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Abstract In the plasma spray–physical vapor deposition

process (PS-PVD), there is no obvious heating to the

feedstock powders due to the free molecular flow condition

of the open plasma jet. However, this is in contrast to

recent experiments in which the molten droplets are

transformed into vapor atoms in the open plasma jet. In this

work, to better understand the heating process of feedstock

powders in the open plasma jet of PS-PVD, an evaporation

model of molten ZrO2 is established by examining the heat

and mass transfer process of molten ZrO2. The results

reveal that the heat flux in PS-PVD open plasma jet (about

106 W/m2) is smaller than that in the plasma torch nozzle

(about 108 W/m2). However, the flying distance of molten

ZrO2 in the open plasma jet is much longer than that in the

plasma torch nozzle, so the heating in the open plasma jet

cannot be ignored. The results of the evaporation model

show that the molten ZrO2 can be partly evaporated by

self-cooling, whereas the molten ZrO2 with a diameter

\0.28 lm and an initial temperature of 3247 K can be

completely evaporated within the axial distance of 450 mm

by heat transfer.

Keywords evaporation � heat flux � heat transfer �
PS-PVD � self-cooling

Introduction

In the plasma spray–physical vapor deposition (PS-PVD)

process, the feedstock powders can not only melt but also

vaporize in a high power plasma jet (*120 kW) with a

long plume resulting from the low chamber pressure of

50-200 Pa (Ref 1, 2). Therefore, PS-PVD offers new

opportunities to obtain different microstructure coatings,

such as lamellar, columnar and mixed coatings (Ref 3).

Among the possible coating structures, much attention has

been paid to the columnar structure coating deposited by

vapor atoms, because it offers excellent thermal shock

resistance (Ref 4, 5). The higher gasification degree of

feedstock powders is one of the necessary conditions for

depositing columnar structure coatings. The gasification

degree of the feedstock powders is directly determined by

the heating. Therefore, in the PS-PVD process, the heating

and evaporating of feedstock powders is the most essential

issue.

It has been reported that the heating of feedstock pow-

ders takes place predominantly within the plasma torch

nozzle (Ref 6). In order to better understand the heating

process of feedstock powders, the whole PS-PVD process

can be pictured as three steps (Ref 7): (1) the heat exchange

process between the feedstock powders and the plasma gas

in the plasma torch nozzle, (2) the material transport in the

open plasma jet, and (3) the deposition of the coating on

the substrate. Initially, the feedstock powders are heated

inside the plasma torch nozzle with the heat flux higher

than 108 W/m2 (Ref 8). This step results in the formation of

molten droplets and vapor atoms. Then, the plasma gas and

heated feedstock powders together exit the nozzle and form

an open plasma jet under a pressure significantly below the

nozzle pressure. The open plasma jet has free molecular

flow properties because the Kn number is [10 for a
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representative particle with a 1 lm diameter (Ref 8).

Therefore, there is no significant heating of the feedstock

powders in the open plasma jet (Ref 6).

In order to improve the heating and evaporation of the

feedstock powders in the plasma torch nozzle, the fol-

lowing studies have been carried out: (1) an improved

single cathode vacuum plasma gun (the Sulzer Metco

O3CP gun) which allows a total gas flow up to 200 SLPM

and power levels up to 180 kW has been used (Ref 1, 9);

currently, the O3CP torch nozzle (internal powder feeding

method) is generally used for PS-PVD (Ref 1, 8, 9), (2) a

higher arc power of about 120 kW is used (Ref 10), (3) a

shroud is employed to restrain the expansion of the open

plasma jet and to improve the interaction between the

plasma gas and the particles (Ref 11, 12), (4) the influence

of the plasma gas composition in the particles heating is

studied, in which the addition of helium not only concen-

trates the open plasma jet but also the particle plume due to

the high viscosity of helium (Ref 10, 13); the amount of

vaporized powder is increased when the plasma gas mix-

ture of argon/hydrogen is replaced by argon/helium (Ref

10), and (5) there is a higher amount of vaporation when

using a finer feedstock powders such as agglomerated

7YSZ powders (Metco 6700, Sulzer-Metco; the size ranges

from 5 to 22 lm, typically used in PS-PVD) (Ref 14-16).

