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Abstract

The phase transformation behavior of freeze-dried 3 mol% yttria–partially-stabilized zirconia (3Y–PSZ) precursor powder has been studied.
When the freeze-dried 3Y–PSZ precursor powder was calcined at 773–1073 K for 2 h, the crystalline structure was composed of tetragonal and
monoclinic ZrO2 as primary and secondary phases, respectively. The freeze-dried 3Y–PSZ precursor powder after calcination at 773 K, the
monoclinic ZrO2 content abruptly increased from 8.00% to 31.51% and the tetragonal ZrO2 content suddenly decreased from 92.00% to 68.49%, with
the duration increasing from 0.5 to 1 min. The activation energy of the isothermal transformation from tetragonal to monoclinic was 7.02 kJ/mol. The
kinetics equation for the phase transformation from tetragonal to monoclinic in the freeze-dried 3Y–PSZ precursor powder between 773 K and 1273 K
for various durations is described as lnð1=1�αÞ ¼ 1=2:61½t2:61ð1:50� 10�3Þ2:61expð�7:02� 103=RTÞ�; whereas, the HRTEM image shows a
typical monoclinic ZrO2 domain because of the stress-induced tetragonal to monoclinic ZrO2 martensitic transformation that has occurred.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, there have been primary advances in the applica-
tion of yttria partially-stabilized zirconia (Y–PSZ) ceramics for
restorations including fixed partial dentures (FPDs), implant
abutments, endodontic posts, resin-bonded FPDs and full-
coverage crowns [1,2]. This is because zirconia (ZrO2)
ceramics have a unique combination of mechanical properties
such as high wear resistance, low coefficient of fraction and
higher crack resistance than alumina and very good biocom-
patibility [3–6]. The increase in crack resistance is accounted
for by its ability to undergo a phase transformation [6–8] from
the tetragonal to the monoclinic phase at temperatures from
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1443 K to room temperature, accompanied with a volume
increase of about 4% but with microcracking as well [6].
The use of pure ZrO2 as an advance structural material is

limited by its spontaneous stress-induced martensitic transfor-
mation from tetragonal to monoclinic when going from
elaboration temperature to room temperature. The use of
8 mol% Y2O3 stabilized ZrO2 (YSZ) ceramics with a single
cubic phase to avoid phase this transformation while going
through heating and cooling cycles has reported by Pascual
and Duran [9]. When the ZrO2 contained 3–5 mol% Y2O3, the
fine-crystallite tetragonal ZrO2 polycrystals and partially-
stabilized ZrO2 possessed excellent strength and fracture
toughness because of the stress-induced martensitic phase
transformation from tetragonal to monoclinic.
The retention of the tetragonal phase at room temperature is

essential to increase the fracture toughness and fracture
strength of partially-stabilized zirconia. Due to its high strength
and toughness compared with other ceramics, tetragonal YSZ
ghts reserved.
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has been regarded as an important engineering ceramic.
Moreover, it has been reported that the tetragonal phase on
the surface of partially-stabilized zirconia can be rapidly
transformed to the monoclinic phase by low-temperature
annealing at 473–573 K in air, and both fracture strength and
fracture toughness are greatly reduced [10].

Whitney [11] has measured the isothermal transformation
rate of a metastable tetragonal to monoclinic ZrO2 by X-ray
diffraction (XRD) using a sample prepared from zirconyl
chloride octahydrate by thermal decomposition. Zhu et al.
[12,13] have studied the kinetics of 2 mol% and 3 mol%
Y2O3–ZrO2 ceramics in the phase transformation from tetra-
gonal to monoclinic and found that this transformation in YSZ
ceramics is essentially a time–temperature-transformation
curve with a c-shape. These reports show that transformation
rate increases with temperature according to Avrami's rate
equation, which is based on the nucleation and growth of a
new phase [12].

Hsu et al. [14] obtained an activation energy of about
169.2721.9 kJ/mol for tetragonal ZrO2 crystallization from
freeze-dried 3 mol% yttria stabilized tetragonal zirconia
precursor powder using a non-isothermal process. The fraction
of monoclinic ZrO2 content was less than 3.0% when
the calcination temperature was below 1073 K, whereas the
monoclinic ZrO2 content increased rapidly to 8.0% when
the calcination temperature rose to 1273 K [15]. However,
the phase transformation behavior of freeze-dried 3 mol%
yttria partially-stabilized ZrO2 (3Y–PSZ) precursor powder
using an isothermal process has not been discussed in detail.

