
JOURNAL OF MATERIALS SCIENCE 30 (1995) 720-723 

A stabilization mechanism of M203c-type rare earth 
tetragonal stabilized ZrO 2 via co-decomposition 

G. PRETORIUS 
Department of Chemistry, University of Pretoria, 0002, South Africa 

Evidence was obtained that c-type rare earth M203 stabilized ZrO2 in the tetragonal phase via 
oxygen coordination between the M203 molecule and the ZrO2 unit cell. The ratio for 100% 
stabilization was calculated to be 2.7 mol% M203 stabilizer. This was experimentally proved 
by using the co-decomposition process to obtain 100% tetragonal stabilization efficiency. It 
has also been established that stabilization is dependant upon the average Zr-O bond length 
of 226 pm as a parameter and not necessarily of an exact radius varying between 206 pm and 
246 pm. 

1. Introduction 
Tetragonal ZrO 2 is widely used in the manufacturing 
of PSZ [-11 and TZP [-2 5] ceramics. One of the 
methods used to stabilize ZrO2 in a tetragonal phase 
is via a chemical co-precipitate intermediate [-6], prior 
to calcination. Misunderstanding prevails in this area 
since many researchers believe that the stabilization 
efficiency is due to the co-precipitate intermediate and 
neglect the calcination (decomposition) reaction. Re- 
cently, tetragonal ZrO2, was prepared without any 
stabilizer and intermediate, which is stable at room 
temperature [7]. This led the way to the investigation 
into tetragonal stabilization processes and the mecha- 
nism by which tetragonal stabilization occurs. 

2. Experimental procedure 
2.1. Sample preparation 
Zr(SO4)2.xH20 grade 4 ( > 99% pure) was obtained 
from Phalaborwa Mining Company, South Africa. 
Analytical grade M203, M = Sb, In, Eu, Ho, Nd, Pr, 
Ce, Bi was bought from Fluka and M2(SO4)3.xH20 
was prepared via the reaction of M203 with HzSO r 

2.2. Thermogravimetric analysis 
A Stanton-Redcroft  STA 780 simultaneous thermal 
analyser was used to obtain thermogravimetric data. 
Nitrogen was used as a dynamic atmosphere with 
a flow rate of approximately 20 cm 3 min-  i. Platinum 
sample pans were used and temperature calibration 
was achieved by using ICTA recommended DTA 
standards. 

2.3. X-ray powder diffraction analysis 
X-ray powder diffraction patterns were recorded on 
a Siemens D501 instrument equipped with a mono- 
chromator. CuK~ radiation at 25 mA and 30 kV was 
used. 

2.3. 1. The derivation of a calibration 
curve for tetragonal ZrOe 

The first step was to derive a calibration curve to 
determine the percentage tetragonal phase present in 
ZrO2 as a function of the ratio between the tetragonal 
and monoclinic intensity reflex signals respectively at 
20 = 30 ~ and 20 = 28 ~ of an X-ray powder diffraction 
pattern. This was done by mixing different weighed 
portions of 100% monoclinic ZrO2 and 100% tetra- 
gonal ZrO2 thoroughly in acetone, drying it, and then 
recording the X-ray powder diffraction patterns of the 
mixed powders. The different ratios between the te- 
tragonal and monoclinic reflex signals respectively at 
20 = 30 ~ and 20 = 28 ~ were calculated and plotted 
against the % tetragonal phase used in the weighed 
portion (Fig. 1). 

2 .3.2.  Calculation of the stabilization 
efficiency 

X-ray powder diffraction patterns of the decomposed 
products, prepared by different processes containing 
1-6 wt% Y203 in each case, were recorded. The ratios 
between the tetragonal and the monoclinic intensity 
reflex signals respectively at 20 = 30 ~ and 20 = 28 ~ 
were calculated. These calculated values were used to 
derive the percentage tetragonal phase from the calib- 
ration curve (Fig. 1). The different percentages of the 
tetragonal phase were then plotted against the wt% 
Y203 used to obtain the efficiency curves for the 
different processes (Fig. 2). 

