼ P 2=ð4pAÞ; ð23Þ

where the peripheral length P and the splat areaA is mea-
sured from the Zygo Viewer.DS equals to unit for a rigid
disk-like shape splat. The splat fragmentation degree at
different particle melting index and particle Reynolds
number are shown in Fig. 7 [8]. The splat fragmentation
degree is found to be dependent primarily on the particle



Fig. 6. (a) Optical pictures of collected splats and (b) effects of melting index on deposition rate at different spray distances of 6, 8, 10
and 12 cm.
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Reynolds number, 2qpVprp/lp,l, which refers to the par-
ticle kinetic energy before impact. For the same particle
Reynolds number, particle with a larger melting index
will have less possibility to form fragmentation.
4.3. Oxidation index

The oxidation index, a dimensionless parameter for
the metal particle oxidation behavior, is discussed in this



Fig. 7. Effects of melting index and particle Reynolds number on splat fragmentation degree.

Fig. 8. (a) Mass transfer coefficient, (b) mass fraction of oxygen in the gas phase, (c) oxide content vs. spray distance, and (d) oxide
content and oxidation index at the spray distance of 15 cm vs. ðV pd

2
pÞ

�1, for Mo particles with diameters of 20, 30, 40, 50 and 60 lm.
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part using Mo as an example. The mass transfer co-
efficient and the oxygen concentration surrounding the
particles, which are critical to the oxidation index
calculation, are estimated from numerical results shown
in Fig. 8(a)–(b). The mass transfer coefficient hm in-
creases as the particle size decreases. The oxygen concen-
tration Yo,f is related to the particle trajectory and the
ambient air entrainment. The oxygen concentration is
small before the particle reaches the centerline (see
Fig. 2(a)) as the results of small molecular oxygen (O2)
from air entrainment and atomic oxygen (O) from disso-
ciation. The averaged values of hm and (Yo,f � Yo,c) are
12.9, 10.6, 9.0, 7.5, 6.5 kg m�2 s�1, and 0.28, 0.28, 0.28,
0.29, 0.30 for particles with initial diameters of 20, 30,
40, 50 and 60 lm, respectively. These values have been
used to calculate the oxidation index.

The numerical results of the mass fraction of oxide
formed during particles in-flight are shown in Fig. 8(c).
For this study, only MoO3 phase is assumed to be
formed. Smaller particles contain more oxide. This re-
sults from the large mass transfer coefficient and the
large surface to volume ratio. The mass fraction of oxide
at the spray distance of 15 cm is compared with the
analytical results of the oxidation index, as shown in
Fig. 8(d). The oxidation index is calculated by Eq.
(13), using the averaged mass transfer coefficient hm
and oxygen concentration Yo,f. The results show that
the oxidation index agrees well with the oxide mass frac-
tion predicted from the numerical simulations, indicat-
ing that the analytical oxidation index interprets the
oxide content correctly.

If the oxidation time t can be estimated as the flight
time Dtfly = 2S/Vp, Eq. (13) can be rewritten as such,

O.I. � 6ðY o;f � Y o;cÞ
ql

W ox

W o

ShqfDo;f

dp

S
V pdp

/ S

V pd
2
p

; ð24Þ

where Sh is defined in Eq. (16), Do,f is the diffusion coef-
ficient of the oxygen in the plasma flame, and qf is the
averaged gas density around the particle. It reveals that
the oxide content increases monotonically with the spray
distance, and decreases with the particle size and velo-
city. This analytical conclusion is validated by the
numerical simulation results (see Fig. 8(c)–(d)). The
oxide content at the spray distance of 15 cm is propor-
tional to ðV pd

2
pÞ

�1, which agrees well with the prediction
of Eq. (24). Currently we have no experimental data
regarding to the metal particle oxidation in atmospheric
plasma spraying. However, such experiments have been
conducted by other groups, and the similar results have
been achieved. For example, the experiments with iron
particles in atmospheric plasma spraying showed that
the oxide content increases with the spray distance
monotonically [13]. This result agrees well with our sim-
ulation result depicted in Fig. 8(c), as well as the analysis
of the oxidation index. The oxidation index, Eq. (24),
also shows that in-flight particles oxidation can be re-
duced if proper measure is taken, such as to shorten
the spray distance, to reduce the number of small parti-
cles in the feedstock, or to minimize the oxygen entrain-
ment by low pressure plasma spray or inert plasma
spray.
5. Conclusions

Dimensionless group parameters, melting index and
oxidation index, have been defined to describe particle
melting status and in-flight particle oxide content based
on experimentally measurable parameters. To fully melt
a ceramic particle, the surface temperature should be
much higher than the melting temperature due to the
thermal resistance of the melt. Our analysis reveals that
the total melting time is reciprocal to the particle dia-
meter and velocity, and the metal particle oxidation
during in-flight is reciprocal to particle velocity and
diameter square. Numerical simulations have been used
to determine the unknown parameters in the melting
index and oxidation index. Effects of the initial particle
diameter on melting and oxidation behavior have also
been studied. Melting index is found to be well corre-
lated with the splat deposition rate. The splat fragmen-
tation degree is found to be dependent primarily on
particle Reynolds number. For the same particle Rey-
nolds number, particles with a larger melting index will
have less possibility to form fragmentation.
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