In the present study, using ZrOCl2 � 8H2O and Y(NO3)3 � 6H2O
as the initial materials, 3Y–PSZ nanocrystallites were synthesized
by a coprecipitation process. X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), selected area electron diffrac-
tion (SAED), nanobeam electron diffraction (NBED) and high
resolution TEM (HRTEM) have been utilized to characterize the
phase transformation behavior of the freeze-dried 3Y–PSZ
precursor powder by an isothermal method.

The purposes of the present work are to (i) study the
phenomenon of phase formation in freeze-dried 3Y–PSZ
precursor powder, (ii) research the phase transformation from
tetragonal to monoclinic ZrO2, (iii) research the kinetics of the
phase transformation from tetragonal to monoclinic ZrO2

crystallites and (iv) observe the microstructures of tetragonal
and monoclinic ZrO2 in 3Y–PSZ nanopowder by TEM.

2. Experimental

2.1. Sample preparation

The initial materials were zirconyl chloride (ZrOCl2 � 8H2O,
purity≧99.5%, supplied by Riedel-de Haën, Germany) and
yttrium nitrate [Y(NO3)3 � 6H2O, purity≧99.5%, supplied by
Alfa, United Kingdom]. Zirconyl chloride and yttrium nitrate
were dissolved in deionized water and ethanol solution at a
ratio of 1:5 vol/vol. Solutions were prepared with Y2O3 and
(Y2O3þZrO2) in a ratio of 0.03 and labeled as 3Y–PSZ. The
mixed solution was then mixed with 1.0 wt% of polyethylene
glycol (PEG, extra pure reagent, molecular weight 2000 Da,
supplied by Nippon Shyiaku, Kogyo K.K., Japan) as a
dispersant because an appropriate amount of PEG can greatly
decrease agglomeration. The mixed solution was stirred and
heated in a thermostatic bath and held at 348 K for 2 h to
obtain a white precipitate. NH4OH was then added into the
solution until pH 9 was attained. After precipitation, the
precipitate was repeatedly rinsed and filtered with a large
amount of deionized water and tested with AgNO3 solution to
make sure no AgCl precipitation occurred. Subsequently, the
precipitates were freeze-dried at 218 K in a vacuum. Finally,
the freeze-dried precursor powder was heated in a furnace at
various temperatures for different durations.

2.2. Sample characterization

The crystalline phase was identified by X-ray diffraction
(XRD, Model Rad II A, Rigaku, Tokyo). XRD was performed
using an X-ray diffractometer with CuKα radiation and a Ni
filter, operating at 30 kV, 20 mA and a scanning rate (2θ) of
0.25 deg/min. The line broadening method was used to
determine the crystallite size of the powder using the Scherrer
equation [16]

dXRD ¼ 0:89λ
Bhkl cos θ

ð1Þ

where dXRD is the crystallite size, Bhkl is the calibrated width of
the diffraction peak measured at half maximum intensity, λ is
the wavelength of the X-ray radiation and θ is the Bragg angle.
The microstructure of the calcined 3Y–PSZ nanocrystallite

powder was examined by transmission electron microscopy
(TEM, JEOL, JEM 2100F, Tokyo, Japan) operating at 200 kV.
Selected area electron diffraction (SAED) and nanobeam
electron diffraction (NBED) were utilized to identify the
structure of the 3Y–PSZ nanocrystallites, and a high resolution
TEM (HRTEM) examination of the calcined sample was
also made.

3. Results and discussion

3.1. Phase formation of freeze-dried 3Y–PSZ precursor
powder after calcination at various temperatures for 2 h

Fig. 1 illustrates the XRD patterns of the freeze-dried
3Y–PSZ precursor powder calcined at various temperatures
for 2 h. The XRD pattern of the freeze-dried 3Y–PSZ
precursor powder calcined at 773 K for 2 h is illustrated in
Fig. 1(a). It reveals that the crystalline phase of tetragonal ZrO2

has appeared. In addition, the broadening reflection peaks of
Fig. 1(a) reveal either the poor crystallinity of the tetragonal
ZrO2 and/or it is composed of small crystallites in the
submicron to nanometric range [17,18]. Fig. 1(b) shows the
XRD pattern of the freeze-dried 3Y–PSZ precursor powder
calcined at 873 K for 2 h, which reveal that the monoclinic
peaks of (111)M and (111)M has also appeared. The reflection
peak of (111)M is very weak and broad, indicating poor
crystallinity and/or small crystallite size [17,18]. Moreover,



Fig. 1. XRD patterns of freeze-dried 3Y–PSZ precursor powder calcined at
different temperatures for 2 h: (a) 773 K, (b) 873 K, (c) 973 K and (d) 1073 K.