The agglomerated 7YSZ powder (Metco 6700) has a pri-

mary particle size ranging from 70 to 130 nm (Ref 7, 14).

The agglomerates immediately disintegrated into small

primary particles due to weak agglomeration of primary

particles during the PS-PVD process (Ref 7, 14, 16). As

reported, the transferred enthalpy is sufficient to evaporate

particles up to 0.92 lm diameter with the Ar/He plasma

(Ref 8). Therefore, large numbers of these fine primary

particles can be evaporated in the nozzle (Ref 14).

Although the above studies have yielded fruitful results, the

feedstock powders have still not been fully evaporated.

Therefore, to fully vaporize the spray powders is still a

large challenge.

In addition, the influence of spraying distance on the

coating structure has also been investigated (Ref 17-19).

Different microstructure coatings are achieved by changing

the spray distances from 450 to 1400 mm (Ref 17). When

the spray distance is extended to 1000 mm, a columnar

structure coating deposited from the vapor atoms is

obtained. This implies that the YSZ powders are totally

vaporized at this spray distance (Ref 17). In other words,

the molten droplets can also be transformed into vapor

atoms during flight in the open plasma jet. However, this

phenomenon is evidently in contrast with those reports in

which there is no significant heating to the feedstock

powders in the open plasma jet (Ref 6). Therefore, in the

PS-PVD process, the heat and the vaporizing process of

feedstock powders in the open plasma jet needs further and

in-depth understanding.

As reported, the transferred enthalpy inside the O3CP

nozzle is sufficient to melt particles of about 2 lm diameter

when using the appropriate parameters (Ref 8). Therefore,

the primary particles of Metco 6700 powder will completely

melt (with at least partial gasification) inside the plasma

torch nozzle. However, the plasma jet of PS-PVD expands to

about 2 m long and 200-400 mm in diameter due to the low

chamber pressure of 50-200 Pa (Ref 1, 2), and the distance

from the powder injection position to the nozzle exit is only

10 mm for the O3CP nozzle (Ref 8). Therefore, the transport

distance of the molten particles in the open plasma jet is

much longer than that in the plasma torch nozzle inside; thus,

the heating process of the molten particles at such a long

transport distance needs further and in-depth understanding.

In this study, the evaporation process of molten ZrO2 in

the PS-PVD open plasma jet is examined, and an evapo-

ration model of molten ZrO2 is established for a better

understanding of the heat and vaporization process in PS-

PVD based on the heat transfer from the open plasma jet

and self-cooling heat supply.

Model Development and Experimental Procedures

Model Development

In the plasma torch nozzle, there is a dynamic balance (i.e.,

the liquid–vapor equilibrium) between liquid and vapor for

a molten ZrO2 at a certain temperature. As shown in

Fig. 1(a), the molten ZrO2 with the plasma gas can exit the

plasma torch nozzle at a chamber pressure lower than the

nozzle pressure, and then form an open plasma jet. In the

open plasma jet, the liquid–vapor equilibrium of the molten

ZrO2 is broken due to the change of the environment

conditions such as the surrounding pressure (about

50-200 Pa for PS-PVD) being lower than the plasma torch

nozzle pressure, and the heat transfer between the molten

ZrO2 and the plasma gas. Therefore, the processes of the

mass and heat transfer may occur when the molten ZrO2 is

transported in the open plasma jet.

The size and the temperature of the molten ZrO2 are

both changed due to the processes of the mass and heat

transfer. Therefore, in order to establish the model of

evaporation, it is necessary to study the size and temper-

ature change of the molten ZrO2. The evaporation of the

molten ZrO2 in the open plasma jet is as shown in

Fig. 1(b). The basic step of evaporation is the leaving of a

molecule (atom or ion) from the liquid phase to the gas

phase at the liquid/gas interface. The molecules have a

higher energy than a critical level can leave. These high-
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energy molecules are generated through the fluctuation of

the energy state during the change of the environment

conditions, such as the decreased surrounding pressure and

the outside heating. After this high-energy molecule leaves

the liquid phase, the average energy and the size of the

residual molten ZrO2 are decreased. Meanwhile, the out-

side heating can compensate this energy reduction by

heating the liquid. Therefore, the temperature of molten

ZrO2 is changed.

