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Tetragonal-to-monoclinic phase 
transformation during thermal cycling and 
isothermal ageing in yttria-partially stabilized 
zirconia 
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Himeji Institute of Technology, Shosha, Himeji 671-22, Japan 

The tetragonal-to-monoclinic (T ~ M) phase transformation accompanied with thermal cycling 
has been studied by ionic conductivity, dilatation and X-ray diffraction measurements. With 
repeating thermal cycling, the Ms point shifts to a higher temperature, the amount of expansion 
due to T -~ M transformation increases, and the transformation proceeds from the surface in the 
specimen interiors. These phenomena are attributed to grain boundary cracking which occurs as 
a result of the transformation. The time-transformation isotherms at 353 K and at room 
temperature can be expressed by the Johnson-Mehl equation f = 1 - exp( - btn), and the same 
n value of 0.7 was obtained irrespective of grain size and of environment. 

1. I n t r o d u c t i o n  
Partially stabilized zirconia ceramics have remarkable 
advantages in mechanical properties, such as bending 
strength and fracture toughness. This improvement in 
mechanical properties is believed to be related to the 
martensitic transformation from tetragonal to mono- 
clinic structures, i.e. a transformation-toughened 
mechanism [1]. 

However, these ceramics show an unusual degrada- 
tion phenomenon during ageing relatively low tem- 
peratures (423-673 K), as reported by Kobayashi et 

al. [2]. Many investigators have studied this degrada- 
tion phenomenon and agree that degradation is due to 
the occurrence of cracking as a result of partial trans- 
formation from tetragonal (T) to monoclinic (M) 
structure during ageing [2-13].  These T M trans- 
formation phenomena are complicated and are affec- 
ted by many factors. Firstly, the transformation 
depends strongly on grain size [4-6] ,  i.e. the trans- 
formation does not take place in ceramics less than 
a critical grain size of about 0.3 [4] or 0.5/am [5]. 
Secondly, the transformation is enhanced when the 
ceramics are exposed to the environment of water 
vapour [6-12].  Thirdly, the transformation is en- 
hanced by cyclic annealing [7, 13]. In addition, the 
content of solute (Y203) and the addition of other 
oxides such as CeOz and A120 3 also affect the trans- 
formation rate [3, 11, 14, 15]. 

In this study, the propagation phenomena and kin- 
etics of T - M  transformation in Z rOz-3  mol % Y203 
during thermal cycling and during isothermal ageing 
at relatively low temperatures (below 373 K) are in- 
vestigated, in order to gait- information on the T - M  

transformation and to prevent the degradation 
phenomenon. 

2. Experimental  procedure 
The zirconia powder containing 3 mol % yttria was 
prepared by a co-precipitation method. The chemical 
composition of the powder is shown in Table I. The 
powder was uniaxially pressed at 100 MPa and the 
compacts were sintered in open air for 18 ks at tem- 
peratures ranging from 1573 to 1973 K (Ts), followed 
by cooling down to 1100 K at 1.3 Ks  1, and then 
air-cooled to avoid cracks caused by the martensitic 
transformation [7]. The sintered specimens were discs 
9.4 mm in diameter and about 2 mm thick, and rectan- 
gular bars of 3 x 2.7 x 9 ram. 

Ionic conductivity was measured by means of 
a two-probe d.c. method during cooling, at a rate of 
0.022 Ks  -1 from 1073 to about 373 K. Platinum paste 
was coated on both sides of the discs, followed by 
heating to 1273 K. Spring-loaded platinum wires en- 
sured good electrical contact with the specimen. The 
current at the applied potential of 1 _+ 0.0015 V was 
recorded as a function of temperature. These conduct- 
ivity measurements were performed in open air. Ther- 
mal expansion was measured during the heating-cool- 
ing (thermal) cycle in the temperature range from 
room temperature to 1073 K, at the same rate as in the 
conductivity measurements. The specimen holders of 
the dilatometer were of quartz. The expansion of the 
quartz tube was neglected in these measurements be- 
cause the expansion coefficient of quartz is about 1/30 
that of the specimens. 

