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Abstract
Thermal barrier coatings (TBCs) have been widely used to reduce the temperature imposed on hot 
section of the metallic components (vanes, blades, shrouds) which are subjected to high temperature 
such as gas turbines and diesel engines. Zirconia is used as thermal barrier coating due it low thermal 
conductivity, high melting point, excellent thermal shock resistance, high resistance to oxidation and 
high hardness. In this work, the nanostructured yittria stabilized zicronia (YSZ) powders were deposited 
on stainless steel substrates using atmospheric plasma spray system. The steel substrates were plasma-
sprayed with three different plasma powers while the other significant parameters such plasma gas 
pressure, powder flow rate, standing distance, and spray speed  were kept constant. Each sample was 
then subjected to tribological test using pin-on-disc CSEM Tribometer, hardness test and surface 
roughness measurement. Scanning electron microscope is used to observe the morphology of the 
nanostructured coatings and wear track after tribological tests. Based of the test results, the following 
phenomena on the plasma-sprayed nanostructured YSZ coating could be concluded; (i) lower friction 
coefficient, (ii) higher wear resistance, (iii) higher hardness, (iv) smoother surface.  It is shown that the 
optimum mechanical and tribological characteristics were obtained under the plasma power of 32kW.   
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1. Introduction 
Thermal barrier coatings (TBCs), consisting of 
an yttria stabilized zirconia as top coat sprayed 
on superalloys precoated with a metallic bond 
coat deposited on metalalloy substrate using 
atmospheric plasma spraying [1, 2]. Zirconia 
coatings have excellent thermal shock resistance 
and low thermal conductivity, high melting 
point, high resistance to oxidation and high 
hardness were used as thermal barrier coating. 
The thermomechanical properties between YSZ 
top coat and a metalalloy substrate are 
difference, and thus an intermediate layer 
between the two is required. The intermediate 
layer of metallic alloy bond coat such as NiAl, 
NiCrAlY, CoNicrAlY, FeNiCr is used to reduce 
the mismatches of the thermal expansion 
between top coat and the substrate. This bond 
coat is also used to improve the adhesion of the 
coating.

The friction coefficients of the coatings 
sprayed using the nanostructured powder were 

almost the same as those of the coatings sprayed 
using the conventional powder [3]. However, the 
plasma-sprayed nanostructured zirconia coating 
possessed better wear resistance than that of 
traditional zirconia coating [4]. The higher wear 
resistance of the plasma-sprayed nanostructured 
zirconia coating is attributed to its enhanced 
cohesion, improved microhardness and 
homogenous microstructure [5].  

The objective of this work was to study the 
tribological properties of nanostructured zirconia 
coatings against alumina under dry friction 
conditions. The effect of the plasma power on 
the tribological properties will be also discussed.
2. Method 
A commercial stainless steel disks with a 
diameter of 20 mm and thickness of 5 mm and 
posses of the following composition (wt. %): C, 
0.7; P, 0.03; S, 0.05; Mn, 1.38; Cr, 15.48; Mo, 
1.79; V, 0.09; Si, 0.39; Ni, 9.68; Fe, balance was 
used as a substrate in this study. Nanostructured 
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ZrO2-7wt.%Y2O3 (Nanox S4007, Inframat) was 
deposited on stainless steel substrate using 
Praxair 100-kW, standard SG100 plasma torch 
(Praxair, USA.) atmospheric plasma spraying 
system. Fig. 1 shows the plasma spraying 
system layout. Prior to the spraying process, the 
samples were first grid blasted with alumina 
particles (40 mesh) and then ultrasonically 
cleaned in acetone. The nanostructured YSZ 
powder was sprayed under three different 
plasma powers, whereas other significant 
spraying parameters where kept constant as 
depicted in Table 1. High purity argon and 
helium were used as plasma and secondary 
gases, respectively. During spraying, 
compressed air was applied to stainless steel 
substrates for cooling purpose. 

