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Plasma spray-physical vapor deposition (PS-PVD) process, emerging as a highly efficient hybrid approach,
is based on two powerful technologies of both plasma spray and physical vapor deposition. The maxi-
mum production rate is affected by the material feed rate apparently, but it is determined by the material
vapor capacity of transporting plasma actually and essentially. In order to realize high production rate,
the gaseous material capacity of plasma jet must be fundamentally understood. In this study, the ther-
mal characteristics of plasma were measured by optical emission spectrometry. The results show that
the open plasma jet is in the local thermal equilibrium due to a typical electron number density from
2.1 x 10" to 3.1 x 10'5 cm~3. In this condition, the temperature of gaseous zirconia can be equal to the
plasma temperature. A model was developed to obtain the vapor pressure of gaseous ZrO, molecules as
a two dimensional map of jet axis and radial position corresponding to different average plasma temper-
atures. The overall gaseous material capacity of open plasma jet, take zirconia for example, was further
established. This approach on evaluating material capacity in plasma jet would shed light on the process
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optimization towards both depositing columnar coating and a high production rate of PS-PVD.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Plasma spray-physical vapor deposition (PS-PVD) was emerged
based on two powerful technologies of both plasma spray (PS) and
physical vapor deposition (PVD). Owing to the high plasma energy
(~120kW) and the low chamber pressure (50-200 Pa), the feed-
stock powders can be melted even be vaporized in PS-PVD process
[1,2]. Therefore, the coatings with different microstructure, such as
lamellar coating, columnar coating and mixed coating, were pro-
duced by PS-PVD through adjusting the processing parameters (e.g.
the feed rate) [3]. Among the available coatings, much attention
has been paid to columnar coating deposited by vaporized coating
material due to the excellent thermal shock resistance [4,5]. One
of the necessary conditions for depositing the columnar coating is
a higher vaporized coating material content in the open plasma
jet. PS-PVD is expected to possess a higher production rate than
conventional EB-PVD, because the vaporized coating material is
transported in a hot and supersonic gas stream [2]. The maximum
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production rate is affected by many factors, such as material feed
rate, but it is actually determined by the vapor capacity of trans-
porting plasma. As a result, the gaseous material capacity of plasma
jetin PS-PVD has to be fundamentally understood towards the high
production rate.

To realize a higher production rate, the effective evaporation
of feedstock powder in plasma jet is a fundamental issue, which
is affected by two factors of particle size and powder feed rate.
Recently, much attention has been paid to improve the evaporation
of feedstock powders in the PS-PVD process [6]. It is reported that
a high evaporation degree in the PS-PVD process can be obtained
by adjusting process conditions like finer feedstock powders [7-9],
suitable feed rate [7,10], and so on [11,12]. Agglomerated pow-
der (7 wt.% yttria partially stabilized zirconia powder, Metco 6700,
Sulzer-metco, Swizerland) with particle size ranging from 5 to
25 pm is typically used in PS-PVD [7,9,13]. The primary size of
Metco 6700 powders is ranged from 70 to 130nm [7,13]. In the
PS-PVD process, the Metco 6700 powders were disintegrated well
into small primary particles due to the weak agglomeration of
primary particles [7,9,13]. As reported, a representative feedstock
particle with diameter of 0.92 wm can be completely evaporated
in the plasma torch nozzle where the heat flux is higher than 108
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W.m~2 with Ar/He as the plasma gas [ 14]. Therefore, a great deal of
these fine primary particles can be evaporated in the plasma torch
nozzle due to large surface area of these particles exposed to high
temperature plasma.