0022-2461/91 $03.00 + .12 �9 1991 Chapman & Hall 5521 



T A B L E I Chemical composition of ZrO 2 3 mol % Y203 powder 
(mass %) 

Y203 CaO MgO SiO 2 Fe203 A1203 TiO2 
5.63 0.09 0.10 0.10 0.01 0.02 0.15 
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Figure 1 Electric conductivity curves during the cooling stage in 
ZrO2-3 mol % Y203 sintered at various temperatures. The data are 
moved down one order along the longitudinal axis, accompanying 
a decrease in sintering temperature. Cooling rate = 0.022 K s -  1. 

Scanning electron microscope (SEM) and the X-ray 
diffraction (XRD) observations were also performed. 
From XRD, the percentage of the monoclinic phase 
in the specimens was estimated from the rela- 
tive intensities of the two monoclinic peaks (1 1 1)m 
+ (1 1 1)m and the tetragonal peak (1 1 1)t + cubic 

peak (1 1 1)c + (1 1 l)m + (1 1 ]-)m. 

3. Results and discussion 
3.1. Tetragonal-monocl inic transformation 

during thermal cycling 
The changes in ionic conductivity during cooling are 
shown in Fig. 1. The conductivity data can be given by 
the following equation [16] for a particular temper- 
ature range: 

o T  = A e x p ( -  Q/RT)  (1) 

where c~ is the conductivity, T the temperature, 
A a constant, Q the activation energy and R the gas 
constant. The conductivity plots of the specimens sin- 
tered at 1973 and 1873 K indicate clear increases at 
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Figure2 Dilatation curves during heating ( . . . .  ) and cool- 
ing ( ) stages in ZrOz 3 tool % Y203 sintered at various 
temperatures.. 

a temperature range from 700 to 600 K. However the 
plots of specimens sintered below 1773 K show only 
a small deviation to higher values from the extrapola- 
tion of data at higher temperatures. These increases 
and deviations are due to the T --, M transformation, 
as suggested in a previous study [17]. Fig. 2 shows 
dilatation against temperature curves during thermal 
cycling. These curves are similar to the results for 
ZrO/-2.5 mol % Y203 published by Yoshikawa et al. 
[13]. The dilatation curves of specimens sintered at 
1973 and 1873 K show a distinct expansion due to the 
T ~ M transformation [13] at 700-500 K during the 
cooling stage, but those sintered below 1773 K show 
no such expansion. These results are in fairly good 
agreement with those in Fig. 1. It is shown in Fig. 3 
that the T-M transformation can occur in specimens 
with larger grain sizes than about 0.3 gm (the critical 
grain size), which agrees well with previous studies 
[4 6]. 

Fig. 4 shows the effect of the number of thermal 
cycles on the behaviour of T-M transformation. The 
total expansion due to the T ~ M transformation 
increases with cycle number. In addition, the M~ point 
(the starting temperature of T-* M transformation) 
shifts to a higher temperature, from 600 to 710 K, as 
cycle number increases in both specimens sintered at 
1873 and 1973 K. However, the A~ point (the starting 
temperature of M ---, T transformation) is kept at al- 
most the same temperature of about 790 K, irrespect- 
ive of cycle number. These Ms and A~ points are 
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Figure 3 Mean grain size and amount of monoclinic phase for 
ZrO2-3 mol % Y203 after (3, first and ~ ,  second thermal cycles 
against sintering temperature. 
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Figure 4 Dilatation curves for ZrO2-3 mol % Y2Oa during thermal 
cycling experiments. Numbers times of thermal cycling. Ms = start- 
ing temperature of T -* M transformation; A~ = starting temper- 
ature of M --+ T transformation. 

determined from the cross-points of two extrapolated 
lines of the linear portions of the curves, as shown in 
Fig. 4. The behaviour of M~ as a function of thermal 
cycle number is also confirmed from ionic conductiv- 
ity measurements, as shown in Fig. 5. 

SEM observations of the specimen surface after the 
second thermal cycle indicate that cracks have oc- 
curred at grain boundaries, as shown in Fig. 6. This 
specimen surface was polished and etched thermally 
for 300s at 1773 K prior to the thermal cycling 
experiments. 

