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Tetragonal to monoclinic transformation and
microstructural evolution in ZrO2–9.7 mol% MgO
during cyclic heating and cooling

FUJIO ABE, SEI ICHI MUNEKI, KOICHI YAGI
National Research Institute for Metals, 1-2-1 Sengen, Tsukuba 305, Japan

The tetragonal (t) to monoclinic (m) transformation behaviour and its relationship to

microstructural evolution were investigated by means of dilatometry and transmission

electron microscopy for ZrO2—9.7 mol% MgO during cyclic heating and cooling between

room temperature and 1490 K. In the as-sintered specimens, fine oblate ellipsoidal t-phase

precipitates, 20—50 nm in diameter and 100—200 nm long, were distributed in the cubic

(c)-phase matrix. They were below a critical size for transformation and exhibited no

transformation in the first three cycles. In the fourth and further cycles, transformation

occurred in two distinct stages. A low-temperature stage appeared at 850—1000 K on heating

and at 400—700 K on cooling, while a high-temperature stage appeared at 1350—1400 K on

heating and at 1000—1200 K on cooling. With the increasing number of cycles, at first the size

of low-temperature stages increased and then decreased above ten cycles accompanying

the development of the high-temperature stage. During cyclic heating and cooling,

coarsening of ellipsoidal precipitates and decomposition of c- and t-phases occurred. As

a result of the decomposition, MgO particles and a new m-phase containing a very low

concentration of MgO were produced. The coarsened ellipsoidal t-phase precipitates were

responsible for the low-temperature stage. The new m- or t-phase containing very low MgO

produced by the decomposition was responsible for the high-temperature stage.
1. Introduction
Transformation-toughened ZrO

2
base ceramics have

been of much interest in recent years, because of the
considerable potential of these ceramics in structural
applications [1]. Pure ZrO

2
has three polymorphs:

cubic (c) above 2633 K (2360 °C), tetragonal (t) be-
tween 2633 (2360) and about 1473 K (1200 °C), and
monoclinic (m) below about 1373 K (1100 °C). The
addition of small amounts of Y

2
O

3
, MgO or CaO

stabilizers to ZrO
2

retains the high-temperature
phases, the c- and t-phases, at room temperature in
metastable states. The ZrO

2
alloys that are a mixture

of the c- and m- (or t-) phases are called partially
stabilized zirconias (PSZs), such as MgO—PSZ and
CaO—PSZ. Stress-induced martensitic transformation
from the t- to the m-phase near a propagating crack
tip is responsible for the high fracture toughness of
PSZ. Therefore, the retention of a metastable t-phase
is a primary requirement for transformation toughen-
ing of PSZ. The retention can be controlled by several
microstructural and chemical factors, such as grain
size, tetragonal particle size and concentration of sta-
bilizers.

Compositions of commercial MgO—PSZ occur in
the range 8—10 mol% MgO (see Fig. 1 in [2]), in

which t-phases appear as small ellipsoidal-shaped pre-
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cipitates in a c-phase matrix after appropriate sinter-
ing [1]. Microstructural evolution and its effects on
mechanical properties have been studied by many
researchers [3—8] during isothermal annealing at high
temperatures and during controlled cooling after sin-
tering. Hannink [8] examined the coarsening process
of the ellipsoidal t-phase precipitates for a ZrO

2
—

9.7mol% MgO during isothermal annealing at
1693 K (1420 °C), above the eutectoid temperature of
1673 K (1400 °C), and showed that the precipitates
optimally aged for mechanical properties had a mean
diameter of about 180 nm and a thickness of about
40 nm. Farmer et al. [7] studied eutectoid decomposi-
tion of the c-phase for ZrO

2
alloys containing 8.1 to

18.6mol% MgO during isothermal annealing at tem-
peratures below the eutectoid temperature. They
observed that diffusional eutectoid decomposition
proceeded readily as a cellular reaction for several
hours at 1373—1473 K. However, the relationship
between microstructure and t—m transformation be-
haviour has scarcely been investigated [9, 10]. It is
considered that the t—m transformation temperature
during heating and cooling is directly related to the
thermal stabilities of the t- and m-phases. Hannink
and Swain [9] studied thermal dilatation behaviour

for a ZrO

2
—9.7mol% MgO in the range between
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room temperature and &1473 K after a variety of
ageing treatments at 1693 and 1373 K. They observed
that the dilatation behaviour, reflecting transforma-
tion behaviour, was affected significantly by the age-
ing treatments and also pointed out the importance of
thermal history. But a systematic explanation for the
microstructure and t—m transformation relationship
was not provided. Dworak et al. [10] studied the
dilatation behaviour for two grades of ZrO