The evaporation degree of feedstock is not only affected by
the particle size, but also affected by the powder feed rate. The
heat value required to heat the ZrO, from solid state to com-
plete evaporation is about 1058.5 kJ-mol~!. If the powder feed rate
is 20g-min~!, the energy required for total evaporation of ZrO,
is 172.1 kJ-min~!. For a plasma torch with a power of 60kW,
the provided energy is 3600 k]-min—!. Therefore, the heat energy
provided by the plasma torch is sufficient to vaporize the ZrO, com-
pletely. However, the study found that the use of higher powder
feed rate results in vaporizing more feedstock until a certain level
(20 g-min—1)isreached, and the amount of vapor decreases with the
further increase of powder feed rate [10]. Therefore, the variation
of powder feed rate influences the evaporation degree of feedstock.
In other words, the powder cannot be vaporized completely when
the feed rate reaches a certain level. This limits the powder feed
rate, and thereby a high production rate cannot realized.

The vaporized coating material and the plasma gas ejected from
the plasma torch nozzle and formed an open plasma jet. The open
plasma jet of PS-PVD can expand to a length of more than 2m
and 200-400 mm in diameter due to the low chamber pressure
about 50 ~200Pa [15]. The characteristics of open plasma jet are
significantly different under such low pressure (about 50 ~ 200 Pa)
[16,17]. Recently, OES is used to study the electron number density
and the plasma temperature [17,18]. In addition, the optical emis-
sion of vaporized coating material is also studied by the OES [19].
However, there are different characteristics at different positions of
open plasma jet, while the vaporized coating material transported
in the plasma jet. Therefore, the states of vaporized coating mate-
rial and the gaseous material capacity of open plasma jet will be
affected by the characteristics of open plasma jet.

In this work, a methodology to obtain the powder feed rate by
evaluating gaseous material capacity in open plasma jet was devel-
oped based on the optical emission spectrometry measurement.
Firstly, the OES was used to examine the distribution of the electron
number density and plasma temperature in different positions of
open plasma jet. Then, take ZrO, for example, the local vapor pres-
sure of gaseous ZrO, molecules is calculated by the distribution of
average plasma temperature. Finally, the gaseous material capacity
at different axial positions of open plasma jet was established. This
study on evaluating material capacity of open plasma jet would
shed light on the process optimization towards both depositing
columnar coating with gaseous phase and a high production rate
of PS-PVD.

2. Evaluation method and experimental procedure

As mentioned in “Introduction”, the necessary condition for
the deposition of columnar coating is a higher vapor content of
feedstock powders in the open plasma jet [2]. The vaporized coat-
ing material has a long transport distance in the open plasma jet
before reaching the substrate and forming the coating. Therefore,
the states of vaporized coating material will be affected by the
characteristics of open plasma jet. Moreover, the vaporized coat-
ing material tends to be condensed inside the open plasma jet as
the characteristics of open plasma jet changes. The necessary condi-
tion for the condensation of vaporized coating material is the partial
pressure higher than the vapor pressure [20]. Thus, it is important
to study the vapor pressure of coating material to estimate whether
the vaporized coating material are condensed.

For each substance, the vapor pressure is the partial pressure
under saturated conditions when gaseous and liquid phase are

in equilibrium, and it is the function of temperature [20]. The
temperature of vaporized coating material is equal to the plasma
temperature based on the theory of local thermal equilibrium (LTE)
because the temperature of all species can be regarded as same
under LTE condition [21,22]. Hence, the vapor pressure of feed-
stock powders can be studied by the plasma temperature. Then the
gaseous material capacity in a specific position can be calculated
by the vapor pressure gained above.

2.1. Evaluation method

The schematic diagram of OES detection is shown in Fig. 1. As
shown in Fig. 1(a), a Cartesian coordinate system is established to
describe the open plasma jet. A lens is used to collect the lights
emitted from the open plasma jet. The collected lights are transmit-
ted through the optical fiber to the spectrometer, and the detecting
signal is recorded by computer, as shown in Fig. 1(b). The detect-
ing region of OES is shown in Fig. 1(c). It is regards as a cylinder
of which the bottom diameter and high is 15mm and 300 mm,
respectively. However, the diameter of plasma jet is about 170 mm
in this work. Thus, the detecting region of OES in plasma jet is
¢15mm x 170 mm. The radial detecting position of open plasma
jetis 0mm, 15 mm, 30 mm and 45 mm, respectively.