For molten ZrO2, the evaporation process can be

expressed as (Ref 20, 21):

ZrO2 s; lð Þ ! ZrO gð Þ þ O gð Þ ðEq 1Þ

The latent heat of evaporation (Q0) is 627.07 kJ/mol (Ref

20, 21).

As reported, there is no significant heating of the feed-

stock powders in the open plasma jet (Ref 6). In this study,

for molten ZrO2, the heating of the open plasma jet could

not be ignored. Figure 1(c) shows the enthalpy variation

with temperature for ZrO2 material at a constant pressure

of 1 atm as an example. It can be regarded as either a

heating process or a cooling process. The heat value

required to heat the ZrO2 from solid state to complete

evaporation is about 1058.53 kJ/mol, as shown in Fig. 1(c).

At the boiling point, the heat required for the evaporation

of the molten ZrO2 is 627.07 kJ/mol. This only accounts

for 59.44% of the heat that required to heat the ZrO2 from

the solid state to evaporation. When the external pressure is

reduced from atmospheric pressure to the saturated vapor

pressure of melting point, the temperature of the residual

particle will decrease. For instance, because of the change

of the external pressure, in the process of reducing the

residual particles’ temperature from 4573 to 2950 K during

evaporation, the high-energy molecules are generated by

the fluctuation of the energy state as the external pressure

decreases, and leaves the liquid phase. The average energy

of the residual liquid is decreased and thereby the average

temperature of the residual liquid is reduced. In this pro-

cess, the released energy is about 142.60 kJ/mol. As a

result, the actual heat needed for the evaporation of the

molten ZrO2 is 484.47 kJ/mol, accounting for only 45.77%

compared to the overall 1058.53 kJ/mol. Therefore, the

heat transfer in the open plasma jet might be enough to

cause the evaporation of the molten ZrO2, even if it is not

significant.

In order to study the evaporation of molten ZrO2 in the

open plasma jet, the following assumptions are defined:

(1) The pressure of the open plasma jet is equal to the

chamber pressure.

(2) The primary ZrO2 particle is spherical and smaller

than 1 lm. The ZrO2 particle is initially molten (Ref

8). In the open plasma jet, the velocity (833 m/s, Ref

8) of the molten ZrO2 does not change (Ref 6), the

internal temperature is uniform, and the specific heat

of molten ZrO2 is a constant (Ref 22).

(3) The electron emission from the spherical particle

surface and the radiation heat transfer are not

considered (Ref 8).

(4) The plasma jet expands isentropically (Ref 8).

From Fig. 1(b), the molten ZrO2 is heated to evaporation

by the open plasma jet, whereas the heat is taken away by

evaporation. These two processes would cause the tem-

perature of the residual molten ZrO2 to change. These

processes can be written as:

m� Cp � dT ¼ dQconv � dm� Q0 ðEq 2Þ

Fig. 1 Schematic of molten ZrO2 flight in the open plasma jet.

(a) The possible process of molten ZrO2 flight in the open plasma jet,

(the plasma jet picture from Ref 1). (b) Schematic of the evaporation

process of molten ZrO2 in the open plasma jet, and (c) the variation of

specific enthalpy with temperature of ZrO2. S@RT solid state at room

temperature, and L@BT liquid state at boiling temperature (here

4500 K)
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where m is the residual mass of molten ZrO2, Cp is the

specific heat of molten ZrO2 (Cp = 87.864 J K-1 mol-1)

(Ref 22), dT is the temperature change of molten ZrO2 in

the heating and evaporation process, dQconv is the heat

transfer by the open plasma jet, dm is the vaporized mass of

molten ZrO2, Q0 is the latent heat of evaporation of molten

ZrO2.

For the self-cooling controlled evaporation process

without considering external heating (dQconv ¼ 0), Eq 2

can be changed to:

m

m0

¼ exp
Cp

Q0

� T0 � Tð Þ
� �

ðEq 3Þ

where m0 is the initial mass of molten ZrO2, T0 is the initial

temperature of molten ZrO2, T is the temperature of

residual molten ZrO2.

For the isothermal evaporation process, the heat trans-

ferred from the plasma gas to the molten ZrO2 is used for

evaporation:

4pr2
w � � drw

dt

� �
� qpl � Q0 ¼ 4pr2

w � �q ðEq 4Þ

where rw is the radius of molten ZrO2, drw is the radius

change of molten ZrO2 in the heating and evaporation

process, qpl is the liquid phase density of molten ZrO2, �q is

the heat flux (W/m2).