2
—

9.2mol% MgO during cyclic or repeated heating
and cooling in the range between room temperature
and 1173 K. The specimen with a high m-phase
content, 0.2—0.3 in volume fraction, exhibited a
hysteresis effect in the dilatation curves, which arose
from the t—m transformation. The transformation
temperature did not change with repeated cyclic
heating and cooling, indicating that microstructural
factors determining the transformation temperature
did not change during heating and cooling. However,
microstructural evolution will occur, as can be
expected by earlier results [3—8], if the specimen
is heated to temperatures *1373 K. Microstructural
evolution resulting from eutectoid decomposition of
the c-phase is more readily controlled for MgO—PSZ
than for CaO—PSZ, because the diffusion rates of
Mg ions in the ZrO

2
lattice are much larger than those

of Ca ions [11] and the eutectoid temperature is
higher in ZrO

2
—MgO (1673 K) than in ZrO

2
—CaO

(1413 K) [12]. Extremely long times are required for
the occurrence of eutectoid decomposition in
CaO—PSZ at temperatures below the eutectoid
temperature.

The purpose of the present research is to investigate
the microstructure and t—m transformation relation-
ship by means of dilatometry and transmission elec-
tron microscopy for a ZrO

2
—9.7mol% MgO during

cyclic heating and cooling. The cyclic and cooling
experiments were repeated up to 68 cycles over
a range between room temperature and 1490 K. The
transformation takes place in two distinct stages, i.e. in
low- and high-temperature stages. During heating and
cooling, coarsening of ellipsoidal t-phase precipitates
and decomposition of c- and t-phases occur. The
transformation behaviour is discussed taking into ac-
count the evolution of the diffusional microstructural
during cyclic annealing.

2. Experimental procedure
Sintered bars of partially stabilized zirconia contain-
ing 9 mol% MgO (nominal) were used in this study.
The main impurities were 20 SiO

2
, 50 Fe

2
O

3
and 100

(wt p.p.m.) Na
2
O. The concentrations of MgO in the

specimens were analysed by electron probe
microanalysis (EPMA) to be 9.7mol%. Sintering was
carried out at 1973 K, followed by slow cooling to
room temperature. According to the equilibrium
phase diagram of the ZrO

2
—MgO system [2], the

ZrO
2
—9.7mol% MgO alloy consists substantially of

c-phases at the sintering temperature, 1973 K. After
sintering, the specimens pass through the c#t,
t#MgO and then M#MgO regions during cooling

to room temperature.
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The specimens were subjected to heating and cool-
ing in a dilatometer (TD-5020, MAC Science Cor-
poration, Japan) in a range between room temper-
ature and 1490 K. In this temperature range, the
thermodynamically stable phases are MgO and the
m-phase containing quite low contents of MgO.
The dimensions of the specimens were 3]4]18 mm.
Both heating and cooling rates were controlled at
0.17 K s~1 (10 Kmin~1). Differential dilatation
between the specimen and an Al

2
O

3
bar was

measured during heating and cooling. The sensitivity
of the differential dilatation measurement was 0.1 lm.
To obtain the dilatation of the specimen, the
dilatation of the Al

2
O

3
bar was subtracted from the

measured differential dilatation, assuming the
coefficient of thermal expansion of Al

2
O

3
to be

8.8]10~6 K~1 [13]. The constituent phases were
identified on 0.5 mm thick sheet specimens taken from
bars using a low speed diamond saw, by X-ray
diffraction (Jeol 3500) using CuKa radiation
(wavelength, k"0.154 05 nm). Microstructural obser-
vations were metallographically carried out using
transmission electron microscopy (TEM, JEM 2010)
at 200 kV. The distributions of Mg-ions in the
specimens were analysed by energy dispersive X-ray
(EDX) spectroscopy in the TEM under diffraction
conditions. Thin foils for TEM observations were cut
from the bars, mechanically polished and thinned to
perforation using conventional ion-milling techniques.