Table 1
The crystallite size of tetragonal ZrO2 for 3Y–PSZ precursor powders after
calcinations at various temperatures for different durations.

Crystallite size (nm) Temp. (K) Durations (min)

10 20 30 60 90 120

773 9.05 9.42 9.71 10.29 10.48 10.73
873 11.12 11.33 11.62 12.29 12.67 12.85
973 13.57 13.71 14.00 14.67 14.92 15.36
1073 15.62 15.81 16.27 17.52 17.90 18.30
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the crystallinity of the tetragonal phase in Fig. 1(b) has
suddenly increased beyond that shown in Fig. 1(a). Freeze-
dried 3Y–PSZ precursor powder calcined at 973 and 1073 K
for 2 h are shown in Fig. 1(c) and (d). It can be seen that the
monoclinic and tetragonal phases coexist and that the intensity
of the reflection peaks is greater than the corresponding peak
shown in Fig. 1(b). The intensity of the monoclinic peaks
(111)M and (111)M increases when the calcination temperature
is raised from 973 to 1073 K. Moreover, the crystallinity and
crystallite size of the tetragonal phase are also remarkably
improved. This occurred because the crystallinity and size of
the tetragonal ZrO2 increased with the rising calcination
temperature.

The transformation from low-temperature tetragonal ZrO2 to
monoclinic ZrO2 in the hydrous zirconia system is particularly
rapid between 773 and 873 K, according to Whitney [11].
Gorman and Stubican [19] also demonstrated that the phase
equilibrium in the zirconia-rich part of the ZrO2�Yb2O3

�Y2O3 system was determined at 1473, 1673 and 1923 K.
The stabilizing effects of Yb2O3 and Y2O3 were found to be
quite similar, with less than 10 mol% of either being necessary
to fully stabilize the cubic fluorite-structure phase at 1473 K.
The two binary ordered phases, Zr3Yb4O12 and Zr3Y4O12, are
completely miscible at 1473 K. In the present study, the
optimal Y2O3 and maximum calcination temperature are only
3 mol% and 1073 K, respectively. Hence, cubic ZrO2 and the
ordered phase of Zr3Y4O12 are not found.

Moreover, in a ZrO2�Y2O3 system, spontaneous transfor-
mation from the metastable cubic phase to the tetragonal phase
can be triggered at room temperature by a mechanical force.
The fact that tetragonality decreases with the addition of Y2O3

and vanishes at 9 mol% Y2O3 has also been demonstrated by
Sheu et al. [20]. In addition, the phase is maintained in the
glassy state when the 3Y–PSZ precipitates are calcined at
623 K for 2 h [18]. Their tetragonality decreased as the
calcination temperature increased. This result is due to the
fact that the mechanical force in the freeze-dried 3Y–PSZ
precursor powder is very low and tetragonal is not triggered by
the phase transformation. On the other hand, the phase
transformation of freeze-dried 3Y–PSZ precursor powder
calcined at 673–1073 K for 2 h occurred can be attributed to
the tetragonal phase triggered in zirconia solution. Zr has its
own characteristic local structure which is dopant-independent
but phase-dependent [21].
3.2. Isothermal phase transformation of tetragonal to
monoclinic ZrO2 when the freeze-dried 3Y–PSZ precursor
powder after calcination

The crystallite sizes of tetragonal ZrO2 for 3Y–PSZ
precursor powders after calcination at various temperatures
for different durations are listed in Table 1. It is seen that the
crystallite size only increases slightly from 9.05 nm to
10.73 nm when calcined at 773 K for 10–120 min. In contrast,
the crystallite size of tetragonal ZrO2 undergoes an obvious
increase when the calcinations temperature is greater than
973 K.
Table 1 also reveals that the crystallite size of tetragonal