Fig.1. Schematic diagram of Plasma spraying 
system 

The hardness was conducted under the load 
of 500 g on as-prayed surface of the sample 
using Vickers hardness tester (ZHV Germany). 
All of the reported values of microhardness of 
the coatings are the mean of 10 indentations. 
The information on the tribological properties 
were gathered from the experiment conducted 
on a pin-on-disc CSEM tribometer (CSEM, 
Switzerland) using a 6 mm diameter alumina 
ball at sliding speed of 5.0 cm/s and radius of 
6mm for a distance of 750 m under a load of 5N. 
Surface microstructures of the powder and the 
as-sprayed coatings were examined by a field 
emission scanning electron microscope 
(FESEM, LEO1525, Germany) equipped with 
energy dispersive X-ray analysis (EDX, Oxford
Oxford Inca Wave). The surface roughness of 
each sample was measured with a surface 
rougher tester (Mitutoyo Surftest SJ-301) 
complying with Japanese Standard JIS B 0601 
[6]. All measurements were performed under 
ambient conditions at 25 °C and 50% RH.  

Table 1 Spraying parameters
Spraying Parameters A B C 

Power (kW) 
Argon primary gas (psi) 
Argon carrier gas (psi) 
He secondary gas (psi) 
Powder flow rate (gm/min) 
Standing distance (mm) 
Spray speed (%) 

24
40
30
30
10
100 
40

28
40
30
30
10
100 
40

32
40
30
30
10
100 
40

3. Results and Discussion 
3.1 Characteristion of Nanostructured Powders 
In the plasma spray process, the individual 
nanoparticles cannot be thermally sprayed 
because of their low mass and inability to be 
carried in a moving gas stream thus could not be 
deposited on the substrate [7].  In order to make 
the nanoparticles sprayable, the nanosized 
particles were agglomerated through spray 
drying to form micrometer-sized powders. 
Subsequently the powders were subjected to a 
heat  treatment.   Fig.  2 shows  the   SEM-EDX

Fig. 2. SEM-EDX analysis (a) Morphology of the 
agglomerated powders, (b) EDX spectrum

 a

 b
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analysis on the nanostructured ZrO2 7wt.%Y2O3YSZ powders used in this study. The 
agglomerated YSZ powders having size range of 
15 - 150 m are spherical in shape and dense, 
which improves the flowability and increases the  

Fig. 3. Microstructure of the agglomerated powders 

Fig.4. Surface morphology of as-sprayed 
nanostructured YSZ coating; (a) 24 kW, sample 
A, (b) 32 kW, sample C 

Fig. 5. Cross-section microsturture of as-sprayed 
YSZ coating: (a) Peak and valley on the as-
sprayed surface (b) close-up view showing 

maphology consists of fully molten, non-fully 
molten and non-homogeneous structures 

mass (Fig. 2a). EDX spectrum on the 
nanostructured powder indictaed that this 
powder composed of zicronia and yittria. The 
SEM surface morphology indicated that 
nanostructured YSZ powders were composed of 
a large number of nanoparticles as shown in Fig. 
3 and these agglomerated powders are also 
known as nanostructured powders. 
 Figure 5 presents the cross-section 
microstructure of the nanostructured YSZ 
coating. Fig. 5a shows that the coating surface is 
rough on microscopic level and has peaks and 
valleys. In this nanostructured coating, the splats 
that are typical for conventional YSZ coatings 
were not observed. A splat is in the shape of 
pancake-like, single impacted particle. Racek 
and Berndt (2007) also observed the same 
phenomena [8]. It was observed that the 
thickness this nanostructured coating is 35.28 
µm (Fig. 5b) which is not thick enough for TBC 
application. Generally, the thickness for TBC 
application is 300 µm. This is a preliminary 
work, further studies will carried out by 
increasing the powder feed rate, spraying passes 
and spraying speed parameters in achieving the 
desired thickness of coatings and other  TBC 
optimum characteristics.

Non-fully 
molten Fully

molten 

a

microcrack 

a

 b 
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3.2 Roughness and Hardness 
Fig. 6 and 7 show the surface roughness and 
hardness test results respectively. As expected, 
the coating hardness slightly increases and the 
surface roughness decreases with increasing 
plasma power. Increasing plasma power 
increases temperature and velocity isocontours 
of the in flight particles, thus enhanced melting 
and lowering particle viscosity [9]. High 
velocity with lower viscosity may increase the 
spreading of the in flight particle, subsequently 
highly flattened and more molten particles 
deposited on the surface which will form a 
coating layer with a low surface roughness (Fig. 
4b and Fig. 6).  

