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Thermal and Mechanical Properties of 
ZrO2-Ce02 Plasma-Sprayed Coatings 

S. Sodeoka, M. Suzuki, K. Ueno, H. Sakuramoto, T. Shibata, and M. Ando 

The thermal and mechanical properties of ZrO2-CeO2 plasma-sprayed coatings were evaluated to exam- 
ine their potential as a thermal barrier coating. ZrO2-CeO2 solid-solution powders containing up to 70 
tool % CeO2 are successfully plasma sprayed, but cerium content decreases during spraying due to the va- 
porization of cerium oxide. Hardness is greatest at 30 mol% CeO2. With increased CeO2 content, the 
thermal conductivity decreases to 0.5 W/m �9 K and the thermal expansion coefficient increases to 12.5 x 
10-61K. Increased torch input power causes both the relative density and the hardness to increase mono- 
tonically, while the thermal conductivity and the thermal expansion coefficient are not significantly af- 
fected. When heated above 1300 K, the coating shrinks considerably due to sintering and its thermal 
conductivity increases abruptly. 

Keywords ceria stabilization, processing parameters, thermal barrier 
coating 

1. Introduction 

Plasma-sprayed thermal barrier coating (TBC) is applied 
to hot sections in gas turbines or je t  engines, such as a com- 
bustor can, nozzle guide vanes, and turbine blades. The aim is 
to increase engine efficiency by elevating the operational 
temperature or reducing cooling air. The coating enables ex- 
tension of  component life by lowering the metal temperature. 
The development  of  high-performance TBCs for higher-tem- 
perature use is being driven by the demand for higher fuel ef- 
ficiency. 

Zirconia (ZrO2)-based coatings are commonly used as TBCs 
because of  their low thermal conductivity and high coefficient 
of  thermal expansion (Ref 1,2). The good mechanical properties 
of  plasma-sprayed zirconia, partially stabilized with yttria 
(Y203), contribute to its wide use, especially in aerospace appli- 
cations (Ref 1, 3, 4). 

Ceria (CeO2) has lower thermal conductivity and a higher 
thermal expansion coefficient than zirconia (Ref 5). It is also 
known that ceria-stabilized zirconia exhibits high fracture 
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Table 1 Spraying parameters 

toughness (Ref 6). Therefore, the combination of  CeO2 and 
ZrO2 can be expected to produce advanced TBCs with high 
heat-shielding capacity and high fracture resistance. However, 
published reports dealing with ceria-containing TBCs are lim- 
ited (Ref 7-9). No data on the thermal and mechanical properties 
of  ceria-stabilized zirconia coating containing more than 25 
mol% CeO2 have been reported. The objective of this paper is to 
clarify the thermal and mechanical properties of  ZrO2-CeO 2 
plasma-sprayed coatings containing a large amount of cerium 
and to examine their potential as TBCs. 

2. Experimental 

2.1 Po wder Preparatio n 

Spray powder was prepared from commercially available 
zirconium oxide powder (TZ-0Y, Tosoh Co., Tokyo; purity > 
99.9%) and cerium oxide powder (H.C.CeO2, Santoku-Metal 
Co. Ltd., Kobe; purity > 99.9%). These powders were mixed by 
ball milling in ethyl alcohol to obtain five types of powder mix- 
tures with CeO2 contents of 0, 30, 50, 70, and 100 mol%, respec- 
tively. After drying, each powder mixture was die pressed at 
29.4 MPa, fired at 1873 K for 5 h in air to make a solid solution, 
and crushed to a particle size smaller than 1 lam by a planetary 
ball mill. This process was repeated three times until the x-ray 
diffraction (XRD) pattern no longer changed. Spherically 
granulated powder was made by spray drying with polyvinyl al- 
cohol as a binder and classified between 25 and 45 lam. 

Plasma gas 
Argon H2 

Test objective Gun m3]s L/min m3/s L/mln 

Spray 
Input power distance, Feed rate 

kW A mm kg/s g/min 

Investigate effect Metco 9MB 7.0 • 10-4 42 
of composition 

Examine effect of Metco 9M B 7.0 x 10-4 42 
torch input power 

Test properties at Metco 9MB 7.0 • 104 42 
high temperature 

1.4 • 10-4 

1.2-1.4 x 10-4 

1.2 x 10 -4 

8.2 36 600 75 5 • 10 -4 30 

7-8.2 36, 42, 600, 700. 75 5 x 10-4 30 
48.54 800, 900 

7 48 800 75 5 • l0 ~* 30 
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2.2 Plasma Spraying 

Plasma spraying was carried out with a Metco 9MB gun 
(Sulzer Metco, Westbury, NY) in air. Argon gas was the primary 
plasma gas, and hydrogen gas was added as the secondary gas. 
Spraying parameters are shown in Table 1. The substrate was 
carbon steel (JIS-SS400) that was blasted with 24-mesh alumina 
grit just prior to spraying. The sprayed coating was formed di- 
rectly on the substrate, with no bond coating. The deposit and the 

substrate were cooled by air blowing onto the surface and by use 
of a water-cooled specimen holder. 