3. Results
3.1. Microstructure in the as-sintered

condition
The constituent phases in the as-sintered specimens
were the t- and c-phases, with small amounts of m-
phase, as shown in Fig. 1. Any peaks from MgO could
not be detected in the 2h range between 25 and 80°.
For MgO, having an NaCl type structure with a lat-
tice parameter of 0.421 nm [7], a maximum diffrac-
tion peak should appear from the (200) plane at
2h"43.9° under CuKa radiation. The (111)

5
and

(111)
#

peaks overlap each other because they have
nearly the same lattice parameters for the t- and c-
phases. The volume fraction of the m-phase was esti-
mated to be 0.19, using an expression proposed by
Porter and Heuer [3] as

»
.
"1.603[I(111)

.
]/M1.603[I(111)

.
]#I (111)

#, 5
N

(1)

where I (111)
.

and I(111)
#, 5

are the integrated inten-
sities of the (111)

.
and I(111)

#, 5
peaks. The volume

fractions of the t- and c-phases were evaluated by
peak-separation of the high-angle (400)

5,#
peaks by

the least squares method. This is shown in Fig. 2. We
obtained »

5
/»

#
"[I (400)

5
#I(004)

5
]/I (400)

#
"1.49.

Then the volume fractions of the t-, c- and m-phases in
the as-sintered specimens are estimated to be 0.48, 0.33
and 0.19, respectively.

The t-phases in the as-sintered specimen were ob-
served to be fine oblate ellipsoidal precipitates

20—50 nm in diameter and 100—200 nm long. The



Figure 1 X-ray diffraction patterns of the (111)
.

, (111)
5,#

and
(111)

.
peaks of (a) the as-sintered specimen, and for specimens after

(b), seven and (c) 68 cycles of heating and cooling, and (d) following
heating at 1373 K and annealing for 40 h. The (111)

.
peak is

a maximum peak from the m-phase. The (111)
5
and (111)

#
peaks,

which are maximum peaks from the t- and c-phases, overlap each
other.

oblate ellipsoidal precipitates were densely distributed
in the three mutually orthogonal [100] orientations
in the (100) plane of the c-phase matrix, which was
the same as in earlier results [1]. During observa-
tion, some of the ellipsoidal t-phase precipitates
transformed to m-phases having substructures com-
prising parallel variants where adjacent pairs were
twin related. The variants extended either parallel or
normal to the axes of rotation of the ellipsoidal pre-
cipitates as observed by Muddle and Hannink [5]. It
is likely that the transformations occurred with the aid
of local stress during electron beam irradiation in the
TEM.

3.2. Kinetics of tetragonal—monoclinic
phase transformation

Fig. 3 shows the dilatation—temperature curves of the

specimen during cyclic heating and cooling. In this
Figure 2 Peak-separation of (400)
5,#

diffraction peak for the as-
sintered ZrO

2
—9.7 mol% MgO specimen. (—) results; (----) (004)

5
;

(— · — ·) (400)
#
; (— · ·—) (400)

5
; (— — —) sum of (004)

5
, (400)

#
and (400)

5
.

Figure 3 Dilatation—temperature curves of the ZrO
2
—9.7 mol%

MgO specimen during cyclic heating and cooling at a rate of
10 Kmin~1. The numbers refer to the number of cycles.

figure, only the results of cycles 1, 4, 6, 10, 20, 40 and 60
are shown for simplicity, although cyclic annealing
was carried out for up to 68 cycles using one specimen.
In the first three cycles, the dilatation behaviour was
identical with that of the first cycle where virtually no
inflection occurred in the dilatation curve, indicating
no transformation. This suggests that the ellipsoidal
t-phase precipitates in the as-sintered specimen are
below a critical size for transformation to m-phases
above room temperature. Hannink and Swain [9]
already observed for their ZrO

2
—9.7mol% MgO

alloy that virtually no transformation occurred in the
as-sintered condition. The average thermal expansion
coefficient of the specimen was evaluated from the di-
latation curve at the first cycle to be 10.0]10~6 K~1
which is the same as that of polycrystalline

515



Figure 4 Temperature derivative curves of the dilatation curves
during (a) heating and (b) cooling for ZrO

2
—9.7 mol% MgO at

a rate of 0.17 K s~1. The numbers refer to the number of cycles.

ZrO
2
—(2—3)mol% Y

2
O

3
consisting of t-phases,

(10.0—10.5)]10~6 K~1 [14]. In subsequent cyclic an-
nealing above four cycles, inflections appear repeated-
ly. The inflections exhibiting an increase in length on
cooling result from transformation of t-phases to m-
phases and those exhibiting a reduction in length on
heating result from back-transformation of m-phases
to t-phases. The tPm transformation on cooling took
place at a lower temperature than the mPt trans-
formation on heating, forming hysteresis loops.

