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Thermocouple temperature measurements with the Al2O3 covered probe during vacuum plasma spray process were 
performed. The voltage of arc discharge during plasma spray was constant (31 V) and the arc discharge current varied 
from 420 A to 800 A. Temperature measurements were done for different distances between the probe and the nozzle of 
plasma gun (0.17 – 0.23 m). The gray body radiation model was used to describe the experimental results of temperature 
– time dependencies. The proposed model describes the kinetics of the sample heating in the plasma and the sample 
cooling after plasma spray had been turned off. The absorbtion factor of a probe surface was evaluated analyzing 
kinetics of the sample cooling. 
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INTRODUCTION∗

Ceramic materials, due to their hardness and chemical 
inertness, have great potential for applications as ideal 
wear-resistant materials at high temperatures [1 – 2]. The 
plasma-spray method is most widely used to produce a 
considerable variety of oxide ceramic coatings, such as 
Cr2O3, Al2O3, ZrO2 and TiO2, etc. Common features of 
plasma spraying are the high temperatures of melted 
particles and high deposition rates, up to 500 µmh–1 [3]. 
The plasma spray process is based on the generation of a 
plasma jet consisting of argon or argon with admixtures, 
which are ionized by a high current arc discharge in a 
plasma torch. The powders to be sprayed are injected into 
the plasma where they are accelerated, melted and finally 
projected onto the substrate. Ceramic coatings are formed 
by solidification and flattening of molten or partially 
molten particles at impact on the substrate [4]. Such 
formed coatings have different applications: as a protective 
materials from hostile environments, a hard coatings of 
they can be used in energetic sector for producing of 
electrodes for solid oxide fuel cells (SOFC). By operating 
the spray process in a chamber with reduced pressure, by 
selecting different powders it could be deposited a 
sufficient porous anode or cathode layer and thin, 
completely dense layer as required for the electrolyte  
[4 – 6]. 

In plasma spray deposition process part of plasma 
energy is transfered to the substrate. In this way 
temperature of the substrate affected by plasma becomes 
one of the most important technological parameter – 
defining properties of the coatings. It is always important 
to control the temperature in order to prevent softening and 
possible distortion of finished element. On the other hand 
for a chosen powder to be sprayed on the substrate, the 
temperature field of the plasma flame is very important 
parameter as the in-flight particles take heat from the 
plasma flame [7 – 11]. 
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In this paper investigations of temperature field in a 
vacuum plasma spray torch are presented. A small-mass 
(2.7 g) probe of Al2O3 ceramic was chosen for the 
experiment. It is shown that gray body model may be used 
to describe the temperature-time dependences of small 
mass substrate affected by plasma torch.  

EXPERIMENTAL 
The employed experimental equipment consists of 

plasma gun (SG-100 Miller Thermal Inc.), vacuum 
chamber and system for chamber cooling [12]. Argon (Ar) 
was used as the working gas. This device was employed to 
produce yttria stabilized zirconia coatings and yttria 
stabilized ZrO2 powder with 8 % mol of yttria was used in 
the plasma spray experiments. The temperature of a small-
mass Al2O3 probe in the deposition chamber was measured  
at the same plasma conditions as it is used to produce 
ceramic coatings by means of thermocouple and special 
electronic circuit. These temperature measurements were 
obtained at 10 s time intervals. The plasma spray process 
was executed at a constant voltage 31 V and the arc 
discharge current varied between 440 and 800 A. 

RESULTS 
Typical temperature - time plots measured for the 

fixed distance probe are shown in Fig. 1. The probe 
temperature was measured until steady state was reached. 
After reaching the steady state, plasma spray was stopped 
and probe temperature variation was measured keeping the 
probe in a vacuum chamber. Fig. 2 shows temperature -
time dependences after the plasma spray process had been 
turned off. These curves are essential for the evaluation of 
the absorbtion factor of the probe surface. It was found that 
temperature - time dependencies were sensitive to the 
applied plasma power as well as distance between the 
probe and nozzle of the plasma gun. In Fig. 3 the 
temperature - time measurements for the different 
distances between the probe and plasma gun are presented. 
A steep growth of the probe temperature with the 
decreasing of distance was found. 
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Fig. 1. The temperature - time dependences (curves 1 – 3) of a 

probe (m = 2.7 g, S = 864 mm2) placed in a plasma spray 
torch measured for the constant voltage (31 V) and 
different arc discharge currents (curve 1, 440 A; curve 2, 
620 A; curve 3, 800 A). The Ar gas flow (F = 34 l/min) 
and distance (d = 0.23 m) during plasma spray were 
constant 

Fig. 2. The temperature - time dependences (curves 1 – 3) of a 
probe (m = 2.7 g, S = 864 mm2) after plasma torch had 
been turned off. The experiment conditions before plasma 
turning off were (curve 1, 440 A; curve 2, 620 A; curve 3, 
800 A) the same as they are presented in Figure 1 
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Fig. 3. The temperature - time dependences (curves 1 – 3) of a 

probe (m = 2.7 g, S = 864 mm2) placed in a plasma torch 
measured for the constant arc discharge power (voltage 
U = 31 V, current I = 620 A) and different distances 
(curve 1, 0.23 m; curve 2, 0.20 m; curve 3, 0.17 m). The 
Ar gas flow (F = 34 l/min) was fixed 