ZrO2 are 9.05 nm and 11.12 nm when the 3Y–PSZ precursor
powders after calcination at 773 K and 873 K for 10 min,
respectively. These results show that the crystallite growth is
very slow when calcinations temperature is lower than 873 K.
The crystallite size then rapidly increases from 15.62 nm to
17.52 nm when calcined at 1073 K for 10–60 min. Subse-
quently, the crystallite size only increases slightly from
17.52 nm to 18.30 nm when calcined at 1073 K for 60–
120 min, respectively.
The dependence of the relative crystallinity of the tetragonal

ZrO2 on the calcination temperature is illustrated in Fig. 2.
Igawa et al. [22] demonstrated that the rate of phase
transformation from the metastable tetragonal to the mono-
clinic phase of ZrO2 increases with temperature. The tetragonal
ZrO2 in the freeze-dried 3Y–PSZ precursor powder underwent
a gradual increase in integrated intensity and crystallinity with
increasing calcination temperature and time, indicating that
higher calcination temperature and longer time enhance the
crystal growth of tetragonal ZrO2.
The phase content of tetragonal (αT) and monoclinic (αM)

can be calculated using the intensity of the reflection hkl in the
X-ray powder diffraction pattern from the surface of a thick
slab of the crystal powder, as proposed by Butler [23]. When
the phase transforms from tetragonal to monoclinic, the ratios



Fig. 2. The relative crystallinity of tetragonal ZrO2 in freeze-dried 3Y–PSZ
precursor powder calcined at various temperatures and durations.

Fig. 3. Relation between the fraction of (a) monoclinic ZrO2 and (b) tetragonal
ZrO2 and calcination time for freeze-dried 3Y–PSZ precursor powder after
being calcined at various temperatures and times.
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of the tetragonal and monoclinic phases are defined by

αT ð%Þ ¼ ½IT ð1 1 1Þ�=½IMð1 1 1Þþ IMð1 1 1Þþ IT ð1 1 1Þ� ð2Þ
and,

αMð%Þ ¼ ½IMð1 1 1Þþ IMð1 1 1Þ�=½IMð1 1 1Þþ IMð1 1 1Þþ IT ð111Þ�
ð3Þ

where αT is the ratio of the tetragonal phase, αM is the ratio of
the monoclinic phase, and IT and IM are the intensities of the
tetragonal and monoclinic phases, respectively.

As shown in Fig. 3, when the freeze-dried 3Y–PSZ
precursor powder was calcined at 773 K, the content of
monoclinic ZrO2 abruptly increases from 8.00% to 31.51%
(Fig. 3(a)) and tetragonal ZrO2 suddenly decreases from
92.00% to 68.49% (Fig. 3(b)) as the holding time increases
from 0.5 to 1 min. The monoclinic ZrO2 content increases
slightly from 35.10% to 42.71% when the 3Y–PSZ precursor
powders after calcination at 773 K from 10 to 120 min. The
tetragonal ZrO2 decreases when the calcination temperature is
raised from 773 to 1073 K as shown in Fig. 3(b).

The necessary and sufficient conditions for classifying a
transformation as martensitic are that it is “a first-order, solid
state structural change which is displacive, diffusionless, and
dominated in its kinetics and morphology by the strain energy
arising from shear or shear-like displacements” [24]. The first-
order character of the transformation implies the coexistence of
the parent and product phases at an intermediate stage of
transformation, and therefore the existence of an interface. In a
martensitic type of transformation, strain centers serve as
nucleation sites for the new phase. The platelike nuclei grow
very rapidly until they encounter neighboring plates or other
constraints. Therefore, a large amount of transformation occurs
suddenly under appropriate conditions [25]. The tetragonal–
monoclinic transformation in ZrO2 is known to be martensitic.
The clear demonstration that the metastable tetragonal phase
can be retained at temperatures well below the equilibrium
transformation temperature has important consequence. When
heated above a certain critical temperature, powder samples
with a high tetragonal phase content abruptly shift to the
monoclinic phase upon cooling. As shown in Fig. 3, at the
various calcination temperatures for 0.5 min, the tetragonal
phase ZrO2 contents are close to about 90%. Only 68.5%
tetragonal phase ZrO2 is obtained when calcined at 773 K for
1 min; as the calcination temperature is raised to 1073 K, there
is an abrupt decrease in tetragonal phase ZrO2 upon cooling
and a corresponding increase in monoclinic phase ZrO2. This
behavior is believed to be caused by the change in crystallite
size [26,27]. Crystallite growth appears to either trigger a
transformation or provide active nucleation sites [28] for phase
transformation. Moreover, Subbaro et al. [26] also pointed out
that the monoclinic–tetragonal transformation is one in which
some atoms move a significant distance while other atoms
retain nearly their original positions. The high-temperature
phase is non-quenchable, well-crystallized materials exhibit
thermal kinetics and small crystallites undergo isothermal
transformation.
In the present study, the crystallite size of tetragonal ZrO2

increases from 9.05 nm to 15.62 nm when calcined at 773–
1073 K for 10 min, respectively. On the other hand, the phase