Under PS-PVD conditions, the continuous fluid

mechanics method is no longer suitable and the open

plasma jet has free molecular flow properties (Ref 8).

There is no relationship between heat flux (�q) and radius

(rw) under the free molecular flow condition (Ref 23).

Taking rw = rw0 (initial radius) at t0 = 0 (where t is stands

for time), it can be obtained that:

rw;r ¼ rw;0 � Kvt ðEq 5Þ

Kv is the evaporation constant:

Kv ¼
�q

qpl � Q0

ðEq 6Þ

here, the averaged, time independent heat flux �q ¼
1

L2�L1

R z¼L2

z¼L1
�q zð Þdz is used, L is the distance of the Z axis.

The heat flux �q zð Þ under the condition of free molecular

flow can be expressed as (Ref 23)

�q zð Þ ¼ �qa þ �qi þ �qe ðEq 7Þ

where �qa, �qi and �qe are the atoms heat flux, the ions heat

flux and the electron heat flux, respectively.

For the calculation of heat transfer under the free

molecular flow condition, the following additional

assumptions have been established by Chen (Ref 24):

(1) complete diffuse reflection of plasma gas particles is

assumed at the molten ZrO2 surface.

(2) heat transfer is treated as a process with steady

floating potential on the sphere surface, and the

effect of the initial charging process on heat transfer

is neglected.

(3) ions recombine with electrons at the sphere surface

accompanied by the release of the ionization energy.

It is found that they are almost the same for metallic and

nonmetallic materials so that the closed expressions for the

metallic case can be applied, for atoms:

�qa ¼
Qa

4pr2
w

¼ 1

8
aana�vakBTh S2

h þ
5

2
� 2

Tw

Th

� �
exp �S2

h

� ��

þ
ffiffiffi
p

p

Sh

S4
h þ 3S2

h þ
3

4
� Tw

Th

� 2S2
h

Tw

Th

� �
erf Shð Þ

�

ðEq 8Þ

where Qa is the heat flux from atoms to the whole surface

of molten ZrO2 (W), aa is the thermal accommodation

coefficient of the atoms (aa = 1 is assumed, Ref 8), na is

the number density of atoms per unit volume, �va is the

thermal motion speed of the atoms, �va ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBTa=pma

p
, kB

is the Boltzmann constant 1.381 9 10-23 J/K, Ta is the

temperature of the atoms, ma is the mass of the atom, Sh is

the speed ratio of the feedstock particles and the heavy

plasma gas particles (Eq 11), Tw and Th are the surface

temperature of feedstock particles and the temperature of

the heavy plasma gas particles, respectively. Under the

local thermal equilibrium (LTE) condition, the temperature

of all species in the plasma jet is equal to the plasma

temperature.

for ions:

�qi ¼
Qi

4pr2
w

¼ 1

8
aini�vikBTh

ffiffiffi
p

p 1

2Sh

þ Sh

� �
erf Shð Þ þ exp �S2

h

� �� �	

� S2
h þ

5

2
� 2

Tw

Th

þEion �Ws

aikBTh

þ eU
kBTh

� �
�

ffiffiffi
p

p

2Sh

erf Shð Þ



ðEq 9Þ

where Qi is the heat flux from ions to the whole surface of

the molten ZrO2 (W), ai is the thermal accommodation

coefficient of the ions (ai = 1 is assumed, Ref 8). ni is the

number density of ions per unit volume. �vi is the thermal

motion speed of the ions, �vi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBTi=pmi

p
, Ti is the

temperature of the ions, mi is the mass of the ion. Eion is the

ionization energy of the plasma gas (for Ar/H2,

Eion = 16.8 eV, Ref 8). Ws is the electron work function

for the feedstock material (for YSZ, Ws = 4.3 eV, Ref 25).

e is the elementary charge 1.602 9 10-19 C. U is the

floating potential on the sphere surface (Eq 12).
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and for electrons:

�qe ¼
Qe

4pr2
w

¼ 1

4
ne�ve exp � eU

kBTe

� �
2kBTe þWsð Þ ðEq 10Þ

where Qe is the heat flux from the electrons to the whole

surface of the molten ZrO2 (W), ne is the number density of

electrons per unit volume. �ve is the thermal motion speed of

the electrons, �ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBTe=pme

p
, Te is the temperature of

the electrons, me is the mass of the electrons.