2.3 Coating Evaluation 

Deposition efficiency was defined as a ratio of the deposit 
weight to the amount of fed powder. Spraying was directed onto 
the center of the 100 by 100 by 3 mm substrate for 60 s without 
gun traverse. 
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Bulk density was measured by the water-immersion method 
using a free-standing deposit separated from the substrate by 
etching with hydrochloric acid. Relative density was deter- 
mined by dividing the bulk density by the true density, which 
was measured by the pycnometer method with the pulverized 
deposit. Crystallographic phases were determined by XRD. The 
content of  metallic elements in the powders and the coatings was 
measured quantitatively by x-ray fluorescence analysis. Oxy- 
gen content was determined using a nitrogen-oxygen analyzer 
(EMGA-2800; Horiba Ltd., Kyoto). Vickers microhardness 
(HV) was measured on polished cross section with an indenta- 
tion load of 2.94 N for 15 s. Thermal conductivity (~.) along the 
direction perpendicular to the coating surface was measured by 
the laser-flash method. The thermal expansion coefficient (~) 
was measured by a differential dilatometer using alumina as a 
reference. 

3 .  R e s u l t s  a n d  D i s c u s s i o n  

3.1 Effect of Powder Composition 
Figure 1 shows the Zr/Ce ratios in the spray powders and the 

coatings measured by x-ray fluorescence analysis. Cerium con- 
tent decreased after spraying in each composition. The cerium 
decrease was greater in the cerium-rich composition. This de- 
creased cerium content was probably due to the decomposition 
and vaporization of  CeO2 by overheating during spraying. Also, 
some CeO2 may possibly be reduced to Ce203 in an At-H2 
plasma. Though CeO 2 melts at about 3023 K, a rather higher 
melting point than that ofZrO 2 (2988 K), Ce203 melts at 1963 K 
(Ref 10). These facts suggest that Ce203 was heated to a tem- 
perature far higher than its melting point when the ZrO2-CeO 2 
system was successfully sprayed. Such superheating inevitably 
results in the vaporization of Ce203 and in the selective decrease 
in cerium. 

Spraying with Ar-H 2 plasma also caused the oxygen content 
to become lower than the stoichiometric content in the ZrO 2- 
CeO2 system, as indicated by the broken line in Fig. 2. The oxy- 
gen loss is greatest in the pure ZrO2 coating, where about 1.5% 
of the oxygen sites are vacant, and decreases with an increase in 
CeO 2 content. In this paper, CeO 2 content, which is often used as 
the horizontal axis of graphs, was determined from the Ce/Zr 
atomic ratio by neglecting any oxygen loss. 

Deposition efficiency decreased with increased CeO2 con- 
tent (Fig. 3). It is known that the efficiency is generally affected 
by various factors, including improper powder feeding into the 
plasma flame. In our case, the main cause of the efficiency de- 
crease with increasing CeO 2 content may be the vaporization of 
CeO2. Judging from the decrease of  cerium (see Fig. 1), the 
weight loss by vaporization during spraying is estimated at 2.0, 
12.7, and 24.3 mass% for 30, 50, and 70 mol% CeO2 powder0 re- 
spectively. The deposition efficiency of  pure CeO2 was lower 
than I0%, which is less than those of other systems. The deposit 
was so friable that property evaluations could only be made by 
XRD. 

Figure 4 shows the variations in bulk density and relative 
density of the coating with CeO2 content. Because of the heavy 
atomic weight of cerium, the bulk density increased with CeO2 
content. On the other hand, the relative density decreased with 

addition of CeO2; the relative densities of ZrO 2 and ZrO2-CeO 2 
coatings were 92.4%, and 88 to 89%, respectively. These results 
for spraying efficiency and coating density suggest that CeO 2 in- 
corporation makes it difficult to fabricate dense coatings by 
thermal spraying. 