2.1.1. Examination of electron number density

Plasma characteristics are investigated by OES. Even plasma not
in LTE state, the electron number density is calculated by using the
Stark broadening method [17,18]. In this work, the Hg line of the
Balmer series of hydrogen at 486.13 nm is used to calculate the
electron number density [18,23,24]:

logne = 1.4521log AAq, +16.017 (1)

where n, is the electron number density (cm~3) and Aly; is the
full-width at half-maximum (nm).

There are some effects which give rise to Gaussian line shapes
contributing to line broadening such as the instrument broadening
and the Doppler broadening. These effects tend to be indepen-
dent from those producing Lorentzian broadening profiles. Since
the Lorentzian half-width is used to calculate the electron num-
ber density and only Stark broadening causes a significant Lorentz
contribution [17]. In order to separate the Gauss and Lorentz con-
tributions, a Voigt function, which is the convolution of a Lorentz
and a Gauss function, is used to fit the spectral line [17,23].

2.1.2. Examination of plasma temperature

In the LTE state, the temperature of all species (such as atoms,
ions, and electrons) can be regarded to be same and be equal to the
plasma temperature, meanwhile, the calculation of plasma tem-
perature can be carried out by using the method of double spectral
lines [25,26]:

B MaAjig; exp (Ek _Ej> 2)

Ly~ AjiAugk kgT

where [;; (a.u.) is the spectral intensity generated by the transition
from energy level j to i, I; (a.u.) is the spectral intensity generated
by the transition from energy level k to [, Aj; (nm) is the wavelength
in the spectrum generated by the transition from energy level j
to i, Ay (nm) is the wavelength in the spectrum generated by the
transition from energy level k to [, A;; (s=1) is the Einstein sponta-
neous transition probability from energy level j to i, Ay (s~1) is the
Einstein spontaneous transition probability from energy level k to
l, g; is the statistical weight of energy level j, g is the statistical
weight of energy level k, E; (eV) is the excitation energy of energy
level j, E, (eV) is the excitation energy of energy level k, and kg is
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the Boltzmann constant. The light intensity (I; and I;) can be mea-
sured experimentally. The other parameters can be obtained from
the National Institute of Standards and Technology (NIST) database.

Generally, Abel inversion is used to reconstruct the spatial char-
acteristics of the plasma jet [27,28]. He et al. were reconstructs
the local emission intensity &(r) from the measured intensity I(y),
and calculated the local excitation temperature [29]. However, in
this work, the feedstock powders were radially injected to the
plasma torch, possibly resulting in a non-axisymmetric distribution
of plasma temperature. Thus, the spectra were not Abel inverted.
The calculated temperature depending on I(y) is called the average
plasma temperature.

2.1.3. The vapor pressure of ZrO,

The vapor pressure of ZrO, at different positions of open plasma
jetis calculated by the plasma temperature. The following assump-
tions are employed to the calculation of this work:

(1) The pressure of open plasma jet is assumed to be equal to
the chamber pressure.

(2) The ideal gas law is applicable.

When two phases « and 8 are in equilibrium, their chemical
potentials (u (p, T)) must be equal. Therefore,

Mo (P, T)=pg(p,T) (3)

where p and T is the pressure and the temperature in equilibrium,
respectively.

By solving this equation for p in terms of T, we get the Clapeyron
equation for the phase boundary.

dp AgHm

e (4)
A YT

where p is the two phase equilibrium pressure (Pa), T is the two
phase equilibrium temperature (K), Afme is the molar enthalpy
of phase transition (J-mol-1), Aﬁvm is the molar volume of phase
transition (m?3).

In liquid-vapor equilibrium, Ang can be written as Ang ~
Vi (g) (where Vi, (g) is the molar volume of perfect gas) because
the molar volume of gas is much greater than the molar volume of
liquid. According to the ideal gas law, Vi, (g) = RT/p. Moreover, it
can be considered that AgHm does not change when the change of
temperature is small. Therefore, the exact Clapeyron is transformed
into:

lnp—Z:—AzlgHm (l—l> (5)
P1 R L T

where both T; and T, are the two phase equilibrium tempera-

ture (K), both p; and p, are the vapor pressure (Pa), A‘lgHm is the

molar enthalpy of vaporization (J-mol~1), R is the gas constant,

R=8.31Pa-m3-mol~1.K~!. According to Eq. (5), we can calculate the

vapor pressure at different temperatures.

