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Control of the tetragonal-to-monoclinic 
phase transformation of yttria partially 
stabilized zirconia in hot water 

T. SATO, M. S H I M A D A *  
Department of Applied Chemsitry, Faculty of Engineering, Tohoku University, 
Sendai 980, Japan 

The tetragonal-to-monoclinic phase transformation of yttria partially stabilized zir- 
conia caused by annealing in hot water was investigated in the temperature range 
80 to 200~ using sintered bodies in zirconia containing 2, 3 and 4mol%Y203. 
Three approaches, alloying Zr02 (Y203) with 0 to 20 wt % CeOz, dispersing 0 to 
40wt% AIz03 into ZrO2(Y203) ceramics and decreasing the grain size of zirconia, 
were examined to inhibit the tetragonal-to-monoclinic phase transformation. The 
amount of monoclinic phase formed decreased with increasing concentrations of 
CeOz alloyed and AIz03 dispersed, and with decreasing grain size of zirconia. 

1. Introduction 
Partially stabilized zirconia has excellent mech- 
anical properties, such as high strength and high 
resistance to fracture. A martensitic transforma- 
tion from the metastable tetragonal phase to the 
stable monoclinic phase is believed to relieve the 
fracture stress [1, 2]. Therefore, the retention of 
the tetragonal phase at room temperature is 
essential to increase the fracture toughness and 
fracture strength of partially stabilized zirconia. 
However, it has been reported that the tetrag- 
onal phase on the surface of partially stabilized 
zirconia rapidly transforms to the monoclinic 
phase by low-temperature annealing at 200 to 
300~ in air, and both fracture strength and 
fracture toughness are greatly reduced [3-5]. In 
a previous study [6] we reported that some sol- 
vents accelerated the tetragonal-to-monoclinic 
phase transformation, and that water was the 
most effective solvent to promote the phase 
transformation. In the present study, the tetrag- 
onal-to-monoclinic phase transformation of 
yttria partially stabilized zirconia containing dif- 
ferent concentration of Y203 was investigated in 
hot water, in which three different approaches, 
alloying ZrO2(Y203) with CeOz, dispersing 
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A1203 into ZrO2(Y203) and decreasing the 
grain size of ZrO2, were tested to inhibit the 
transformation. 

2. Experimental procedure 
Zirconia powder containing 2, 3 and 4tool % 
Y203 (designated ZrO22Y, ZrO23Y and 
ZrO24Y) and alumina powder were supplied 
by Toyo Soda Co Ltd (Shinnanyo, Yamaguchi 
746, Japan) and Sumitomo Chemical Co Ltd 
(Niihama, Ehime 792, Japan), respectively. All 
other chemicals were of analytical grade and 
were used without further purification. Starting 
powders were prepared by mixing ZrO2(Y203) 
powder and A1203 powder or CeO2 powder by 
ball milling with acetone and A1203 balls in 
a plastic container; then all powders were 
dried. These powders wer e uniaxially pressed a t  
1000 kgcm -z to form pellets, 5mm in diameter 
and 5 mm in thickness, and then sintered at 
1400, 1500 and 1600~ C for 3h in air. The fabri- 
cated pellets and 10ml of distilled water were 
put into 20 ml sealed stainless tubes. Each tube 
was sealed, and then placed in an electric furnace 
regulated to the desired temperature. The sealed 
tubes were removed from the electric furnace at 
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regular time intervals, and quickly cooled to 
room temperature. The bulk density of the sin- 
tered bodies was measured by the Archimedes 
technique. The bulk density of porous specimens 
was determined by coating the surface with 
dibutylhydroxyltoluene. X-ray diffraction analy- 
sis was used for phase identification. Scans of 20 
between 27 ~ and 32 ~ were conducted to estimate 
the monoclinic/(tetragonal + cubic) zirconia 
ratio [7], and between 55 ~ and 62 ~ to confirm the 
presence of the tetragonal and/or cubic phase. 
Average grain size was determined on scanning 
electron micrographs of the fracture surface by 
the intercept method [8]. The concentrations of 
zirconium and yttrium dissolved in a solution 
were determined by a colourimetric method 
using xylenol orange [9] and by an atomic 
absorption method, respectively. 