X-ray diffraction profiles are shown in Fig. 5(a) and (b). The 
ZrO 2 coating was composed of monoclinic phase only, the 
ZrO2-CeO 2 coatings contained both tetragonal and cubic 
phases, and the CeO 2 coating was composed of cubic phase 
(Fig. 5a). These results were in good agreement with the equilib- 
rium phase diagram (Ref 11). When the diffraction profiles of  
these coatings were compared with those of  spray powders, 
there were no remarkable changes except for a small shift of  the 
peak position owing to the change in cerium content. Detailed 
examination of  the ZrO2-CeO2 coatings (Fig. 5b) revealed that 
the fraction of cubic phase increased in proportion to CeO2 con- 
tent. Furthermore, the shifts of  the peaks to low angles suggest 
that the lattice size increased with increasing CeO 2 content for 
both the cubic and the tetragonal phases. 

The variation in Vickers microhardness (HV) with CeO2 
content is shown in Fig. 6. Addition of 30 mol% CeO 2 increased 
HV slightly compared to ZrO 2 coating despite the significant de- 
crease in relative density. Since CeO 2 is a softer material than 
ZrO2 (Ref 5), the hardness is probably affected by the fracture 
resistance enhanced by the stress-induced transformation of the 
tetragonal phase that was formed by incorporation of CeO 2. The 
cerium addition of more than 40 tool% caused the hardness deg- 
radation. As the relative densities of these coatings are compara- 
ble to that of 30 mol% Ce coating, the decrease in hardness 
probably depends on the decrease in the tetragonal phase. 
Weaker bond strength of Ce-O as compared with that of Zr-O 
may also contribute to this hardness decrease (Ref 12). 

Figure 7 shows the variation in average thermal expansion 
coefficient (~) from room temperature to 1073 K (open circle) 
and thermal conductivity (~) at room temperature (solid circle) 
with CeO 2 content. The thermal expansion coefficient of CeO 2- 
containing coatings became one and a half times as large as that 
or pure ZrO2 coating. Monoclinic single-crystal ZrO 2 is re- 
ported to have an tx value of 8.1 x 1045/K (298 to 1453 K) (Ref 
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13), whereas CeO2 has an r value of 13.4 x 10~51K (273 to 1473 
K) (Ref 5). The tendency shown in Fig. 7 corresponds well to 
these data. It is notable that oc does not depend on the CeO2 con- 
tent in the ZrO2-CeO 2 system. 
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Thermal conductivity decreased with increasing CeO 2 con- 
tent. The curve is similar to that of  the relative density (see Fig. 
4), suggesting the strong influence of porosity on ~,. However, as 
described later, the relative density has little influence on )~ of  
coatings with the same composition. The decrease in ~ there- 
fore, reflects the material property. In ceramics, which behave as 
insulators, 3. is generally controlled by the lattice vibration (Ref 
14). Thus, 3. becomes lower when the material is composed of  
the solid solution of  elements with different atomic weights and 
ion radii. A heavy atomic weight or large ion radius of the ele- 
ment also decreases 3.. In this work, ZrO2-CeO 2 is a solid solu- 
tion and cerium has a heavier atomic weight and larger ion 
radius than zirconium; thus, CeO2 addition reduces ~,. 

3.2 Effect of Torch Input Power 

The effect of  torch input power on the properties of the coat- 
ing from ZrO2-50 mol% CeO2 powder was examined. Plasma 
spraying was carried out with four levels of input power--36,  
42, 48, and 54 k W - - b y  controlling the electric current from 600 
to 900 A. In the coating sprayed at 54 kW, some cracks perpen- 
dicular to the surface were observed, probably due to overheat- 
ing. 

With plasma spraying, the cerium content decreased to about 
43 at.% in each coating and no significant difference due to torch 
input power was observed. The XRD result indicates no distinc- 
tive difference in crystallographic phases due to the power level. 
All coatings were partially stabilized with tetragonal and cubic 
phases. 

The variations in relative density and Vick~rs hardness with 
input power are shown in Fig. 8. Relative density increased mo- 
notonously from 88.2% (at 36 kW) to 90.4% (at 54 kW) with an 
increase in power, as generally seen in plasma spraying with ce- 
ramics. Corresponding to the density, Vickers hardness in- 
creased to 5.5 GPa at 54 kW with an increase in power. 