2.1.4. Calculation of the gaseous material capacity

The amount of gaseous ZrO, molecules under the vapor pres-
sure is the maximum number of gaseous ZrO, molecules allowed
pass through the OES detection region in the time of 80 ms. At
the OES detection region, the maximum amount of gaseous ZrO,
moleculesis calculated by the local temperature and pressure when
the gaseous ZrO, molecules conforms to the ideal gas law.

N
pV =nRT = %RT (6)

A
where Tis the plasma temperature, p is the vapor pressure of ZrO,, V
is the volume of OES detecting region (V=3.00 x 10> m3, Fig. 1(c)),
n is the amount of substance of zirconia vapor (mol), Ninax,z,y is the

maximum amount of gaseous ZrO, molecules in the OES detect-
ing region, z is the position of Z axial direction (z=90, 180, 270,
360, 450 mm), y is the position of Y axial direction (y=0, 15, 30,
45 mm), N is the Avogadro’s constant (6.02 x 1023 mol-1).

According to the distribution of gaseous ZrO, molecules number
along the Z and Y axial direction and the dissociation fraction of
ZrO,, the total amount of gaseous zirconia (N max,z, including ZrOs,,
ZrO and Zr) in different positions of Z axis can be calculated.

Nmax,z = Z Nzirconia,z,y (7)

where N irconia,z,y iS the maximum amount of gaseous zirconia in
the OES detecting region.

The localized gaseous material capacity of open plasma jet cor-
responding to the different positions of Z axis can be calculated as
follow.

Nmax,z 60
m:TAXMerZXT (8)

where mis the localized gaseous material capacity corresponding to
aZaxial direction position (g-min=1), Mz0,1s the relative molecular
mass of ZrO,, 123.22g-mol~!, t is the detection time of the OES,
80 ms.

2.2. Experimental procedure

2.2.1. Diagnosis of open plasma jet characteristics by OES

In this study, the characteristics of open plasma jet are detected
by OES. The specific detection method is described as following. As
shown in Fig. 1, in a Z axial position, the lights emitted from dif-
ferent radial positions are collected by a lens (FC-446-030, Andor
Technology, UK), then are transported to the spectrometer (Acton
SP2750, Princeton Instruments, USA) by an optical fiber. Finally, the
detected spectral signal is reported by computer. For data acquisi-
tion, the lights emitted from the open plasma jet are diagnosed
by a grating with 300 grooves/mm, the spectrometer resolution is
0.058 nm, and the exposure time is 80 ms. The spectral region from
300 to 1000 nm is selected. The calibration of the spectrometer is
carried out with a standard mercury lamp before detection.

2.2.2. Processing parameters

A commercial plasma spray torch (F6, 80kW class, GTV,
Germany) mounted on a six-axis robot (Lab-modified IRB 1600,
ABB, Sweden) is placed in a 10 m3 vacuum chamber as spray sys-
tem. The plasma spraying parameters used in this work are listed
in Table 1.

TX/mm

(a) Plasma jet

/ 90 780 270 360 250 24

Y /mm Lolas!
(b) OES (c) OES detecting region

Lens i

200mm | |!

1
|0y
100mm | |! | | Z/mm

[€>]

Computer @15mm

Fig. 1. Method used for detecting open plasma jet.
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Table 1
Processing parameters.