Fig. 4a and b shows the temperature derivatives of
the dilatation curves in Fig. 3. The derivative curves
exhibit peaks at temperatures at which the inflections
appear in the dilatation curves, and the peak temper-
ature was defined as temperature of the transforma-
tion. The peaks appeared at 850—1000 and
1350—1400 K on heating, designated stages H1 and
H2, respectively, and at 400—700 and 1000—1200 K on
cooling, designated stages C1 and C2, respectively.
The present results indicate that the transformation
takes place in two distinct stages not in a single stage.
The stages H1 and H2 on heating correspond to
back-transformation of stages C1 and C2 on cooling,
respectively. The low-temperature stages, H1 and C1,
were dominant in the low cycle range below about ten
and then decreased above about ten cycles. The high-
temperature stages, H2 and C2, started to develop

after decreasing the low-temperature stages and then
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Figure 5 Peak temperature in the derivative curves in Fig. 4, as
a function of the number of cycles on heating (L, n) and cooling
(d, m) at a rate of 0.17 K s~1 for H1 (s), H2 (n), C1 (d), and C2 (m)

became saturated above about 40 cycles. The high-
temperature stage, C2, on cooling has a substage at
the lower temperature side. The substage developed
pronouncedly at about 20—30 cycles but overlap with
the main stage, C2, at higher cycles above about 40
cycles. The high temperature stage, H2, on heating has
a shoulder at the lower temperature side at around 25
cycles. Hannink and Swain [9] observed inflections in
the dilatation—temperature curves at &900—1000 K
on heating and at 500—700 K on cooling for a
ZrO

2
—9.7mol% MgO after ageing at 1693 K for

4—8 h or at 1373 K for 8—16 h. Dworak et al. [10]
observed inflections in the dilatation curves at about
980 K on heating and at about 520 K on cooling for
a ZrO

2
—9.2mol% MgO during cyclic heating and

cooling between room temperature and 1173 K. The
low-temperature stage observed in the present work
corresponds to the transformation observed by Han-
nink and Swain and by Dworak et al. Hannink and
Swain also briefly stated that a second inflection ap-
peared at about 1473 K after prolonged ageing at
either temperature, 1373 or 1673 K, although neither
experimental results on the dilatation curves nor age-
ing conditions were presented in their paper. The
second inflection at about 1473 K may correspond to
the high-temperature stage in the present work.

Fig. 5 shows the cyclic dependence of the peak tem-
perature in the derivative curves. With increasing
number of cycles, the peak temperature in each stage
shifts to higher temperatures and then saturates at
high cycles above about 40 cycles. The low-temper-
ature stages, H1 and C1, shift from 870 and 400 K,
respectively, at four cycles to 1020 and 715 K, respec-
tively, at 20 cycles. The high-temperature stages, H2

and C2, shift from 1350 and 1060 K, respectively, at



Figure 6 X-ray diffraction patterns of the specimens after various
treatments, showing an increase in intensities from the m-phase and
MgO and a decrease in intensity from the t-phase compared with
those in the as-sintered condition.

ten cycles to 1380 and 1180 K, respectively, at 60
cycles. The peak temperatures of the high-temperature
stage at high cycles above 40 are slightly lower than
the transformation temperature of pure ZrO

2
, about

1400 K on heating and 1273 K on cooling [14].

3.3. Microstructural evolution
With increasing number of cycles, the volume fraction
of the m-phase increased but that of the c- and t-
phases decreased as shown in Fig. 1. It should be
noted that a diffraction peak from the (200) plane of
MgO was also observed at 2h"42.9° after 68 cycles.
This is shown in Fig. 6. The specimen consisted sub-
stantially of the m-phase and MgO after 68 cycles.
Any MgO peaks were not observed in the as-sintered
and after seven cycle specimens.

Fig. 7a shows the microstructure of the specimen
after seven cycles at which the low-temperature stage
was dominant as shown in Figs. 3 and 4. Transforma-
tion-induced microcracks, 50—100 nm in length, were
observed to have formed in the matrix and along grain

boundaries, although the density of the microcracks
Figure 7 TEM micrographs of the specimens after (a) seven and (b)
68 cycles. The arrows show the MgO particles.

was very low. Orthogonal distributions of the ellip-
soidal t-phase precipitates in the c-phase matrix were
still observed, similar to those in the as-sintered speci-

men. The ellipsoidal precipitates have grown to
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Figure 8 TEM micrograph of matrix (M) and precipitate (P) and
(b, c) a set of EDX spectra for the specimen after 68 annealing cycles
0 for the matrix (b) and precipitate (c).