2.3.3. Preparation of yttria stabilized 
tetragonal ZrOe via decomposition of 
Zr- Y-OH co-precipitate 

Concentrated solutions of Zr (804) 2 and Y2(SO4)3 
were prepared and then standardized by taking cer- 
tain volumes of these solutions, carefully decomposing 
them at 1100 ~ and then weighing the resulting mass 
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Figure l The calibration curve for tetragonal ZrO z as a function of 
the ratio between the tetragonal and monoclinic intensity reflex 
signals of X-ray powder diffraction patterns, respectively at 
20 = 30 ~ and 20 = 28 ~ . 

Figure 2 The stabilization efficiency of different decomposition 
reactions (a) Decomposition of Zr -Y-SO4 at a heating rate of 
100~ h t. (b) Decomposition of Z r - Y - O H  at a heating rate of 
100~ h - L  (c) Decomposition of Zr Y SO4 and Z r - Y - O H  dir- 
ectly at 1100~ 

c o n t a i n i n g  Z r O  2 and Y 2 0 3  respectively. Mixtures of 
these two solutions containing between 1-6 wt% 
Y 2 0 3  w e r e  co-precipitated by the addition of ammo- 
nia to these solutions until the pH was 7. The co- 
precipitates were then filtered and decomposed at 
a heating rate of 100 ~ h -  1 up to 1100 ~ Afterwards, 
the stabilization efficiency of this process was cal- 
culated (as described in section 2.3:2.) and the results 
were plotted in Fig. 2. 

2.3. 4. Preparation of yttria stabilized 
tetragonal ZrOe via the 
decomposition of Zr-  Y-S04 

The same experimental procedures as in Section 2.3.3 
were used except for the addition of ammonia, there- 
fore, no co-precipitated intermediates were present 
prior to decomposition. Afterwards the stabilization 
efficiency of this process was calculated and the results 
were plotted in Fig. 2. 

2.3.5. Preparation of yttria stabilized 
tetragonal ZrOe via co-decomposition 
of Zr-  Y-S04 and Zr- Y-OH 
respectively 

�9 Zr-Y SO4: The same experimental procedures as 
in section 2.3.4 were used except that the decomposi- 
tion reactions were carried out directly at 1100 ~ for 
2h. 
�9 Z r - Y - O H :  The same experimental procedures as 
in section 2.3.3 were used except that the decomposi- 
tion reactions were carried out directly at 1100 ~ for 
2h. 

Afterwards the stabilization efficiency of this process 
was calculated and the results were plotted in Fig. 2. 

2.3.6. Preparation of yttria (3 wt%) 
stabilized tetragonal ZrOe via separate 
precipitation 

The same experimental procedures as in section 2.3.2 
were used except that the Z r ( S O 4 )  2 and Y 2 ( 8 0 4 ) 3  

solutions were not mixed prior to the addition of 
ammonia in both solutions, but thereafter. The same 
heating rate as in section 2.3.2 (100~ h =1) was used 
to decompose this mixture and afterwards the stabiliz- 
ation efficiency was calculated. 

2.3.7. Preparation of 2.7 mol% M203 
(M= Sb, In, Y, Eu, t40, Nd, Pr, Ce, Bi) 
stabilized tetragonal ZrOe via 
co-decomposition 

Concentrated M 2 0 3  precursor solutions were pre- 
pared and standardized by the decomposition of 
pipetted volumes of these solutions at 1100~ and 
weighing the resulting M203 powders. Mixtures of 
a standardized Zr(SO4)2 solution and a M203 stand- 
ardized precursor solution were co-decomposed dir- 
ectly at l l 00~  for 2 h. Afterwards the stabilization 
efficiency of the different M203 stabilizers were cal- 
culated and are listed in Table I. 