Parameter Unit Value

Power kW 60

Current A 750

Chamber pressure Pa 100

Ar flow SLPM 60

H, flow SLPM 12

Axial detection distance (Z axis) mm 90/180/270/360/450
Radial detection distance (Y axis) mm 0/15/30/45

Feedstock powder Metco 6700 (Sulzer-metco)
Powder feed rate g-min! 0.5

3. Results and discussions
3.1. Electron number density of open plasma jet

Fig. 2 shows the optical spectrum of open plasma jet examined
by the OES. Atomic lines of hydrogen (Hy (656.279nm) and Hg
(486.15nm)) are detected from the spectrum. As shown in Fig. 2(a)
and (b), the intensity of spectral lines coming from position of
Y =0 mm is higher than that coming from Y =30 mm due to a higher
plasma density and temperature at the center of open plasma jet. In
addition, the intensity of spectral lines at Z=90 mm is higher than
that at Z=450 mm due to the expansion of open plasma jet leading
to thinner plasma gas, lower plasma density and temperature. In
addition, the intensity of the spectra was too low to calculate the
electron number density accurately when'Y > 45 mm. Therefore, the
radial detecting distance of open plasma jet is <45 mm.

The distributions of electron number density along Z axis and
Y axis are shown in Fig. 3. It can be seen that the electron num-
ber density decreased with the increase of Z axial distance due to
the density of plasma gas decreased with the expansion of open
plasma jet. In the Y axial direction, the electron number density
decreased with the increase of Y axial distance because the open
plasma jet has a lower intensity in the position far away from the
center. The electron number density is ranged from 2.1 x 101> to
3.1 x 101> cm~3 in the whole region of open plasma jet.

3.2. Identification of local thermal equilibrium state

For detection of plasma temperature based on OES, the thermal
equilibrium or local thermal equilibrium (LTE) condition is neces-
sary. But there is insufficient time for PS-PVD process to achieve
complete thermal equilibrium [21]. In fact, it is possible to esti-
mate the plasma temperature as long as the LTE is satisfied. When
the plasma satisfies the LTE, the processes in the plasma can be

(@) 40F Y=0mm Y H656.279 nm
5 20F
= H 486.15 nm
< Y I
‘9 00k 1 sl ud i 1
2 12 Y=30mm Y H 656.279 nm
2
9
c
- 06}
H 486.15 nm
ool : : Y. : _-— :I - :

300 400 500 600 700 800 900
Wavelength / nm

1000
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35

o number density

10" 1 cm

Electro

Fig. 3. Two dimensional map of electron number density of open plasma jet.

described by the same temperature except the radiation process
[30], which implies that electron temperature T,, heavy particles
temperature Ty, ionization temperature Tsq,, and excitation tem-
perature Texc are all equal [17].

To establish the LTE in the plasma, it does require that collision
processes to control transitions and reactions [30]. The collision
processes plays a dominated role means there must be large elec-
tron number densities existing in the plasma [31,32]. Therefore, the
electron number density is one of the key requirements for LTE, and
it can be used to determine the plasma in LTE state. A necessary
criterion for LTE is given by the following formula [18,33]:

nt>1.4x10" x T.AE3 (9)
where 1} is the critical value of electron number density for LTE,
Te is in eV, AE is the energy difference between higher and lower
energy levels (ineV).

Eq. (2) can be used to calculate the electron temperature even
the open plasma jetis notin the LTE state [26]. The electron temper-
atures calculated by Eq. (2) at different positions of open plasma jet
are shownin Fig. 4. The electron temperature is ranged from 3650 K
to 4270 K. Through the conversion of Boltzmann constant, the elec-
tron temperature of open plasma jet is about 0.31 ~0.37 eV in this
work.

The critical value of electron number density calculated by Eq.
(9) is about 7.2 x 104 ~ 8.6 x 101 cm—3. The calculated values of
electron number density (101> cm~3) in part 3.1 are greater than
this limit range. Therefore, the LTE approximation for this work is
valid for estimation in subsequent analysis.

(b) Y=0mm v H 656.279 nm
0.8}
S 04F
(\U H 486.15 nm
< Y
2 00}
:.g o4l Y=30mm v H656.279 nm
c
Q
=
0.2}
H 486.15 nm
v
I
0.0 1 L ! 1 1 L 1 1

300 400 500 600 700 800 900
Wavelength / nm

1000

Fig. 2. Optical spectrum of the open plasma jet. (a) Z axis position is 90 mm, (b) Z axis position is 450 mm.
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Fig. 4. The electron temperature of open plasma jet.