60—70 nm in diameter and 200—300 nm in length;
compared with 20—50 nm in diameter and
100—200 nm in length in the as-sintered condition.
With the increasing number of cycles, the number and
size of microcracks increased. After 68 cycles, a large
number of microcracks was observed to have formed
mainly along grain boundaries, as shown in Fig. 7b.
The microcracks are considered to be produced as
a result of the accommodation of transformation-in-

duced strain. Using the lattice parameters of t- and
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m-phases in ZrO
2
—9.4mol% MgO [1, 15], which is

roughly the same composition as the present alloy, the
tPm transformation is accompanied by a volume
increase of about 4%. This caused an increase in
microcracks with repeated transformation. On the
other hand, the formation of MgO particles and rods
was also observed in the m-phase matrix. No evidence
was found for the formation of MgO in the specimen
after seven cycles. Farmer et al. [7] observed the
formation of rod- and ribbon-shaped MgO in
ZrO

2
—MgO alloys containing 8.1—18.6mol% MgO

after isothermal annealing at temperatures between
1373 and 1573 K. They also observed that the rod-
and ribbon-shaped MgO particles became spheroidal
with increasing annealing time.

Fig. 8 shows the bright-field image and Fig. 8b and
c a set of EDX spectra taken from the matrix (b) and
MgO particles (c) in the specimen after 68 cycles. The
peaks at 0.53, 1.25 and 2.04 keV result from O-8 Ka ,
Mg-12 Ka and Zr-40 La , respectively. The concentra-
tion of MgO was evaluated to be about 1—2mol% in
the m-phase matrix and about 50—60mol% in the
region containing the MgO particle. Taking into ac-
count that the accuracy of MgO concentration analy-
sis is about 1mol% and that the MgO particle is
embedded in the m-phase matrix, the concentration of
MgO in the m-phase matrix is quite low and the MgO
particles consist substantially of pure MgO. On the
other hand, the concentration of MgO in the as-sin-
tered specimen was analysed to be 8—10mol%, which
was approximately the same as the 9.7mol% by
EPMA result, and was fairly uniform in the specimen.
This indicates that there are no compositional differ-
ences among the c-, t- and m-phases in the as-sintered
specimen. The present results suggest that the c-, t-
and m-phases containing 9.7mol% MgO in the as-
sintered specimen decomposed into MgO and a new
m-phase containing a very low content of MgO during
cyclic heating and cooling. The decomposition prod-
ucts, MgO and a new m-phase containing a very low
content of MgO, appear to be consistent with the
thermodynamically stable phases anticipated from the
phase diagram.

4. Discussion
4.1. Decomposition of c- and t-phases and

its effect on the t—m transformation
Farmer et al. [7] studied the kinetics of the eutectoid
decomposition of the c-phase for ZrO

2
alloys contain-

ing 8.1—18.6mol% MgO during isothermal annealing
at temperatures between 1373 and 1573 K for up to
16 h. They found that the rate of eutectoid decomposi-
tion was maximum at 1473 K. In this research, in
order to investigate the effect of decomposition of the
c- and t-phases on the transformation behaviour,
dilatation measurement was carried out after complet-
ing decomposition by isothermal annealing at 1373 K.
X-ray diffraction (Figs 1 and 6) and microstructural
observations showed that the decomposition of the
c- and t-phases was complete and the specimen sub-
stantially consisted of MgO and low-MgO-content

m-phase after isothermal annealing for 40 h at 1373 K.



Figure 9 Temperature derivative dilatation curves of the specimen
after isothermal annealing at 1373 K for 40 h. Cooling
rate"0.17 K s~1. The numbers refer to the number of cycles.

Fig. 9 shows the temperature derivatives of dilatation
for the specimen after isothermal annealing at 1373 K
for 40 h, where the results on cooling runs are shown.
Cyclic heating and cooling were carried out for up to
ten cycles. Only the high-temperature stage, C2, ap-
pears, there is no low-temperature stage, C1. This
indicates that the decomposition products are respon-
sible for the high-temperature stages. Yoshikawa and
Suto [14] reported for ZrO

2
—Y

2
O

3
alloys that the

transformation took place at higher temperatures
with decreasing concentration of Y

2
O

3
stabilizer. Be-

cause the peak temperatures of the high-temperature
stage at high cycles above 40 were slightly lower than
the transformation temperature of pure ZrO

2
and the

MgO particles exhibit no transformation, the high-
temperature stages are considered to be caused by
a martensitic transformation of the low-MgO-content
m- and t-phases that were produced by decomposition
of the c- and t-phases.