3, Results and discussion 
Fig. 3 shows the mass-loss curves for the decomposi- 
tion of Y2(SOg)3.xH20, Y(OH)3.xH20, Zr (OH)4. 
xH20 and Zr(SO4)2.xH20 respectively as a function 
of time and temperature. These samples were lowered 
into the furnace of the Stanton-Redcroft  
STA 780 at 1000~ T h e  decomposition of the 
Y(OH)3.xH20 and Zr(OH)4.xH20 under these condi- 
tions was completed at the same time (just after one 
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TABLE I Stabilization efficiency of 2.7 mol% c-type rare earth 
M203 

M20~ r (M-O) b t-ZrO2 
(pm) (%) 

8b203 214 100 c 
In20 3 218 100 c 
Y203 222 100 
Eu203 227 100 
Ho203 228 100 
Nd203 236 100 
Pr203 237 90 
CezO3 239 5 
Bi203 241 0 

Wia decomposition at 1100 ~ of M20 3 and ZrO/precursor solu- 
tions. 
bCalculated M-O binding length using the values of crystal radii 
from Shannan [10]. 
~ co-decomposition at 900~ of M20 3 and ZrOz precursor 
solutions. At 1100 ~ M20 3 sublimates leaving monoclinic ZrO2. 
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Figure 3 The mass-loss curve of the decomposition of 
Yz(SO4)3.xHzO, Y(OH)3.xHzO, Zr(OH)4.xH20 and Zr(SO4)2. 
xH20 in a nitrogen atmosphere as a function of time and temper- 
ature. 

minute). Therefore we can assume that the decomposi- 
tion rates for Y(OH)3.xH/O and Zr(OH)4.xH20 are 
the same under these conditions. Z r ( S O 4 ) z . x H z O  

reached complete decomposition slightly before two 
minutes under these conditions while, even at 1000 ~ 
and after five minutes, the Y z ( S O g ) 3 . x H 2 0  was not 
completely decomposed. We can assume that the de- 
composition rates of Y 2 ( S O g ) 3 . x H 2 0  and Zr(SO4)  2. 

xH20 differ under these conditions. 
The stabilization efficiency for the different de- 

composition processes is demonstrated in Fig. 2. The 
best results (least wt% Y203 for maximum % tetra- 
gonal phase) were obtained by the co-decomposition 
process. Fig. 3 is a guideline to explain the poor 
stabilization efficiency of the decomposition of 
Zr-Y-SO4 at a heating rate of 100~ -1 and the 
relatively good stabilization efficiency of the de- 
composition of the co-precipitated Zr-Y-OH at the 
same heating rate. It is also evident that the success for 
the tetragonal stabilization lies in the simultaneous 
decomposition of Y z ( S O 4 ) 3 . x H z O  and Zr(SO4)  2. 
xH20. If a solution containing these two salts is 
heated at 100~ -1, the Zr(SO4)2 starts to decom- 
pose to tetragonal ZrO2. At this stage Y2(SO4)3 is 
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mostly undecomposed and there are virtually no 
Y203 available to stabilize the tetragonal ZrO2 in the 
tetragonal phase. At above 800 ~ the newly formed 
tetragonal ZrOz then transformed irreversibly to 
monoclinic ZrO2. By the time that the Y2(SO4)3 has 
decomposed to Y203 it was only able to stabilize 
approximate 40% of the theoretical possible ZrO2. 
Even when the resulting powder is then heated above 
the phase transformation temperature (1200~ of 
monoclinic ZrO2 to tetragonal ZrO2 [8] the nett 
result remained unchanged. 

Further proof that the stabilization efficiency of the 
decomposition of the Zr-Y-OH co-precipitate is due 
to the close resemblance of the decomposition rates of 
Zr(OH), and Y(OH)3 and not because of the co- 
precipitated intermediate, is that the stabilization effi- 
ciency of the decomposition of the mixture of separate 
precipitate of Y(OH)3 (3 wt% Y203) and Zr (OH)4 at 
a heating rate of 100 ~ h- l ,  is the same as for the 
equivalent co-precipitate, namely 40% tetragonal 
phase. 

By co-decomposing the Zr-Y-OH co-precipitate 
the same stabilization efficiency was obtained as for 
the co-decomposition of the Zr-Y-SO4 solution. This 
proves that the optimum stabilization efficiency is 
a function of co-decomposition. 

