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CeO2-Y203 stabilized zirconia plasma-sprayed coatings have been produced by two different 
procedures based on different cooling rates. A high cooling rate (HCR) induced the 
contemporary presence of Ce02 and Ce203, while cooling in calm air (LCR) induced the 
presence of only Ce02. After subjecting the HCR coating, detached from the substrate, to an 
air thermal treatment, which oxidizes Ce203 to CeO 2, a lower thermal expansion coefficient 
was measured than in the LCR material, and shrinkage was also observed. This behaviour is 
explained by the phase composition changes induced by the oxidation of ceria. 

1. In troduc t ion  
In the last decade, substantial effort [1 3] has been 
devoted to optimize zirconia-based thermal barrier 
coatings (TBC). Attention has been focused on the role 
played by the stabilizer oxides in determining thermo- 
mechanical properties, phase composition and micro- 
structural aspects. These studies led to the selection of 
zirconia with a 6 8 wt % yttria content as the primary 
candidate material in the current state-of-the-art 
TBCs. Although this material currently provides ade- 
quate service performances, in terms of protection and 
insulation of hot-section jet-engine components, be- 
cause both the service temperature and strains will be 
increased, future TBC requirements will be for an 
increased spallation and corrosion-erosion resistance. 

Recently, the stabilization of ZrO 2 by adding CeO2 
in different amounts, ranging between 18 and 26 Wt %, 
has been successfully proposed [4-6]. It was pointed 
out that with respect to 8 wt % Y203 ZrO2 material, 
ceO2-ZrO2 TBCs exhibit an improved thermal 
shock resistance, a better corrosion resistance against 
V20 s and SO2 and a lower thermal conductivity. By 
way of contrast, a lower phase composition stability 
has been evinced. In order to overcome this problem, 
the combined use of CeO2 and Y203 as stabilizers 
could represent a possible compromise solution, 
ensuring the good features of both stabilizers with a 
probable synergic effect. 

Very recently, in order to obtain a better character- 
ization of this system for TBC applications, Ingo et al. 

[7] showed by means of X-ray photoelectron spectro- 
scopy (XPS) in a 25.5 CEO2-2.5 Y203 72 ZrO 2 
(wt %) plasma-sprayed TBC, the effect of the depos- 
ition temperature on cerium valence states. XPS res- 

ults indicated that, as a consequence of the combined 
effect of the plasma gas, which reduces CeO 2 to 
Ce203, and the deposition temperature, it is possible 
to induce in the case of low deposition temperature 
( ~< 120 ~ the presence of a large amount of Ce20 3, 
or to induce the presence of only CeO 2 when the TBC 
is cooled in calm air. In the present investigation of 
coatings deposited at different temperatures, the cer- 
ium valence state was related both to the phase 
composition and to the coating thermal expansion 
behaviour. 

2. Exper imenta l  p r o c e d u r e  
The TBCs were deposited by a commercial air-pre- 
ssure plasma spray (APS) equipment according to the 
powder manufacturer's specifications [8]. The starting 
pre-alloyed powder commercially obtained had the 
following chemical composition (wt %): CeO z 25.1, 
Y20 3 2.54, ZrO 2 71, HfO2 0.985, Na 0.1, Si 753 p.p.m., 
A1 586 p.p.m. 

During and after deposition on to an AISI 316 
stainless steel substrate, the TBCs, about 500 lam 
thick, were either air-cooled rapidly below 120~ 
using an air-jet blown continuously on to  the front 
face of the coating (high cooling rate, HCR), or they 
were cooled to room temperature without any forced 
air-cooling (low cooling rate, LCR). The temperature 
was evaluated by means of a thermocouple placed in 
the substrate 1 mm below the surface to be coated. 

It is worth noting that a low deposition temperature 
is currently adopted for minimizing compressive stres- 
ses, caused by thermal expansion mismatch between 
zirconia coating and the substrate during cooling of 
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the coating after spraying. In order to avoid the 
misleading influence of residual stress fields due to 
fabrication among the different coatings, research has 
been carried out on samples chemically detached from 
the substrate. 