The speed ratio Sh and the floating potential U are,

respectively, calculated by:

Sh ¼ vrelffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTh=mh

p ðEq 11Þ

and

U ¼ kBTe

e
ln

ffiffiffiffiffiffiffiffiffiffi
miTe

meTi

r
� ln

1

2
exp �S2

h

� �
þ

ffiffiffi
p

p

4Sh

1 þ 2S2
h

� �
erf Shð Þ

� �	 


ðEq 12Þ

where vrel is the relative velocity between the plasma gas

and molten ZrO2, moreover, the average velocity of open

plasma jet is about 1385 m/s (Ref 6, 8), mh is the gas

particle mass.

Experimental Procedures

Diagnosis of Plasma Condition by Optical Emission

Spectrometry

For the above calculations, it is necessary to know the

electron number density and the plasma temperature.

Therefore, the properties of the open plasma jet are examined

by optical emission spectrometry (OES). A Cartesian coor-

dinate system is established to describe the state of open

plasma jet, as shown in Fig. 2(a). The light emitted from the

open plasma jet is collected by a lens (FC-446-030; Andor

Technology, UK), then is transmitted through the optical

fiber to the spectrometer, as shown in Fig. 2(b). The plasma

spraying parameters in this study are listed in Table 1.

Electron Number Density

The Hb line of the Balmer series of hydrogen at 486.13 nm

is used to calculate the electron number density which is

shown to be (Ref 26):

log ne ¼ 1:452 logDk1=2 þ 14:017 ðEq 13Þ

where ne (cm-3) is the electron number density and

Dk1=2 (Å) is the full-width at half-maximum (FWHM).

Plasma Temperature

The LTE condition is used as the necessary criterion for the

examination of the plasma temperature based on OES. The

temperature calculation can be carried out by using the

method of double spectral lines (Ref 27, 28):

Iji

Ikl
¼ kklAjigj

kjiAklgk
exp

Ek � Ej

kBT

� �
ðEq 14Þ

where Iji (a.u.) is the spectral intensity generated by the

transition from energy level j to i, Ikl (a.u.) is the spectral

intensity generated by the transition from energy level k to l,

kji (nm) is the wavelength in the spectrum generated by the

transition from energy level j to i, kkl (nm) is the wavelength in

the spectrum generated by the transition from energy level

k to l, Aji (s-1) is the Einstein spontaneous transition proba-

bility from energy level j to i, Akl (s-1) is the Einstein spon-

taneous transition probability from energy level k to l, gj is the

statistical weight of energy level j, gk is the statistical weight

of energy level k, Ej (eV) is the excitation energy of energy

level j, Ek (eV) is the excitation energy of energy level k.

Results and Discussion

The Evaporation Process of Molten ZrO2 Controlled

by Self-Cooling

In order to better understand the temperature reduction of

molten ZrO2 via the latent heat of evaporation, the

Fig. 2 Cartesian coordinate system of the open plasma jet and

emission detection. (a) Cartesian coordinate system of the open

plasma jet, (b) OES detection

Table 1 Plasma spraying parameters

Parameter Unit Value

Power kW 60

Current A 750

Chamber pressure Pa 100

Ar flow slpm 60

H2 flow slpm 12

Z axial detection distance mm 50/90/180/270/360/450

Feedstock powder Metco 6700 (Sulzer-Metco)

Powder feed rate g/min 0.5

J Therm Spray Tech (2017) 26:1641–1650 1645
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evaporation process without considering external heating

(dQconv = 0) is studied first. The molten ZrO2 with dif-

ferent initial temperatures are selected.