The next step is to propose a possible mechanism by 
which tetragonal stabilization of ZrO2 occurs and also 
to predict the theoretical mol% Y/O3 necessary to 
obtain 100% tetragonal stabilization of ZrO2. A hy- 
pothesis is that stabilization occurs when a Y/O3 
molecule, which is in the matrix of the newly formed 
8-coordinated tetragonal ZrO2 unit cell, coordinates 
with one of the oxygen atoms of the ZrOz unit cell. 
This coordination prevents the 8-coordinated tetrag- 
onal ZrO2 unit cell to transform to the 7-coordinated 
monoclinic ZrO2 unit cell. To calculate the theoretical 
tool% of YzO3 necessary to stabilize ZrO2 in the 
tetragonal phase, one has to start at the coordination 
number of Y 2 0 3  which is 6 for each yttrium atom. 
Therefore, Y203 can coordinate with (12-3) 9 other 
oxygen atoms because it has 3 oxygen atoms of its 
own. One oxygen atom represents one tetragonal 
ZrO2 unit cell. For one tetragonal ZrO2 unit cell eight 
oxygen atoms are necessary to coordinate with the 
Zr-atom. By using the empirical formula, ZrO2, one 
8-coordinated ZrO2 unit cell needs 4 ZrO2 molecules 
to obtain 8 oxygen atoms. Therefore, one YaO3 mol- 
ecule can stabilize (9 x 4) 36 ZrO2 molecules in the 
tetragonal phase. This is a ratio of 1/37 or 2.7 mol% 
M/O3 stabilizer (4.8 wt% Y 2 0 3 )  and is confirmed by 
Ingel and Lewis [-9] when they obtained the optimum 
density in single crystals of Y 2 0 3  stabilized ZrO2 by 
using 2.8 mol% Y203. We can conclude that theore- 
tical 2.7 mol% M 2 0 3  molecules with the same crystal 
structure as Y/O3 (c-type rare earth) would be able to 
stabilize ZrO2 100% in the tetragonal phase. This was 
put to the test by using the co-decomposition process 
and the results are listed in Table I. 

T e t r a g o n a l  Z r O  2 has 4 Zr-O bonds with a length of 
206 pm and another 4 Zr-O bonds with a length of 
246 pm [11]. The average bond length of Zr-O in 
a tetragonal unit cell is therefore calculated to be 



226 pro. All the c-type rare earth M 2 0  3 that are within 
5.4% of 226 pro, stabilized ZrO2 100% in the tetrag- 
onal phase. This not only proves the mechanism of 
tetragonal stabilization but also the optimum efficien- 
cy of the decomposition process. PrzO3 only has 90% 
stabilization efficiency although it is within 5.4% of 
226 pm. The reason probably being that the empirical 
formula for praseodymium oxide is Pr6Ola and not 
Pr20 3. The poor stabilization efficiency of C%O3 and 
BizO3 is probably because they fall outside 5.4% of 
226 pro. This also proves that the tetragonal stabiliz- 
ation of ZrO/ i s  dependent on the average radius of 
tetragonal ZrOz, 226 pm, and not of the exact radius 
of 206 pm and 246 pm. At 800~ tetragonal ZrO/ 
could be expected to have high vibrational amplitudes 
and to be disordered. It is therefore inappropriate to 
assume that the bond lengths would be identical to 
those at ambient temperatures and it is even possible 
that the bond lengths at these temperatures could be 
226pm long. 

4. Conclusion 
Evidence was obtained that c-type rare earth M 2 0  3 

stabilized ZrO2 in the tetragonal phase via oxygen 
coordination between the M~O3 molecule and the 
ZrO2 unit cell. The ratio for 100% stabilization was 
calculated to be 2.7 mol% M/O3 stabilizer. This was 
experimentally proved by using the co-decomposition 
process to obtain 100% tetragonal stabilization effi- 
ciency. It has also been established that stabilization is 
dependent on the average Zr-O bond length of 
226 pm and not of the exact radii of 206 pm and 
246 pro. 

Furthermore it was also proved that the optimum 
stabilization efficiency is due to co-decomposition and 
not to a co-precipitated intermediate as was incorrect- 

ly assumed. This process is of great importance to the 
ceramic industry because of the cost savings of ytrria 
[12] to obtain 100% tetragonal stabilization efficien- 
cy. CeO/ also stabilized ZrO2 in a tetragonal phase 
and the mechanism for MO2 stabilizers as well as the 
mechanism for cubic stabilization will be researched. 
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