XPS investigation was carried out on a Escalab 
MkII (VG) spectrometer using A1K~I, 2 radiation as 
the excitation source (by = 1486.6 eV). The electron 
analyser was operated in fixed analyser transmission 
(FAT) mode by selecting a constant pass energy of 
20 eV; under these operating conditions the measured 
full width at half maximum (FWHM) of the Ag o 3d5/z 
line was 1.0 eV. All measurements were performed at 
pressures lower than 5x 10 -5 Pa in the analysis 
chamber. The binding energies (BE) were referenced to 
the Fermi level of the electron analyser and the confi- 
dence in the linearity of the BE scale was based upon 
setting the position of the Au 4f7/2 and Cu 2p3/2 peaks 
at 83.8 and 932.5 eV, respectively. Corrections of the 
energy shift due to the steady state charging effect 
were accomplished by assuming that the C ls line, res- 
ulting from the ubiquitous surface layer of adsorbed 
hydrocarbons, lies at 284.6 eV, that the Zr 3d5/2 line in 
ZrO 2 lies at 182.4eV and that the Ce 4+ satellite 
lies at 916.5 eV [7, 9, 10]. The mean value of 182.4 
4- 0.1 eV was obtained with reference to the Au4f7/z 

line from evaporated gold on stoichiometric ZrO 2 
[7, 11-13], and this value is in good agreement with 
the literature data [7, 10, 14 16]. The reproducibility 
of the results, which was tested in three independent 
samples, was within + 0.1 eV. This value was also the 
estimated uncertainty in BE locations. 

X-ray diffraction (XRD) measurements were done 
using a Rigaku rad B/III diffractometer equipped with 
a graphite curved crystal monochromator in the dif- 
fracted beam, using CuK~ radiation produced at 
40 kV and 30 mA. The angular regions 27~ ~ and 
70~ ~ in 20, encompassing the (1 1 1) and (400) 
peaks of zirconia polimorphs, respectively, were stud- 
ied for qualitative and quantitative analysis of the 
phases present. 

Because the XRD spectra showed a very complex 
overlapping of the peaks of different phases, a peak 
separation computer program was employed [17]. 
Well-established structural constraints, such as a fixed 
ratio between integrated intensities of (400) and 
(0 0 4) peaks of the tetragonal phase, were introduced 
during the fitting procedure to obtain more reliable 
solutions. The consistency of results from the peak 

separation of the two angular ranges (intensity ratio 
and peak positions) was also checked. In addition, a 
statistical hypothesis test was used to control the real 
presence of each peak [18]. 

In order to reoxidize fully the HCR sample, simul- 
taneous differential thermal analysis and thermogravi- 
metric analysis (DTA-TGA) were performed on small 
pieces with a heating rate of 10 K min-1 in air up to 
600~ From the oxidation peak temperature (about 
240 ~ a thermal treatment was performed in a dila- 
tometer at a heating rate of 5 K rain- 1, an annealing 
time of 24 h at 340 ~ and a cooling rate of 2 K rain- 1 

to room temperature, for evaluating the thermal ex- 
pansion on heating and eventual length changes after 
the oxidation treatment. 

3. Results 
Table I lists the core level BEs measured in selected 
elements, and Fig. 1 shows Ce3ds/2 and Ce3d3/z 
photoemission spectra obtained in the two samples 
LCR and HCR. Comparison with literature results 
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Figure 1 Ce 3d spectra of LCR and HCR samples as-prepared, 

TABLE I Binding energies (BE) for HCR and LCR samples 

Sample Condition Ce 3ds/2 Ce 3d3/2 Zr 3d3/2 Y 3d3/2 O ls 
(eV) (eV) (eV) (eV) (eV) 

LCR As-coated 882.2 900.6 182.4 157.2 530.0 
888.7 906.9 532.0 
898.2 916,5 

HCR As-coated 882.2 900.7 182.4 157.2 529.9 
885.3 a 903.7 ~ 531.9 
898.3 916.5 

a C e  3 + component. 

5592 



and with separate measurements carried out on the 
starting oxide powder and on the single oxides CeO2 
and C%O 3, reveals that the surface and fracture sur- 
faces of the LCR sample contain virtually pure CeO2, 
whereas those of the HCR sample show the coexis- 
tence of CeO2 plus Ce203 species. As far as yttrium, 
oxygen and zirconium are concerned (Table I), no 
difference above instrumental uncertainty was appar- 
ent between the two samples. The HCR sample after 
the oxidizing thermal treatment (not reported in 
Table I and Fig. 1) is very similar to the LCR sample. 