Fig. 4. Plot of (a) monoclinic ZrO2 and (b) tetragonal ZrO2 content versus
ln t of Fig. 3.

Fig. 5. (a) The relationship between ln lnð1=1�αÞ� �
and ln t, and (b) Plot of

ln k versus 1/T for freeze-dried 3Y –PSZ precursor powder at various
temperatures.
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content of tetragonal ZrO2 decreases from 68.49% to 46.50%
when calcined at 773–1073 K for 1 min, respectively. When
calcination duration prolongs from 20 min to 120 min, only
little change for tetragonal ZrO2 content. According to these
results, it is seen that the tetragonal suddenly transformed to
monoclinic when calcined at 773–1073 K at initial period of
duration due to the strain energy raising from shear or shear-
like displacements increased with crystallite size growth [24].
Moreover, the amount of tetragonal transformation to mono-
clinic ZrO2 increased with increasing crystallite size [29].
When the calcinations durations increase from 20 min to
120 min, the phase content only little changes because for
any phase transformation of solid state associated with an
endothermic effect when heating materials with the phase
stability, the crystallite size of the materials must be smaller
than that of a critical sizes [30]. In the present study, the
crystallite size of tetragonal ZrO2 is smaller than that of 20 nm
when calcined at 1073 K for 120 min. This value is also much
smaller than that of 30 nm [31].

The powder showed a continuous decrease in the tetragonal
phase (with corresponding increasing in monoclinic phase) with
increasing temperatures and times. As shown in Fig. 3, the
higher the temperature and longer the time, the greater the
conversion upon cooling. The free particles have a larger surface
area compared to those of crystallites located inside the disc, or
even at the outer surface of the disc. Inspection of Fig. 3, further
indicates that the phase transformation in the powder is a kinetic
process with a dependence on temperature and time [27].
The pressure dependence of the temperature of the rever-

sible phase transformation for tetragonal to monoclinic in
zirconium oxide agrees with the slope of the pressure-
temperature equilibrium curve up to 15 kbar as calculated
from thermodynamics, i.e. dT/dp¼�3.02� 10�2 deg/bar as
reported by Whitney [32]. But in the present study, the
precipitates and calcined product of ZrO2 were under atmo-
sphere. Hence, the tetragonal–monoclinic transformation in
ZrO2 is independent of pressure, but dependent on a number of
other factors, e.g. calcination temperature, time and initial
crystallite, etc.
It has been suggested that the crystallization of pure

tetragonal zirconia could be considered as a nucleation and
growth process [33], whereby plotting the fraction of



C.-W. Kuo et al. / Ceramics International 40 (2014) 3243–32513248
crystallized monoclinic phase as a function of log time would
lead to a sigmoidal curve that should be in close agreement
with the Avrami model [34] where crystal growth is assumed
to be controlled by nucleation.

Fig. 4 shows the relation between (a) monoclinic ZrO2

content, (b) tetragonal ZrO2 content and the nature logarithm
(ln t) of calcination time. It can be seen that the relation
between monoclinic ZrO2 content and ln t exhibited a C-curve
trend. This result is due to the rapid growth in monoclinic ZrO2

after the nucleation period. Therefore, the curve in Fig. 4(a)
can be suggested to represent the crystallization of monoclinic
ZrO2 controlled by nucleation and growth [34].
3.3. Phase transformation kinetics from tetragonal to
monoclinic in freeze-dried 3Y–PSZ precursor powder after
calcination

The formation of monoclinic ZrO2 detected by XRD in the
freeze-dried 3Y–PSZ precursor powder is shown in Fig. 3(a).
The fraction existing as monoclinic ZrO2 is a function of
calcination temperature and time. To obtain the kinetic
parameters for the crystallization of the monoclinic ZrO2, the
following rate equation is assumed [35]:

dα

dt
¼ kntn�1ð1�αÞ; ð4Þ

where α is the fraction of monoclinic ZrO2 as a function of
time t, n is a constant dependent on the nucleation and growth
mechanism (growth morphology parameter), and k is the rate
constant. The exponent n is not only characteristic of the
Table 2
Rate constant (k) and growth morphology parameter (n) for freeze-dried
3Y–PSZ precursor powder.