3. Results and discussion 
3.1. Characteristics of as-sintered 

materials 
The phase, grain size and relative density of 
as-sintered bodies are summarized in Table I 
and Figs. 1 and 2. As expected from the phase 
diagram of the ZrO2-Y203 system [10, 11], the 
phases of zirconia in ZrO22Y-AlzO3 and 
ZrO23Y-AlzO 3 composites were fully tetrag- 
onal, and that in ZrOz4Y-AIzO3 composite was 
a mixture of tetragonal and cubic. On the other 
hand, the amount of cubic phase was increased 
by alloying ZrO2(Y203) with CeO2, i.e. 
ZrO23Y-CeO2 ceramics containing more than 
10 wt % CeOz were composed of a mixture of 
tetragonal and cubic phases. As seen in Figs. 1 
and 2, the dispersion of A1203 into ZrO2(Y203) 
resulted in no significant difference in the rela- 
tive density and grain size, and the relative den- 
sities of ZrO2(Y/O3)-AI203 sintered bodies were 

T A B L E  I Phase contents of sintered bodies of 
ZrO2(Y203) with added AI203 and CeO 2 

Additive (wt%) Phase content* 

ZrO2'2Y ZrO23Y ZrO24Y 

none 
AlzO 3 
CeO2 

- t t t + c  
5-40 t + a  t + a  t + c + a  
2 t t t + c  
5 t t t + c  

10 t t + c  t + c  
15 t t + c  t + c  
20 t t + c  t + c  

*t, tetragona] ZrOz; c, cubic ZrO2; a, e-Al203. 
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Figure 1 Relative densities and grain sizes of ZrO2(Y203) 
ceramics alloyed with different concentrations of CeO 2, 
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Figure 2 Relative densities and grain sizes of ZrO2(Y203) 
ceramics dispersed with different concentrations of AlzO3. 
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achieved to more than 97% of the theoretical 
density. However, alloying ZrO2(Y203) with 
CeO2 resulted in increase of grain sizes and 
decrease of relative density. 

3.2. Phase transformation of Zr023Y 
sintered bodies in hot water and in 
air at different temperature 
conditions 

The molar concentration of the monoclinic 
phase formed on the surface annealed at 65 to 
400 ~ C in air and in hot water were determined 
for ZrOz3Y ceramics fabricated at 1600 ~ C. The 
results are shown in Fig. 3. As seen in Fig. 3, the 
rate of the tetragonal-to-monoclinic phase 
transformation increased with increasing tem- 
perature until 250~ Although the rate of 
transformation in hot water was much faster 
than that in air, as i'eported earlier [6], the maxi- 
mum concentration of the monoclinic phase 
formed in both air and hot water was almost the 
same. The concentrations of zirconium dissolved 
in the solution were less than 0.1 ppm and those 
of yttrium were not detectable in the present 
experimental conditions. Therefore, it was con- 
firmed that the effect of dissolution of both zir- 
conium and yttrium on phase transformation 
was negligible, and that the tetragonal-to-mono- 
clinic phase transformation was accelerated by 
the reaction between water and zirconia ceramics 
on the surface. 
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Figure 3 The tetragonal-to-monoclinic phase transformation 
in ZrO23Y ceramics fabricated at 1600~ by 50 h annealing 
in hot water and air. 
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3.3. Control of the 
tetragonal-to- monoclinic phase 
transformation 

The free energy change of the tetragonal-to- 
monoclinic phase transformation (AGt~) can 
be described [12] by 

AGt.m = (G~ m -  G~ t) + (G~-- Gte) 

+ (G~ - G~) 

= AGe + AGse + AGs (1) 

where G~ and G~, G~ m and G~, and G~ TM and G~ are 
the chemical free energies, the strain free ener- 
gies and the surface free energies in the mono- 
clinic and tetragonal phases. Therefore, the 
tetragonal-to-monoclinic phase transformation 
can be controlled by increasing AGe, AG~, and 
AG~. It is well known that AGo can be increased 
by alloying ZrO2 with Y203, CeO2, etc.; CeOz is 
a good candidate material for the present inves- 
tigation, since it lowers the transformation tem- 
perature drastically [13]. On the other hand, 
since AG~, is dependent on the elastic properties 
of the transformed inclusion and surrounding 
matrix, AGs~ is increased with increasing elastic 
modulus of the constraining matrix [12]. It is 
expected that the dispersion of A1203 (Young's 
modulus, 400 GPa) into zirconia might be suit- 
able for control of the tetragonal-to-monoclinic 
phase transformation. Further, AQ can be 
increased with decreasing grain size of ZrO2, 
since the surface energy of the tetragonal phase 
is less than that of the monoclinic phase [14]. 