X 
- I  

2 

- 2  

0 ,o 

~'~ e ~ .  1.4 1.6 1.8 

~-2b % 

- 6  F ] t I 
I 2 

T-~ (10-3K-~) 

\ 
(, 

X, 
I 

Figure 5 Conductivity curves during the cooling stage at various 
thermal cycles: O, first; (3, second; x ,  third. ~ = 1873 K; cooling 
rate = 0.022 K s -  1. 

Figure 6 SEM micrograph showing grain-boundary cracks occur- 
ring at the specimen surface after the second cycle (T~ = 1873 K). 

Fig. 7 shows that the T --+ M transformation prop- 
agates from the surface into the interior of specimen 
with increasing cycle number. Presumably this propa- 
gation will accompany the grain-boundary cracking, 
i.e., transformation-induced cracking. 

The thermodynamic temperature for the trans- 
formation, To, is defined as the temperature at which 
AG~ - M =  0, i.e. two chemical free energies of the 
tetragonal and monoclinic phases are equal 
(~ M = Gc ), and To is taken as (M~ + A,)/2 [183. The 
martensitic transformation cannot usually start at To, 
but starts at a lower temperature than To, i.e. super- 
cooling ( T o -  Ms) is necessary for the onset of the 
transformation. This supercooling problem in ZrO2 is 
treated by Lange [19] as follows: 

AGT-M = -- AGe + AGse + &Gs = 0 (2) 
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where AGe is the change in chemical free energy 
between the T and M phases, AGse is the change in 
strain energy associated with the transformed 
M phase and surrounding T phase, and AGs is the 
change in surface energy associated with the T ~ M 
transformation. Both the terms AGs and AGsewill be 
related to the constrained term of the surrounding 
matrix resulting from the expansion of martensite 
formation. 

However, TEM observations of T-M transforma- 
tion [20, 21] indicate that this transformation is a 
nucleating controlled reaction, and the martensite laths 
nucleate at grain boundaries and propagate through 
grains. In addition, the microcracks and/or cracks are 
observed at grain boundaries, and are presumably due 
to the T ~ M transformation [10, 22, 23]. 

The" cracks and/or microcracks produce free sur- 
faces in the interior of specimens and act for the 
formation of strain-less martensite during the follow- 
ing cooling stage, and thus the term of AGs~ becomes 
small. Furthermore, the free surface of the matrix will 
easily cause further nucleation of martensite laths at 
much deeper positions from the surface of specimens, 
because the constrained term of the surrounding 
matrix becomes less. The results obtained in this 
study, i.e. that the Ms shifts to higher temperature; the 
amount of expansion due to T ~ M transformation 
increases; and the transformation proceeds from the 
surface in the interiors of specimens accompanying the 
cyclic number, can be interpreted as the effects of 
grain-boundary cracking as discussed above. There- 
fore it can be concluded that the increase in the cohe- 
sion of grain boundaries will be the most important 
factor in preventing the propagation of the T - ,  M 
transformation from the surface in the interiors of 
specimens. Then we can propose that the following 
term including the cohesive energy of grain boundary, 
AGgb,  should be added to AGT-M: 

A G T -  M ---- - -  AGe + AGse + AG, + AGg b (3) 
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Figure 7 Relation between amount of monoclinic phase and depth 
from surface for ZrO2-3 mol % Y203 after various thermal cycles. 
T, = 1873 K. 
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The highest Ms point and As point obtained in this 
study are plotted in Fig. 8. In this figure, the To tem- 
peratures obtained from dilatometric measurements 
with the arc-melted specimens [24] are also plotted. 
The To temperature obtained from (Ms + As)/2 is 
about 730 K in this study. This temperature is equival- 
ent to the Y203 content of about 1.6 tool % from the 
extrapolated line of the published To. This content is 
close to that at the T/(T + C) phase boundary at 
around 1900 K noted by Scott [25], but is smaller 
than that found by Ruh et al. [26]. The Ms point may 
increase further for the formation of stress-free 
martensite. 