Lower roughness shows that the coatings 
are well packed and this may be the reason why 
the hardness increased with increasing plasma 
power (Figure 4b and Fig. 7). Lower plasma 
power resulted increase number of non-molten 
particle (Fig. 4a) and this will increase the 
roughness and lower the hardness due to low 
particle cohesion of the coating.  
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Fig.  6. Surface roughness the as-sprayed 
TBC
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Fig. 7. Hardness of the as- sprayed TBC 
3.3 Friction Coefficient 
Fig. 8 presents the variation of friction 
coefficients with sliding distance under a load of 

5 N against alumina at room temperature. It can 
be seen that the friction coefficient of as-sprayed 
nanostructured Zirconia coating is lower than 
that of the stainless steel substrate. The friction 
coefficient increase gradually with increasing 
sliding distance after the run-in period. This 
increase is attributed to the increase of actual 
contact area of the friction couples as the sliding 
distance increased. The nanostructured YSZ 
coating of all samples still intact even after a 
sliding distance of 750 meters. Once the coating 
layer has been exposed, the friction is between 
the alumina ball and stainless steel substrate 
where friction coefficient will be reaching is 0.8 
which is the friction coefficient of substrate 
material.  

The friction coefficients of the 
nanostructured zirconia coating against alumina 
ball increased lineally with increasing sliding 
distance depending on plasma powers applied. 
The curves show that the sample deposited with 
higher plasma power recorded the lowest 
friction coefficient. This sample C was sprayed 
under high plasma power which may produce 
coating layer with less porous as a result of in 
flight particles have more velocity and subjected 
to high temperature. High temperature resulting 
more molten particles, while high velocity 
resulting high impact energy and subsequently
improve the as-sprayed coating surface 
characteristics. This sample is less porous and 
much smoother than other samples (Fig. 6) 
which may result higher contact area but the 
sliding resistance is less. Rougher and more 
porous structure have a higher sliding resistance 
as a result of more peaks and valleys on the 
surface as shown in Fig.5.  

Fig. 8. The variation of friction coefficients of 
stainless steel  substrate and nanostructured 

zirconia coatings with sliding distance 
3.4 Wear track 
Test results show that the wear track width of 
as-sprayed coatings decreased with increasing of 
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plasma power as depicted in Table 2 and Figure 
9. It was observed that sample C has the shortest 
wear track width as compared with other 
samples in the same testing conditions. This 
show that sample C is superior in terms of wear 
resistance and this can be attributed to high 
surface hardness and low friction coefficient. 
The improved wear resistance is also attributed 
to the optimization of microstructure and the 
enhancement of mechanical property, which 
improved the ability of plastic deformation [4]. 

Fig. 9. SEM micrograph showing the wear track 
width; (a) sample A, (b) sample C 

Table 2. Wear track width 
Bil. Sample Track width (mm) 
1. Substrate 1.440 
2. Sample A 1.045 
3. Sample B 0.944 
4. Sample C 0.832 

Fig. 10 shows the SEM micrograph of wear 
track on sample C. EDX analysis carried out on 
the surface of layers exposed during wear tests 
shows that there are no elements composed in 

the stainless substrate was found (Fig. 9b and 
9c). This proved that the nanostructured YSZ 
coating still intact and the adhesion between the 
coating and substrate are in good condition even 
after a sliding distance of 750m. All samples 
show the same phenomena. If the coating layer 
has been exposed, the elements that composed in 
the stainless substrate such Fe, Cr, V, Mo, Mn 
and Ni will be detected by EDX analysis.  

Fig. 10. SEM micrographs of wear track; (a) close-
up view, (c) EDX spectrum on wear track 

4. Conclusions
In this work, nanostructured zirconia coatings 
were successfully deposited by atmospheric 
plasma spraying by varying the plasma powers. 
It is shown that the best plasma power applied in 
this investigation was at 32kW. This postulation 
is based on the optimum mechanical and 
tribological characteristics produced under this 
plasma power applied.  Nanostructured YSZ 
coating have improved the following 
characteristics; (i) reduce friction coefficient, (ii) 
higher wear resistance, (iii) higher hardness, (iv) 
smoother surface, as compared with uncoated 
substrate. These improvements will definitely 

a
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b
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improve the life span of the components which 
will be subjected to high temperature and 
corrosive atmosphere.  
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