The following decomposition reactions are
considered to take place

c-phase (9.7mol% MgO)Pt- or m-phase

(low MgO)#MgO (2)

t-phase (9.7mol% MgO)Pt- or m-phase

(low MgO)#MgO (3)

Equation 2 represents the eutectoid decomposition of
the c-phase. Farmer et al. [7] state that the reaction
c-phasePm-phase#MgO, the same as Equation 2,
dominates the eutectoid decomposition at
temperatures below 1473 K, but that another reaction,
c-phasePt-phase#MgO, occurs at 1573 K, as ex-
pected from the phase diagram shown in Fig. 1. In the
present specimens, the eutectoid products appear to
be the low-MgO t-phase, rather than the low-MgO
m-phase, as will be described later. It should be noted
that the decomposition reaction given by Equation 3
also took place, because the original t-phase contain-
ing 9.7mol% MgO in the as-sintered specimens
disappeared almost completely. We only detected

MgO and the low-MgO-content m-phase, but not the
low-MgO-content t-phase by X-ray diffraction and
EDX spectroscopy at room temperature after cyclic or
isothermal annealing. Even if a low-MgO-content t-
phase is produced by decomposition at high temper-
ature, it can easily transform to the m-phase during
cooling to room temperature, because of the very low
concentration of MgO stabilizer.

4.2. Mean diffusion distance of Mg ions
during cyclic heating and cooling

The mean diffusion distance, X
n
, of Mg ions in the

ZrO
2

lattice during n cycles between a minimum tem-
perature, ¹

.*/
, and a maximum temperature, ¹

.!9
, is

given by

X
n
"CP

s

0

nD
0
exp(!Q/R¹ ) dtD

1@2

"(2nD
0
/a)1@2CP

T.!9

T.*/

exp(!Q/R¹ ) d¹D
1@2

(4)

where s is the total time during one cycle, D
0

the
pre-exponential factor of the diffusion coefficient for
Mg ions in ZrO

2
, Q the activation energy, R the gas

constant; and a the heating and cooling rates, given by
a"d¹/dt. As shown in the appendix, Equation 4 can
be expressed as [16, 17]

X
n
S(2nR/aQ)1@2 [¹

.!9
D1@2

.!9
!¹

.*/
D1@2

.*/
] (5)

where D
.!9

and D
.*/

are the diffusion coefficients
["D

0
exp(!Q/R¹ )] at ¹

.!9
and ¹

.*/
, respectively.

The term (¹
.*/

D1@2
.*/

) is negligibly small compared
with the term (¹

.!9
D1@2

.!9
) for ¹

.*/
"room temper-

ature and ¹
.!9

"1490 K. Using a"0.17 Ks ~1 and
diffusion data [11] of D

0
"5.9]10~8 m2 s~1 and

Q"293 kJmol~1 for Mg ions in cubic ZrO
2
, we

obtain X
n
"4.8]10~2n1@2 (lm) for ¹

.!9
"1490 K.

Fig. 10 shows the mean diffusion distance of Mg ions
as a function of the number of cycles. X

n
is evaluated

to be 1.0]10~1 lm for four cycles, from which the
low-temperature stage started to develop;
1.5]10~1 lm for ten cycles, from which the high-
temperature stage started to develop; and to be
3.0]10~1 lm for 40 cycles, above which the high-
temperature stage saturated. Above ten cycles, X

n
is

nearly the same as or slightly larger than the mean
distance, about 0.2 lm (Fig. 7b), between the MgO
particles formed by the decomposition. On the other
hand, the mean diffusion distance of Mg ions during
isothermal annealing at 1373 K is given by
X"(D t)1@2"3.9]10~2 t1@2 (lm), where t is given by
hours, using the diffusion data [11]. X is evaluated to
be 2.5]10~1 lm for 40 h at which decomposition of
the c- and t-phases is almost completed. Thus, the
mean diffusion distance of Mg ions in ZrO

2
for 40

cycles of heating and cooling between room temper-
ature and 1490 K at a rate of 10 Kmin~1 is approxim-
ately the same as that during isothermal annealing at
1373 K for 40 h, at which decomposition of the c- and
t-phases is almost completed. It is concluded that
enough diffusion of Mg ions takes place in the ZrO

2
lattice for the formation of MgO particles during

cyclic or isothermal annealing.
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Figure 10 Mean diffusion distance of Mg ions in the ZrO
2

lattice
during cyclic heating and cooling between room temperature and
I
.!9

"1490 K at a rate of 10 K min~1, as a function of the number
of cycles. The mean diffusion distance, X

n
"n1@2X

1
, was evaluated

using Equation 5.