Fig. 5. Two dimensional map of plasma temperature of open plasma jet.

3.3. Local average temperature of open plasma jet

In the LTE condition, the local average plasma temperature is
calculated by using the double spectral lines method in Eq. (2). As
shown in Fig. 2, the light intensity of selected H, and Hg signals are
corresponding to [;; and Iy, respectively. The distribution of local
average plasma temperature is shown in Fig. 5. It can be seen that
the local average plasma temperature gradually reduced and then
kept steady when the Z axial distance increased from 90 mm to

(a) 1000 Radial distance:

—4—Y=0mm —O—Y=15mm
——Y=30 mm ——Y=45 mm

100 |

=
o
L
— 4
]

o
-
T

o
o
-

essure of 21O,

Vapor pressure of ZrO, 10/ Pa
j

90 180 270 360 450

Distance of Z axis / mm

450 mm. It can also be seen that the change of the local average
plasma temperature along Y axial direction is similar to that at Z
axis. These are resulted from the expansion of the open plasma
jet, and the local average plasma temperatures are ranged from
3055K to 4270K in the whole region of open plasma jet. In addi-
tion, from Figs. 2 and 3, the Hy, line is found to be self-absorbing in
the position of higher plasma density. Therefore, the determination
results of plasma temperature will be affected by self-absorbing of
Hq line. The intensity of H, line decreases due to the self-absorbing
causing the calculated temperature a little bit less than the actual
temperature.

When the Y axial distance less than or equal to 30 mm, the local
average plasma temperature is higher than 3247K in the entire
Z axis. The 3247 K is a specific temperature for ZrO,, because the
vapor pressure of ZrO, in this temperature is the chamber pres-
sure (100Pa) used in this study. There is a condensation trend
for the gaseous ZrO, molecules when the temperature is lower
than 3247 K. On the contrary, when the temperature is higher than
3247K, the condensation trend will occur only when the partial
pressure of gaseous ZrO, molecules higher than the vapor pressure.

3.4. The vapor pressure of gaseous ZrO,

The temperature of gaseous ZrO, molecules is equal to the
plasma temperature due to the same temperature of all species
in the open plasma jet during in the LTE condition. Therefore, the
vapor pressure of ZrO, molecules in different positions of open
plasma jet is calculated by the local average plasma temperature.
The distribution of vapor pressures of ZrO, molecules along the
Z axis and Y axis is shown in Fig. 6. The vapor pressures of ZrO,
molecules decreased with the increase of Z axial and Y axial dis-
tance. Furthermore, the higher the plasma temperature, the higher
the vapor pressure, for the vapor pressure is the function of temper-
ature. The green curve in Fig. 6(a) represents the chamber pressure
(100 Pa). Fig. 6(b) shows clearly that the vapor pressure of ZrO,
molecules is greater than 100 Pa during the distance of Y axis less
than 45 mm.

The 100 Pa is a key pressure to determine whether the gaseous
ZrO, molecules will be condensed. As observed in Fig. 6, the vapor
pressure of ZrO, molecules is higher than 100 Pa in the entire Z
axis when Y axial distance is less than 45 mm. The gaseous ZrO,
molecules will not be condensed in this region due to the par-
tial pressure of gaseous ZrO, molecules lower than 100 Pa. On the
contrary, the condensation of ZrO, molecules can occur in dis-
tance greater than 30 mm. Based on the thermodynamic conditions
of nucleation, when the saturated vapor pressure is lower than

(b) A

20

1Q° | Pa
2 o

Vapor pr

Fig. 6. Distribution of vapor pressure of ZrO,.
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Fig. 7. The distribution of gaseous ZrO, molecules number along Z axis.

environmental pressure, if the partial pressure of gaseous ZrO,
molecules in the open plasma jet greater than the saturated vapor
pressure, the condensation would happen.