Figure 3(a) and (b) shows the influence of the initial

molten ZrO2 temperature on total evaporation volume

during evaporation. According to Eq 3, there is an

exponential relationship between the mass evolution and

the temperature. However, the exponential slopes of the

curve as shown in Fig. 3 are not obvious due to

the higher latent heat of evaporation of ZrO2

(Q0 = 627.07 kJ/mol). At a certain initial temperature

such as 4573 K as shown in Fig. 3(a), the total evapo-

ration volume of molten ZrO2 is increased as the evap-

oration process proceeds. At the same time, the latent

heat of evaporation is taken away and results in the

decrease of the residual molten ZrO2 temperature. As

given in Fig. 3(b), the total evaporation volume is

increased with the rise of the initial molten ZrO2 tem-

perature. The total evaporation volume fraction reaches

17% when the initial molten ZrO2 temperature is

4573 K. Those results indicate that the higher initial

molten ZrO2 temperature will provide more latent heat of

evaporation, and generate more total evaporation volume.

Figure 3(c) and (d) shows the influence of the initial

molten ZrO2 temperature on residual diameter during

evaporation. It can be seen from Fig. 3(c) that the size of

the molten ZrO2 is decreased in the evaporation process.

The higher initial molten ZrO2 temperature can provide

more latent heat of evaporation. This leads to a larger

evaporation volume, and smaller residual diameter.

Meanwhile, the evaporation process will reduce the tem-

perature of the molten ZrO2, and it is stopped when the

temperature drops to 3247 K.

The above results indicate that the molten ZrO2 can be

partly transformed into vapor atoms due to the latent heat

of evaporation offered by the temperature decrease of

residual molten ZrO2, even if there is no significant

external heating in the open plasma jet of PS-PVD.

Therefore, the size and temperature of the molten ZrO2 will

be decreased in the evaporation process during the initial

temperature higher than at the saturated vapor pressure of

molten ZrO2.

Fig. 3 The change of temperature along with total evaporation volume and diameter decrease, respectively. The initial temperatures of molten

ZrO2 are 4573, 4400, 4200 and 4000 K, respectively
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The Evaporation Process of Molten ZrO2

with External Heated

In order to study the heating of molten ZrO2 by plasma jet,

the characteristics of the open plasma jet are researched

first. The distribution of the electron number density is

shown in Fig. 4(a). The electron number density is

decreased significantly from 1015 cm-3 to 6 9 1014 cm-3

as the axial distance ranges from 50 to 450 mm with the

expansion of the plasma jet, as observed in Fig. 4(a).

In the PS-PVD process, the LTE condition is necessary

for finding the plasma temperature by OES detection. The

local thermal equilibrium condition is usually defined as

the electron number density of the plasma reaching a

critical value. According to the formula given by Griem

(Ref 29), this critical electron number density value can be

estimated to 4.2 9 1014 cm-3, which is comparable to that

shown in Fig. 4(a). Therefore, the open plasma jet in this

work can be regarded as being in a local thermal equilib-

rium state, and the temperature of these species (such as

electron, atoms and ions) in the plasma jet are assumed to

be equal (Ref 30).

The distribution of plasma temperature is given in

Fig. 4(b). It can be seen that the plasma temperature

decreases sharply and then stays steady when the axial

distance ranges from 50 to 450 mm. The plasma temper-

ature is above 3500 K, and it is higher than the melting

point of ZrO2. The plasma temperature is not affected by

the feedstock powders injection reported in our previous

study (Ref 31).

The heat flux transferred by the plasma gas to the molten

ZrO2 is calculated by the electron number density and the

plasma temperature, and the result is plotted in Fig. 5. As

shown in Fig. 5, the heat flux is changed along the axial

direction. The variation of the heat flux ranges from

9 9 106 to 4 9 106 W/m2 with the axial distance

increasing from 50 to 450 mm. Furthermore, this indicates

that the heat flux in the whole open plasma jet is smaller

than in the plasma torch nozzle (about 108 W/m2, Ref 8).

The averaged values of �q in different distance ranges of the

Z axis are calculated, and the values are 8.2 9 106,

6.3 9 106, 5.2 9 106, 4.4 9 106 and 4.2 9 106 W m2

corresponding to 50-90, 90-180, 180-270, 270-360 and

360-450 mm of Z axial ranges, respectively.

The enthalpy transferred to spherical particles is plotted

in Fig. 6 as a function of the particle diameter; the hori-

zontal lines indicate the latent heat of evaporation. Because

the small particles have a larger specific surface than larger

particles, the heat transfer coefficient of the small particles

is higher than the larger particles. It can be seen from

Fig. 6(a) that the smaller the particle size, the higher the

Fig. 4 The distribution of the electron number density (a) and plasma

temperature (b) along the Z axial direction of the plasma jet

Fig. 5 The distribution of heat flux along the Z axial direction of the

open plasma jet, the initial temperature is 3247 K
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heat transfer. It is obvious that the transferred enthalpy is

sufficient to evaporate the molten ZrO2 up to 0.28 lm in

diameter.