3.2. Isothermal kinetics of T -M 
transformation 

Fig. 9 shows the relationship between the amount of 
monoclinic phase formed at the specimen surface and 
the ageing time in distilled water at 353 K. The en- 
hancement of the transformation by water vapour 
above 423 K has been widely studied, and several 

Figure 8 T ~ M transformation temperature of ZrO2 as a function 
of Y203 concentration. 0 ,  [24] ;  �9 present work. 
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Figure 9 Relation between the amount of monoclinic phase trans- 
formed at the specimen surface and ageing time in water at 353 K. 
T~ = (2), 1973; O, 1873; r~ 1773; &, 1673; V, 1573 K. 
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Figure 10 Plots of log [1/(1 - f ) ]  against log t. Specimens aged in 
(- -) air; ( - - - - )  water, n = 0.7. 

Figure 11 SEM micrograph showing grain-boundary cracks in 
a specimen aged in water at 353 K for 20 days (T~ = 1873 K). 

enhancement models have been proposed [6 9]. The 
plots of specimens at each sintering temperature show 
typical sigmoidal curves. These results indicate that 
the T - M  transformation proceeds isothermally, as 
suggested by Nakanishi et al. [71. The tendency of this 
isothermal transformation phenomenon can be in- 
ferred from the results achieved during the heating 
stage of Figs 2 and 4, i.e., the expansion phenomena 
around 500-600 K. 

The many time-transformation isotherms in alloy 
systems have been described by the Johnson-Mehl  
equation [27]: 

f = 1 - exp( - bt") (4) 

where f is the fraction of transformation, t is time, and 
b and n are constants. Equation 4 can be written in the 
following form: 

loglog[1/( l  - f ) ]  = n log t  + log(b/2.3) (5) 

The plots of log log [1/(1 - f ) ]  against ageing time are 
shown in Fig. 10. In this study, f was obtained from 
the fraction in the saturated amount of the monoclinic 
phase (about 52 %) shown in Figs 7 and 9. An approx- 
imately linear relationship between them is found. 
This fact may indicate that a certain diffusional reac- 
tion has taken place in the T ~ M transformation. 
From the slope of the straight lines, about 0.7 is 
obtained as the n value, irrespective of grain size and 
of the environments of air (dotted line) and water 
(solid line). From the latter results, it can be concluded 
that the transformation mechanism in the specimens 
exposed to air will be same as that in the specimens 
aged in water. The humidity in the air should act for 
the isothermal transformation. There is at present no 
information on the n value for the martens�9 trans- 
formation, although detailed analysis on the n value 
may be necessary to study the nucleation stage of the 
transformation for the prevention of degradation. 

Fig. 11 shows the grain-boundary cracking which 
occurred in the specimen during ageing in water for 20 
days at 353 K. The energy concerning the cohesion of 
grain boundaries will also be important for the T - M  
transformation during isothermal ageing. 

It can be seen in Fig. 9, in addition, that the speci- 
men sintered at 1573 K transforms at prolonged age- 
ing in water at 353 K, i.e. the transformation can occur 
even in a specimen with a mean grain size of 0.18 gm. 

4. Conclusions 
1. The T - M  transformation is affected by several 

factors, such as grain size, thermal history and en- 
vironment of water, but the transformation proceeds 
in specimens of grain size even below 0.2 pm when 
aged in water at 353 K. 

2. As thermal cycle number increases, the Ms point 
(the starting temperature of the T--* M transforma- 
tion) shifts to a higher temperature, the amount of 
expansion due to the T --, M transformation increases, 
and the transformation proceeds from the surface to 
the interior of specimens. These phenomena are 
attributed to the appearance of grain-boundary 
cracking. 

3. The relation between the amount of T ~ M 
transformation at the specimen surface, and the 
time aged at 353 K and at room temperature, can 
be expressed by the Johnsori Mehl equation: 
f =  1 - exp( - bt"), and the value of n obtained was 
0.7, irrespective of grain size or of environment. 

4. The grain-boundary cohesion of ZrO2-  
3 mol % Y203 is the important factor for the preven- 
tion of propagation of T ~ M transformation into the 
interiors of specimens. 
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