3.5. Gaseous material capacity of open plasma jet

The lights emitted from the plasma gas are collected by OES in
the detection region in 80 ms. In the same detection region, the
plasma gas properties are similar in different time due to the con-
stant of spray parameters. Therefore, the capacity of gaseous ZrO,
molecules calculated by the vapor pressure is the maximum num-
ber allowed to pass through the detection region in 80 ms.

The distribution of gaseous ZrO, molecules number is shown
in Fig. 7. The amount of gaseous ZrO, molecules varies with
the different positions due to the diverse local vapor pressure
of open plasma jet. In the whole range of open plasma jet, the
gaseous ZrO, molecules number is ranged from 5.7 x 104 cm~3 to
4.3 x 10'7 cm~3. It is decreased along the Z and Y axial direction as
the plasma jet expanded. The closer to the nozzle, the more gaseous
ZrO, molecules are accommodated.

The distribution of gaseous ZrO, molecules number along Z axis
is obtained in the above section. However, in the PS-PVD process,
the gaseous ZrO, molecules will dissociate to ZrO, Zr and O. The
total pressure of the gaseous zirconia (including ZrO,, ZrO, Zr and
0) in plasma jet will be estimated from Dalton’s law:

P= (le,»()2 + Nzro + Nz +n0) kgT (10)
(a) o
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Fig. 8. The dissociation fraction of ZrO, and ZrO in different temperature at the
chamber pressure (100 Pa).

where Pis the total pressure of ZrO,, ZrO, Zr and O, kg is Boltzmann
constant, T is the temperature, nzo,, z0, Nz and np is the mole
fractions of ZrO,, ZrO, Zr and O, respectively.

According to Eq. (10), the total pressure must be considered dur-
ing calculate the total mole fractions of the gaseous zirconia. There
are two equilibrium processes when the gaseous ZrO, molecules
are dissociated to ZrO, Zr and O:

Zr0, (g) < Zro(g) + 0(g) (6.5 + 0.2 eV) (11)
Zro(g) < Zr(g) + 0(g)(7.89 £ 0.1eV) (12)

Therefore, as long as the dissociation fractions of ZrO, and ZrO at
different temperatures are calculated, the total mole fractions of the
gaseous zirconia can be obtained even the total pressure unknown.

The NASA Chemical Equilibrium with Applications (CEA) soft-
ware was used to check the mole fraction of the gaseous zirconia
by assigning discrete temperatures and the chamber pressure
(100 Pa). The dissociation fractions of ZrO, and ZrO at different
temperatures were further calculated based on the checked results,
and the calculation results are shown in Fig. 8. The dissociation pro-
cess of ZrO, occurs in the entire range of investigated temperature.
The dissociation fraction of ZrO, is increased with the increase in
temperature. At 4270K, the maximum dissociation ratio of ZrO,
is 11.5%. The dissociation process of ZrO occurs only when the
temperature is higher than 3669K in this work. Meanwhile, the
dissociation fraction of ZrO is much lower than the ZrO, because
the dissociation of ZrO needs more energy.
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Fig. 9. The distribution of total gaseous zirconia number and gaseous material capacity along Z axis. (a) The distribution of total gaseous zirconia number along Z axis, (b)
the gaseous material capacity restricted by vapor pressure of the gaseous zirconia along Z axis.
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Fig. 10. The gaseous material capacity of open plasma jet under different chamber
pressure. Herein, VP means gaseous material capacity restricted by vapor pressure
of the gaseous zirconia.

The distribution of the total gaseous zirconia number can simply
calculated by the data of Figs. 7 and 8, and the results are shown
in Fig. 9(a). Since the dissociation ratio of gaseous ZrO, molecules
is a function of temperature, the distribution of the total gaseous
zirconia number is the same as the gaseous ZrO, molecules. The
total gaseous zirconia number is ranged from 5.8 x 104 cm~3 to
5.4 %107 cm~3.

The localized gaseous material capacity of open plasma jet is
shown in Fig. 9(b). It is ranged from 54.9 g-min~! to 5.6 g-min~!
in the whole region of open plasma jet. The total gaseous material
capacity of open plasma jet is limited by the local vapor pressure
of the gaseous zirconia and should be less than 5.6 g-min~!.