Figure 6(b) shows the variation of molten ZrO2 size

along the Z axial distance. In the open plasma jet, the size

of the molten ZrO2 decreases as the evaporation process

proceeds. The small molten ZrO2 of less than (or equal to)

0.28 lm can be completely evaporated at the Z axial dis-

tance of \450 mm. In contrast, it might be completely

evaporated at a greater distance with the size of the molten

ZrO2 above 0.28 lm.

According to the above analysis, although the heat flux

in the whole open plasma jet is smaller than that in the

plasma torch nozzle, the heat in the open plasma jet cannot

be ignored because the distance of the molten ZrO2 flying

in open plasma jet is much longer than in the plasma torch

nozzle.

Conditions of Complete Evaporation in the Open

Plasma Jet

Figure 7 shows the initial temperature required for the

complete evaporation of molten ZrO2 in different diame-

ters. It can be found that the size of molten ZrO2 below the

black curve (Fig. 7a) can be completely evaporated within

the axial distance of 450 mm. In contrast, the molten ZrO2

size above the black curve cannot be completely evapo-

rated within the Z axial distance of 450 mm and it might be

completely evaporated at a greater distance. From Fig. 7,

simultaneously considering the effect of self-cooling and

heat transfer, the size of the molten ZrO2 below the red

curve (Fig. 7b) can be completely evaporated within the

Z axial distance of 450 mm. In contrast, the molten ZrO2

size above the red curve cannot be completely evaporated

within the Z axial distance of 450 mm. This obviously

indicates that the self-cooling of molten ZrO2 can become

larger with evaporation.

According to all the above results, the evaporation

process of molten ZrO2 can be described as follows. The

feedstock powders are heated in the plasma torch nozzle,

forming molten ZrO2. The molten ZrO2 exits the nozzle

along with the plasma gas. In the open plasma jet, the

pressure is much lower than in the nozzle. Therefore, the

liquid–vapor equilibrium of the molten ZrO2 is broken, and

the evaporation process begins. The size and temperature

of the molten ZrO2 are decreased in the evaporation pro-

cess because the mass and latent heat of evaporation are

taken away. Furthermore, the heat needed for evaporation

is provided by the heat transfer from the plasma jet, thus

the evaporation process continues until the evaporation is

Fig. 6 Enthalpy transferred to molten ZrO2 as function of the

diameter (a) and the change of molten ZrO2 size along the Z axial

direction of the open plasma jet (b), The initial temperature is 3247 K

Fig. 7 The initial temperature required for the complete evaporation

of molten ZrO2 with different diameters, (a) without considering the

effect of self-cooling, just the effect of heat transfer, (b) considering

the effect of self-cooling and heat transfer
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completely finished. Therefore, the molten ZrO2 can be

partially or even totally transformed into vapor atoms while

in the open plasma jet.

Conclusions

In the open plasma jet of PS-PVD, the evaporation process

of molten ZrO2 has been studied, and the evaporation mode

of molten ZrO2 demonstrated. The main conclusions are as

follows:

(1) The molten ZrO2 can be partly evaporated by self-

cooling. The total evaporation volume is determined

by the initial temperature of the molten ZrO2. The

higher initial temperature can provide more latent

heat of evaporation, and result in more total evap-

oration volume and smaller residual size. The

evaporation process takes away the heat and leads

to the decrease in the temperature of the residual

molten ZrO2.

(2) In the whole open plasma jet, the heat flux

transferred from the plasma gas to the molten ZrO2

is about 106 W/m2, which is smaller than that in the

nozzle (about 108 W/m2); however, the flying dis-

tance of the molten ZrO2 in the open plasma jet is

much longer than in the nozzle, so the heating in the

jet cannot be ignored.

(3) The results of the evaporation model show that the

molten ZrO2 with a diameter of \0.28 lm and an

initial temperature of 3247 K can be completely

evaporated within the axial distance of 450 mm.
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