Dworak et al. [10] performed cyclic heating and
cooling experiments for a ZrO

2
—9.2mol% MgO up to

ten cycles between room temperature and 1173 K at
a rate of 5 Kmin~1 and observed only the low-tem-
perature stage; at 980 K on heating and at 520 K on
cooling. Using Equation 6, X

n
for Mg ions is evalu-

ated to be 7.0]10~3 lm for ten cycles. X
n

in their
specimen is much smaller than the critical value of
1.5]10~1 lm for the development of the high-tem-
perature stage described above. It needs about 5]103

cycles to reach a critical value of 1.5]10~1 lm under
their experimental conditions of heating up to 1173 K
at a rate of 5 Kmin~1. On the other hand, Hannink
and Swain [9] also observed only the low-temperature
stage for a ZrO

2
—9.7mol% MgO after ageing at

1693 K for 4—8 h or at 1373 K for 8—16 h. The mean
diffusion distance of Mg ions during ageing is evalu-
ated to be 1.5]10~1 lm at 1373 K for 16 h, which just
reaches the critical value for the development of the
high-temperature stage. Therefore, it is considered
that further ageing produces the high-temperature
stage. The ageing at 1693 K results in the coarsening
of t-phase precipitates but not the eutectoid decompo-
sition, because of the higher ageing temperature above
the eutectoid temperature, 1673 K. This causes only
the low-temperature stage.

The fractional mean diffusion distance of Mg ions in
the temperature range between an intermediate tem-
perature, ¹

1
, and a maximum temperature, ¹

.!9
, to

the total mean diffusion distance between room tem-
perature, ¹

3.5.
, and ¹

.!9
is given by

X
1
/X

505!-
"(¹

.!9
D1@2

.!9
!¹

1
D1@2

1
)/(¹

.!9
D1@2

.!9
!¹

3.5.
D1@2

3.5.
)

(6)
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Figure 11 Fractional mean diffusion distance of Mg ions in the
temperature range between ¹

1
and ¹

.!9
(Equation 6), as a function

of temperature, ¹
1
.

and is shown in Fig. 11, as a function of ¹
1
. The

fractional mean diffusion distance, X
1
/X

505!-
, is evalu-

ated to be 0.8 at ¹
1
"1320 K. This indicates that

diffusion of Mg ions for the decomposition reactions,
Equations 2 and 3, during heating and cooling sub-
stantially takes place in the temperature range be-
tween 1320 K and the maximum heating temperature
1490 K. Therefore, diffusion-controlled microstructural
evolution, such as the coarsening of ellipsoidal
precipitates and decomposition of the c- and t-phases,
appears to proceed substantially at high temperatures
above &1320 K during cyclic heating and cooling.

4.3. Relationship between microstructural
evolution and the t—m transformation

Fig. 12 shows the schematics of the high-temperature
and low-temperature stages on the phase diagram.
Ellipsoidal t-phase precipitates containing 9.7mol%
MgO in the as-sintered specimens are below a critical
size for transformation, but they can grow in size,
above the critical size, by diffusion with the increasing
number of cycles. This produces the low-temperature
stage. The shift of the low-temperature stage to higher
temperatures with the increasing number of cycles
results from further coarsening of the ellipsoidal pre-
cipitates. The temperature of the low-temperature
stage is much lower than the thermodynamic equilib-
rium transformation temperature, 1513 K (1240 °C), in
the phase diagram, and is considered to be the trans-
formation temperature for metastable t- and
m-phases. Further increase in cyclic annealing causes
decomposition of the c- and t-phases containing
9.7mol% MgO, forming a new m- or t-phase contain-
ing 1—2mol% MgO. The much lower MgO concen-

tration in the new m- or t-phase brings about an extra



Figure 12 Schematic drawings of the low- and high-temperature
stages for the t—m transformation in ZrO

2
—9.7mol% MgO on the

phase diagram. The open circles show the transformation temper-
atures for pure ZrO

2
by Yoshikawa and Suto [14].

stage at temperatures much higher than the low-tem-
perature stage. This produces the high-temperature
stage. The thick dotted lines in Fig. 12 represent the
dependence of the MgO concentration on the t—m
transformation temperatures on heating and cooling,
where the low- and high-temperature stages are plot-
ted at 9.7 and 1—2 mol% MgO, respectively. The
results on pure ZrO

2
, shown by the open circles, are

by Yoshikawa and Suto [14]. The transformation
temperature decreases with increasing MgO concen-
tration both on heating and cooling. The dependence
of the MgO concentration midpoint between the
transformation temperatures on heating and cooling
is given by *¹¹/*C"!67 Kmol% MgO, where
¹¹ is the transformation temperature midpoint and
C the concentration of MgO. Yoshikawa and Suto
[14] reported *¹¹/*C"!370 K mol% Y

2
O

3
for

ZrO
2
—Y

2
O

3
alloys containing 0—2 mol% Y

2
O

3
. This

suggests that the stabilization potential of ZrO
2

is
much smaller for MgO than for Y

2
O

3
.