A series of experiments on the phase trans- 
formation in ZrO22Y, ZrOz3Y and ZrO24Y 
with added 0 to 20 wt % CeO: or 0 to 40 wt % 
A1203 were performed in hot water at different 
temperature conditions. The results are shown 
in Figs. 4 and 5. As expected, the amount of 
monoclinic phase formed decreased with increas- 
ing concentrations of both CeOz and AI203. It is 
noticeable that no monoclinic phase was formed 
in ZrO23Y and ZrO24Y alloyed with more than 
10wt% CeO2 and ZrO22Y alloyed with more 
than 15 wt % CeO 2. On the other hand, although 
the dispersion of A1203 decreased the trans- 
formation rate, it was effective only below 
100 ~ C, and could not inhibit the transformation 
completely. 

Using ZrO23Y ceramics containing 0 to 
20 wt % CeO2 and 0 to 40 wt % AI203 with dif- 
ferent grain sizes of Z r O  2 fabricated at 1400, 
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Figure 4 The tetragonal-to-monoclinic phase transformation 
in ZrO2(Y203) ceramics alloyed with different concentra- 
tions of CeO/and fabricated at 1600~ C by annealing in hot 
water for 7 days. 
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Figure 5 The tetragonal-to-monoclinic phase transformation 
in ZrO2(YzO3) ceramics dispersed with different concentra- 
tions of A1203 and fabricated at 1600 ~ C by annealing in hot 
water for 7 days. 

1500 and 1600 ~ C, the tetragonal-to-monoclinic 
phase transformation behaviour was tested in 
hot water at 100 ~ C. The results are shown in 
Figs. 6 and 7. As seen in both figures, the 
amount  of  monoclinic phase formed decreased 
with decreasing grain size of  ZrO2. Under  the 
present experimental conditions, the dispersion 
of A1203 into zirconia ceramics showed only 
limited control of  the tetragonal-to-monoclinic 
phase transformation. On the other hand, alloy- 
ing ZrO2(Y203) with CeO2 could completely 
inhibit the phase transformation. The amount  of  
CeO2 alloyed with ZrO2(Y203), which could 
inhibit the phase transformation completely, 
decreased with decreasing sintering temperature, 
i.e. 1 0 w t %  at 1500 and 1600~ and 2 w t %  at 
1400 ~ C. Another  notable result shown in Figs. 6 
and 7 was that the tetragonal-to-monoclinic 
phase transformation did not occur in ZrOz3Y 
ceramics with grain size less than 0.45 #m by 
annealing in air [15], but a significant amount  of  
the monoclinic phase was detected when 
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Figure 6 The tetragonal-to-monoclinic phase transformation 
in ZrO2(YzO3) ceramics a11oyed with different concentra- 
tions of CeO 2 and fabricated at different temperatures by 
annealing in hot water at 100~ for 7 days. 
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Figure 7 The tetragonal-to-monoclinic phase transformation 
in ZrO2(Y203) ceramics dispersed with different concentra- 
tions of  AlzO 3 and fabricated at different temperatures by 
annealing in hot  water at 100~ for 7 days. 

ZrO23Y ceramics with the same grain size were 
annealed in hot water. This might be due to a 
change in the surface energy of ZrO2 with 
absorption of water. 

4. Conclusions 
(a) Alloying ZrO2(Y203) with CeO2 was effec- 

tive in inhibiting the tetragonal-to-monoclinic 
phase transformation. 

(b) The dispersion of A1203 into ZrO2(Y203) 
ceramics slowed down the rate of the tetragonal- 
to-monoclinic phase transformation. 

(c) Decreasing the grain size of zirconia 
reduced the degree of tetragonal-to-monoclinic 
phase transformation and lowered the con- 
centration of CeO2 alloyed with ZrO2(Y203) 
required to inhibit the transformation completely. 
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