3.6. The gaseous material capacity restricted by both chamber
pressure and vapor pressure

According to above results, the gaseous material capacity of
open plasma jet can reach 5.6 g-min—!. However, the powder feed
rate can only be kept around 0.5 g-min~—"! in this work because the
gaseous material capacity is restricted by both the partial pres-
sure and vapor pressure of gaseous zirconia in the open plasma
jet. According to the Dalton’s law, the chamber pressure (assumed
equal to open plasma jet pressure, part 2.1.4) is equal to the sum of
the partial pressure of gaseous zirconia and the partial pressure of
plasma gas. Hence, the partial pressure of gaseous zirconia is lower
than chamber pressure. In fact, the higher the chamber pressure
is, the higher the partial pressure of gaseous zirconia is allowed.
Therefore, it is possible to qualitatively examine the gaseous mate-
rial capacity with Z axial position using chamber pressure instead
of partial pressure of gaseous zirconia. When the chamber pres-
sure is less than the vapor pressure of gaseous zirconia, the gaseous
material capacity is calculated by using chamber pressure. On the
contrary, the capacity is calculated by using the vapor pressure of
zirconia.

Fig. 10 shows the gaseous material capacity of open plasma jet
under different chamber pressure. The black curve in Fig. 10 repre-
sents the gaseous material capacity limited by the vapor pressure
of gaseous zirconia (as shown in Fig. 9(b)). The gaseous material
capacity would be higher with the increase of chamber pressure.
The chamber pressure about 2100 Pa is approach to the maximum
vapor pressure of zirconia at 450 mm position. In this condition,
the gaseous material capacity at position of 450 mm is restricted
by the vapor pressure of gaseous zirconia. Furthermore, when the
chamber pressure is above 2100 Pa, the gaseous material capacity
of the jet at position of 450 mm will be limited by the vapor pres-

sure of gaseous zirconia and maintain at 5.6 g-min—!, such as red
curve with the chamber pressure at 5000 Pa, shown in Fig. 10. This
means that, due to the limitation of vapor pressure of gaseous zir-
conia, the gas phase capacity of the jet cannot be improved even
the chamber pressure is increased.

Actually, the partial pressure of gaseous zirconia is lower
than the chamber pressure, and it can be increased with the
chamber pressure. Therefore, the actual gaseous material capac-
ity is smaller than that calculated by the chamber pressure. Take
100Pa for example, the gaseous material capacity is limited to
0.66~0.85g-min~! as shown in Fig. 10. As mentioned in the above,
the partial pressure of gaseous zirconia in the open plasma jetis less
than 100 Pa. Therefore, the real gaseous material capacity should
be below 0.66 g-min~!, that is why the powder feed rate under this
experimental condition is only 0.5 g-min~1.

4. Conclusions

In PS-PVD process, the gaseous material capacity of open plasma
jet is the necessary condition for both depositing columnar coating
and a higher production rate. Actually, the gaseous material capac-
ity is affected by the characteristics of open plasma jet. In this work,
the characteristics of plasma are measured by OES. The results show
that the open plasma jet is being in the local thermal equilibrium.
A model is developed to obtain the vapor pressure of ZrO, as a two
dimensional map of jet axis position and jet radial position corre-
sponding to different plasma temperatures. The distribution of the
maximum gaseous ZrO, molecule number of open plasma jet is
obtained. Meanwhile, the dissociation fractions of ZrO, and ZrO at
different temperatures are calculated based on the checked results
of NASA CEA software. The distribution of the total gaseous zirco-
nia number is calculated to obtain the localized gaseous material
capacity of open plasma jet. The actual gaseous material capac-
ity is restricted by both the partial pressure and vapor pressure of
gaseous zirconia in open plasma jet, and more gaseous material
capacity is held during the higher chamber pressure and plasma
temperature. This approach on evaluating material capacity in open
plasma jet would shed light on the adjustment and optimization of
PS-PVD spraying process.
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