From these results it is possible to state that the 
weight increase evinced in the DTA-TGA analyses on 
the HCR sample (Fig. 2) is attributable only to Ce 3 + 
oxidation according to the reaction 

Ce203 + 1 / 2 0 2  ~ 2CEO2 (1) 

and that the ratio Ce4+/Ce 3+ is about 2. No weight 
gain nor DTA peak was evident on analysing either 
the same sample a second time or the LCR sample. 

Fig. 3 shows the XRD spectrum of the (1 1 1) peak 
region for an HCR coating, together with the results of 
peak separation: a superposition of three peaks pro- 
duces the highly asymmetrical low-angle tail. The 
fitting of the (4 0 0) region shown in Fig. 4a confirmed 
this result; a tetragonal, T, and two cubic, C 1 and C2, 
zirconia polimorphs were identified. 

The low c/a ratio suggests that the tetragonal phase 
is non-transformable. Further evidence supporting 
this hypothesis was shown by the XRD spectrum of a 
ground coating (not reported), to be very similar, 
within experimental error, to the as-sprayed coating. 
The contemporary presence of both Y203 and CeO 2 
does not permit good evaluation of the stabilizer 
content from the peak position by means of the 
well-known relation between lattice parameters and 
stabilizer percentage [19]. However, considering the 
inhomogeneity of the starting powders, where pure 

CeO2 was also present, the C 1 peak in Fig. 4a was 
attributed to a cerium-rich cubic phase. A value of 
about 55 tool % CeO2 can be obtained by comparing 
the C1 phase lattice parameter with Tani et al.'s data 
[20]. The lattice parameters and corresponding cell 
volumes are reported in Table II. 

After thermal annealing at 340 ~ the C 2 phase is 
strongly reduced as shown in Fig. 4b with a corres- 
ponding increase of T phase. To quantify this vari- 
ation, integrated intensities of (4 0 0) peaks were con- 
verted into volume fractions using a modified Miller 
formulation to account for the presence of two cubic 
and one tetragonal phase [21]: the results are shown 
in Table II. 

Fig. 5 shows, for comparison, the thermal expan- 
sion curves for HCR and LCR samples. It is evident 
that there is a different behaviour of HCR with respect 
to LCR up to about 400~ with a thermal expan- 
sion coefficient for the former of 6.9x10-6~ -1. 
Above this temperature both samples have a very 
similar coefficient (11.8x10-6~ -1 for HCR and 
11.7 x 10 -6  ~ -1)  in the temperature range between 
450 and 650~ Moreover at the end of thermal 
annealing at 340 ~ the HCR sample displays a length 
change, L / L  o = - 5 x 10 -4. 

4. D i s c u s s i o n  
It has already been recognized by some workers that 
opportune reducing conditions during plasma depos- 
ition can change the oxidation degree of zirconia [22]. 
In our coatings, if quenched by forced air cooling, the 
cerium ion is also present in the trivalent state, giving 
rise to high oxygen vacancy concentrations with an 
increased stability effect. In particular, the presence of 
C%O 3 tends to stabilize a cubic zirconia with pyro- 
clore structure [23]. 
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Figure 2 DTA-TGA analyses of the HCR sample as-prepared. 
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Figure 3 XRD spectrum~of the (1 1 1) peak region for an HCR coating (. .  ") as-prepared, and ( ) the results of peak separation. 

i 

T A B L E  II Cell parameters and volumetric phase percentages in HCR samples 

Phase Lattice Cell volume Volumetric phase (%) 
parameters (nm) (nm 3) 

As-prepared Treated 

T a 0.51486 0.138 306 62 78 
c 0.52174 

C1 a 0.52680 0.146 203 3 3 
C 2 a 0.52053 0.141 042 35 19 

The thermal treatment causes complete oxidation, 
i.e. Ce 3+ to Ce 4+ transformation, as evinced by XPS 
spectra, accounting for the weight gain shown by the 
D T A - T G A  analyses. 

The cause of the volume change after thermal an- 
nealing is less evident. The reason may lie in the 
change of phase percentage. In fact, the oxidation 
causes a decrease of oxygen vacancies and a conse- 
quent cubic to tetragonal transformation. The in- 
crease of tetragonal at the expense of cubic C2 phase 
implies a volume diminution; using the data of 
Table II, the volume change from XRD measurements 
is - 2.3 x 10 -3 + 0.7 x 10 -3,  corresponding to an 
average length change of - 7.7 x 10 .4  ___ 2.3 x 10 -4. 
The dilatometric length change is - 5 x 10 .4  in good 
agreement with the XRD results. 