The average thermal expansion coefficient from room tem- 
perature tO 1073 K was about 12 x 10~/K at any input power. 
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This value is not sensitive to the coating microstructure but 
strongly reflects the material property itself. Thermal conductiv- 
ity (X) at room temperature also showed almost the same value 
of about 0.5 W/m �9 K for all coatings fabricated under various 
input powers. In principle, this value is known to be affected by 
porosity (Ref 15). In this work, the relative density was changed 
by input power but X was not influenced, probably because of 
the peculiar structure of  a sprayed coating. Plasma-sprayed ce- 
ramic coatings are composed of  piles of  flattened particles, and 
the area fraction of  adhesion between the particles is reported as 
30% (Ref 16). The gap between particles, which does not con- 
tribute to the heat conduction, occupies 70% of area and makes 
the effect of porosity negligible. This may also be the reason 
why a sprayed coating shows much lower thermal conductivity 
than the sintered bulk. 

For example, the ~, value of  a sintered sample of  CEO2-40 
mass% (ZRO2-4 mol% Y203) is about 2.4 W/m �9 K (Ref 12), in 
which CeO2 content corresponds to 52 mol% and 2% porosity is 
included. This value is five times higher than that of  ZrO2-50 
mol% CeO2 coating (0.5 W/m - K). If  the fraction of heat-con- 
ductive area is also about 30% in our ZrO2-CeO 2 coating, a sim- 
ple estimation of effective thermal conductivity is 0.72 W/m �9 K 
(= 2.4 W / m - K  • 0.3), indicating good agreement with the 
measured value. 

3.3 Properties at Elevated Temperature 

In order to investigate the stability of  ZrO2-CeO 2 coating at 
elevated temperature, heat treatments at 1573, 1673, and 1773 K 
were carded out and changes in coating properties were exam- 
ined. Thermal conductivity from room temperature to 1773 K 
was also measured. 

The change in the bulk density of  ZrO2-50 mol% CeO 2 coat- 
ing by the heat treatment is shown in Fig. 9. At each temperature, 
the density increased rapidly within 20 h and then changed very 
little up to 100 h. The higher the treatment temperature, the 
higher the final density. Microstructures of coatings as-sprayed 
and heat treated at 1773 K are shown in Fig. 10. The as-sprayed 
coating shows a lamellar structure composed of flattened parti- 
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cles, typical of sprayed deposits. In contrast, the heat-treated 
coating shows a structure like a sintered body with equiaxial 
grains and spherical pores. This indicates that the density in- 
crease was caused by sintering. 

With plasma spraying, the CeO 2 content decreased as men- 
tioned in section 3.1. It decreased further when heat treated 
above 1573 K. 

The variation of thermal conductivity of  ZrO2-50 mol% 
CeO2 coating with temperature up to 1773 K is shown in Fig. 11. 
The value decreased gradually up to 1300 K, above which it in- 
creased abruptly. The reason for this increase is probably that the 
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Fig.  10 Cross-sectional microstructures of ZrO2-50 mol% CeO 2 
coatings. (a) As-sprayed. (b) Heat treated at 1773 K 

narrow spaces between lamellae, which prevent  heat flow, van- 
ish gradually during sintering. On the other hand, the decrease 
up to 1300 K can be explained by an increase o fphonon  scatter- 
ing due to enhanced lattice vibration with rising temperature, the 
same tendency reported in CeO 2 sintered ceramics (Ref  5). 

4. Conclusions 

The thermal and mechanical  properties of  ZrO2-CeO 2 
plasma-sprayed coatings were evaluated. 

�9 ZrO2-CeO2 powder  with CeO2 content up to 70 tool% was 
successfully plasma sprayed, but CeO2 content decreased 
during the spraying due to the vaporization o f  cerium ox- 
ide. 

�9 The hardness o f  the ZrO2-CeO2 coating exhibited a maxi-  
mum at 30 mol% CeO2. 

�9 Thermal conductivi ty decreased and the thermal expansion 
coefficient  increased with an increase in CeO2 content. 

�9 With increased torch input power, both relative density and 
hardness increased monotonically, while thermal conduc- 
tivity and the thermal expansion coefficient  were not sig- 
nificantly affected. 

�9 When heated above 1300 K, the coating contracted due to 
sintering and its thermal conductivi ty increased abruptly. 

From these results, it is concluded that CeO2 addition to 
plasma-sprayed ZrO 2 coating effect ively improves some prop- 
erties for TBCs, resulting in low thermal conductivity and a ther- 
mal expansion coefficient  close to that o f  the metal substrate. 
Improvement  in high-temperature stability is desirable for prac- 
tical use. 
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