As described in the previous section, the diffusion of
Mg ions in the ZrO

2
lattice for decomposition takes

place substantially at high temperatures above
1320 K, where the t-phase is in a metastable condition
as can be seen from Fig. 12. This suggests that the
product of eutectoid decomposition, Equation 2, is the
t-phase and not the m-phase. Because the decomposi-
tion reactions proceed consuming the original c- and
t-phases containing 9.7mol%MgO, the increase of
the high-temperature stage results in the decrease of
the low-temperature stage.

The high-temperature stage shifts to higher temper-
atures with increasing number of cycles. There are two

possibilities causing the temperature shift, one of
which is the production of microcracks and the other
is the further decrease of MgO concentration in the
matrix. Once produced, the microcracks provide pre-
ferable sites for the volume-increase transformation,
such as the t- to m-phase transformation in the next
cycle, and make the m-phase more stable. This shifts
the high-temperature stage to higher temperatures. If
the concentration of MgO in the matrix decreases
further towards zero, as expected from the phase dia-
gram shown in Fig. 12, after decomposition into low-
MgO-content t- or m-phase matrix and MgO par-
ticles, the transformation temperature shifts to higher
temperatures up to the transformation temperature of
pure ZrO

2
. The concentration of MgO in the matrix is

1—2mol% after 68 cycles. However, the mean diffu-
sion distance of Mg ions is evaluated to be only
4.0]10~1 lm even for 68 cycles. Although further
cyclic experiments or prolonged ageing treatments
will be needed, it is likely that the equilibrium com-
position has not been reached in the present experi-
mental conditions and that the concentration of MgO
in the matrix decreases further.

5. Conclusions
1. The oblate ellipsoidal t-phase precipitates,

20—50 nm in diameter and 100—200 nm long, in the
as-sintered specimen were below a critical size for
transformation and exhibited no transformation in
the first three cycles.

2. In the fourth and further cycles, the t—m trans-
formation occurred in two distinct stages. A low-tem-
perature stage appeared at 850—1000 K on heating
and at 400—700 K on cooling, while the high-temper-
ature stage appeared at 1350—1400 K on heating and
at 1000—1200 K on cooling. The low-temperature
stage was dominant in the low range below ten cycles,
while the high-temperature stage was dominant in the
high range above 20 cycles.

3. During cyclic heating and cooling, coarsening
of the oblate ellipsoidal precipitates and decomposi-
tion of the c- and t-phases into MgO and a low-MgO-
content m- or t-phase occurred. Repeated transforma-
tion produced a large number of microcracks mainly
along grain boundaries.

4. It is concluded that the low-temperature stage
was caused by martensitic transformation of the
coarsened ellipsoidal precipitates of t- and m-phases,
containing 9.7mol% MgO, in the c-phase matrix. The
high-temperature stage was caused by martensitic
transformation of the low-MgO-content m- and t-
phases containing 1—2mol% MgO produced by the
decomposition.

Appendix
The solution of Equation 4 can be expressed [16, 17]
with the aid of the exponential integral

~x

Ei (!x)"P

~=

[exp(x)/x] (A1)
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Equation 4 then becomes

X
n
"(2nD

0
/a)1@2GCP

T.!9

0

exp(!Q/R¹ ) d¹ ]1@2

!P
T.*/

0

exp(!Q/R¹ ) d¹ ]1@2H
"(2nD

0
Q/aR)1@2 M[(R¹

.!9
/Q) exp (!Q/R¹

.!9
)

#Ei(!Q/R¹
.!9

)]1@2

![(R¹
.*/

/Q) exp(!Q/R¹
.*/

)

#Ei(!Q/R¹
.*/

)]1@2N (A2)

In the present temperature range between room tem-
perature and 1490 K, one can set

Q/R¹<1

for Q"239 kJ mol~1 [11] for Mg ions in the ZrO
2

lattice, and the exponential integral can be approxim-
ated as

Ei(!Q/R¹ )Sexp(!Q/R¹ ) [(R¹/Q)2!(R¹/Q)]

(A3)

Using Equation A3, finally we obtain

X
n
S(2nR/aQ)1@2 (¹

.!9
D1@2

.!9
!¹

.*/
D1@2

.*/
) (A4)

where D
.!9

"D
0
exp(!Q/R¹

.!9
) and D

.*/
D

0
exp
(!Q/R¹
.*/

).
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