The agreement between the two values, deduced by 
these completely different techniques, exceeds all ex- 
pectations, considering the many sources of errors in 
processing the data. In particular, the concentration of 
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the two stabilizers in C 2 and T phases influences the 
structural factors of the present phases, causing pos- 
sible changes in the constants for quantitative ana- 
lyses. In order to evaluate the influence of these 
chemical aspects on the residual stress field in the 
coatings, we must consider the effect of coating vol- 
ume shrinkage when the ceramic is bound to the metal 
substrate. 

Within the rough approximations of a uniform 
stress field in the plane of the coating and a rigid 
interface between the ceramic coating and the metal 
substrate, it is possible to make some calculations by 
means of the elastic solution for a composite sphere, 
where the core is the metal substrate and the cladding 
is the ceramic coating [24]. On cooling from the 
coating deposition temperature, and considering its 
Young's modulus to be ~ 40 GPa  and assuming an 
elastic behaviour below ~ 900 ~ in LCR samples 
the ceramic coating is in compression if, during the 
deposition, the metal substrate exceeds about 400 ~ 



1 , 2  - -  

1.1 

1.0 

0.9 

- 0 . 8  - 
0 

x 0.7 - 

"~ 0 . 6  - 

- 0 . 5 -  

0.4 

0.3 

0 2  

(0) 

�9 o . �9 
. . , .  

I I I I I I I I I I I I - 

70 
I I I I I I I I I I I 

71 72 73 74 75 

2(~ (deg) 

1.3 

1.2 

1.1 

1.0 

0.9 

"-' 0 . 8  C], 

'7 
- -  0,7 

~ 0.6 

C 

- 0 . 5  

0 . 4  

0.3 

0.2 

(b) 

T 
~  

. / X  
/ \. 

.'/ \ 

" ' � 9  1 
. 

. .  

T 

I I I I I I I I 

t 

I I I 

1 I I I I I I I I I I I 

70 71 72 73 74 75 

2e ( d e g )  

Figure4 (a) XRD spectra of the (4 0 0 ) peak region for an HCR coating (. �9 . )as-prepared;and(  ) the results of peak separation. (b) As (a) 
for ( . . . )  an oxidized HCR coating and ( ) the results of peak separation. 

5 5 9 5  



9 

7 

% 5  

~ L C R  

1 ~HCR 

-I 
O 100 300 500 700 

Temperature (~ 

Figure 5 Thermal expansion curves for HCR and LCR coatings as- 
prepared. 

(stainless steel thermal expansion coefficient of about 
16 • 10 6 ), On the contrary, in HCR samples, a re- 
sidual tensile stress of ~ 200 MPa is present in the 
ceramic layer, which is relieved by vertical cracking. 
Moreover compressive stress is created in the ceramic 
coating when the metal/ceramic combination is 
heated from the ceramic side: the ceramic is hotter 
than the metal, and any attempted thermal expansion 
of the ceramic is resisted by the more massive metal 
substrate. In this case the lower thermal expansion of 
HCR samples with respect to LCR ones, and their 
shrinkage due to Ce20 3 oxidation, are very important 
in decreasing compressive stresses. 

5. Conclus ion 
CeO2-YzO 3 stabilized zirconia plasma-sprayed coat- 
ings have been made by two different technological 
procedures, obtained by changing the cooling system 
during the deposition. A high cooling rate has been 
shown to induce the contemporary presence of CezO3 
and CeO2, while cooling in calm air induced the 
presence of only CeO2. 

On subsequent heating for reoxidation, the HCR 
coatings, detached from the substrate, showed a lower 
thermal expansion coefficient than the LCR and, after 
the oxidation treatment at about 340 ~ a shrinkage. 

This behaviour has been well explained by the 
phase composition changes caused by the oxidation of 
Ce20 3. Moreover, a great influence of the cerium 
valence state on the residual stress field in the ceramic 
coating after fabrication and in a subsequent heating 
has been demonstrated, indicating the linkage be- 

tween chemical and technological aspects in plasma- 
spray deposition. 
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