INTERPRETATION OF THE DATA 
As a result of the interaction between the arc plasma 

and the probe (or object to be coated) the temperature of 
the probe increases during plasma spray deposition 
process. Using the principle of conservation of energy for 
the thermally isolated probe (heat losses due to thermal 

conductivity are minimized) placed in a plasma torch one 
can write [7]: 
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where m is the probe mass, c is the specific heat capacity, 
T is the object temperature, ε  is the absorbtion factor (for 
gray body ε  < 1), σ  is the Stefan constant, S is the area of 
the probe surface, t is the time, j (m–2s–1) is the flux density 
of the particles, E is the energy of the incident particle, K is 
the coefficient of proportionality between kinetic energy 
transferred to the heat, and the indexes e, i and n 
correspond to the fluxes of electrons, ions and neutral hot 
gas atoms respectively. 

Turning off the plasma makes the fluxes of electrons, 
ions and hot neutral atoms to become equal to zero and the 
temperature of the object decreases owing to thermal 
radiation. In this case a solution of Eqn. (1) describing the 
temperature - time dependence is  

3
01

3 3 −− += Tt
mc
ST εσ  (2) 

where T01 is the steady state temperature (corresponding 
the moment when the plasma spray had been turned off).  

The experimental curves (Fig. 2) plotted as  
reveals linear behavior at high temperature (over 800 K). 
Analysis of the temperature vs. time allows one to estimate 
the absorbtion factor 

)(3 tfT =−

ε  of a gray body, because the value 

b
mc
S

=
εσ3  (b is the slope of the lines) during the 

experiment was constant. In this way the absorbtion factor 
of the Al2O3 ceramic sample surface was found to be 
ε = 0.73. 
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Fig. 4. The calculated parameter D - time dependences. The 

experimental data used for the parameter D calculation 
was obtained (see Fig. 1) for the constant voltage (31 V) 
and different arc discharge current (curve 1, 440 A; 
curve 2, 620 A; curve 3, 800 A ). Distance between the 
probe and the nozzle of plasma gun was fixed d = 0.23 m 

Fig. 5. The calculated parameter D - time dependences. The 
experimental data used for the parameter D calculation 
was obtained for the constant arc discharge power (voltage 
U = 31 V, current I = 620 A) and different distances 
(curve 1, 0.23 m; curve 2, 0.20 m; curve 3, 0.17 m ) 

 
Solution of the Eqn (1) in general is  
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T02 is the probe temperature at the time t = 0. The physical 
meaning of parameter D may be understood from the 
definition (4) of this value; it corresponds to the maximum 
achievable temperature of the object for a fixed arc 
discharge power. 
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Fig. 6. Dependence of parameter D on the arc discharge current 

The values D were calculated using Eqn. (3) and 
experimental data (curves presented in Fig. 1 and Fig. 3). 
Fig. 4 and Fig. 5 shows the dependence of the parameter D 
versus time as well as its average value (dashed line). It 
should be noted that the average values of parameter D are 
close to the steady state probe temperature during plasma 
spray process. This means that parameter D does not 
depend on the time and may be used to describe real 
temperature conditions of the small-mass object or the 
temperature field of plasma spray equipment. Besides 
according to Eqn. (4) the parameter D does not depend on 
the mass of the object and it is defined only by the flux 
transferred by high energy particles – electrons, ions, 
neutrals, the area and the surface absorbtion factor of 
irradiated object.  
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Fig. 7. Dependence of parameter D on the distance between the 

probe and the nozzle of plasma gun 
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In Fig. 6 and Fig. 7 the parameter D average value 
dependences on the arc discharge power and distance 
(between the probe and the nozzle of plasma gun) are 
presented. The curves are plotted to guide the eye and one 
can see that the parameter D increases with increasing the 
arc discharge power and decreasing distance from the 
nozzle of plasma gun respectively. 

It was found a large deviation of the values D at low 
temperatures (below 800 K). In order to avoid these large 
errors some of the values D corresponding to 10, 20 sec 
time intervals were eliminated (see Fig. 4, Fig. 5). This 
shows that experimental data of the temperature 
measurement, or predictions of the substrate temperature 
using Eqn. (3) must be considered with great care because 
the parameter D is very sensitive to the above – mentioned 
experimental conditions. 

CONCLUSIONS 
It was demonstrated that the gray body radiation model 

at high temperatures may be used to describe heating of 
thermally isolated small-mass object during plasma spray 
process. It was found that temperature - time dependencies 
were sensitive to the applied plasma power as well as 
distance between the probe and nozzle of the plasma gun. 
A steep growth of the probe temperature with the 
decreasing of distance was found. It was shown that the 
highest possible probe temperature (or the parameter D 
entering into the temperature - time equation) depends on 
the energy flux transferred by electrons, ions and neutrals. 
It was shown the possibility to evaluate the absorbtion 
factor of a gray body analyzing temperature versus time 
curves of the sample cooling process after plasma turning 
off.  
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