Calcined
temperature
(K)

Rate
constant
(sec�1)

Average rate
constant
(sec�1)

Growth
morphology
parameter (n)

Average growth
morphology
parameter

773 1:14� 10�3 1.35� 10�3 2.37 2.61
873 1:30� 10�3 2.49
973 1:43� 10�3 2.68
1073 1:54� 10�3 2.89

Table 3
Activation energy for the isothermal phase transformation from tetragonal to mono

Process Materials Method

Sintering at 1673 K at 1873 K for 5 h 2 mol% yttria-doped zirconia Isotherm
Sintering at 1873 K for 5 h 3 mol% yttria-doped zirconia Isotherm
Co-precipitation 3Y–TZP Isotherm
Hot pressed at 1873 K under 25 MPa for
1 h

2 mol% yttria-doped zirconia isotherm

5 wt% yttria-stabilized
zirconia

Isotherm

Co-precipitation 3 mol% yttria-doped zirconia Isotherm
nucleation and growth, but also strongly depends on the kinetic
features (mainly nucleation and growth speed).
The integrated form of Eq. (4) can be expressed by the well-

known Johnson–Mehl–Avrami (JMA) equation [34,36]

ln
1

1�α

� �
¼ 1

n
ðktÞn ð5Þ

Eq. (6) is obtained by taking the logs of both sides of
Eq. (5). For an isothermal process, the experimental data can
be better fitted according to the following linear Eq. (6)

ln ln
1

1�α

� �
¼ n ln kþn ln t� ln n ð6Þ

A plot of [ln lnð1=ð1�αÞÞ] as a function of ln t yields the
values of n and k shown in Fig. 5. From Eq. (6) and Fig. 5(a),
the growth morphology parameter n is obtained and listed in
Table 2. The temperature dependence of k in Eq. (4) apparently
follows an Arrhenius relationship, according to:

k¼ A exp � ET

RT

� �
; ð7Þ

where A is the frequency factor, ET is the apparent activation
energy for the isothermal transformation from tetragonal to
monoclinic, and R is the gas constant.
A plot of ln k versus 1/T yields a straight line with a very

good correlation coefficient (40.999), as shown in Fig. 5(b).
A straight line is obtained, and then the apparent activation
energy of the isothermal transformation from the tetragonal to
the monoclinic phase can be calculated from its slope, namely
7.02 kJ/mol.
The kinetic equation for the phase transformation from

tetragonal ZrO2 to monoclinic ZrO2 in the freeze-dried
3Y–PSZ precursor powder is thus described as

ln
1

1�α

� �
¼ 1

2:61
t2:61 Uð1:50� 10�3Þ2:61exp � 7:02� 103

RT

� �� �

for 773 Kr tr1073 K ð8Þ
The activation energy of 106 kJ/mol was obtained for

isothermal tetragonal-to-monoclinic transformation of a
3Y–TZP ceramic at 343–403 K has reported by Chevalier
et al. [37]. They demonstrated that the nucleation and growth
to be key mechanism for transformation due to the variation of
the monoclinic fraction with time for all temperatures. The
clinic ZrO2 for different types of precursors.

Activation energy (kJ/
mol)

Refs.

al Transformation (t-m) 41.52 18.67 [12]
al Transformation (t-m) 22.74 [13]
al Transformation (t-m) 100 [37]
al Nucleation and growth of new

phase
28.67 [39]

al Transformation kinetics �70 [40]

al Transformation kinetic (t-m) 7.02 This
study



Fig. 6. TEM and HRTEM micrographs of freeze-dried 3Y–PSZ precursor powder calcined at 773 K for 2 h: (a) BF image, (b) DF image using the circle denoted by
“13df” in Fig. 6(d), (c) DF image using the circle denoted by “14df” in (d), (d) SAED pattern in the location denoted by “12sadp” in Fig. 6(a) which was indexed as
corresponding to the coexistence of monoclinic and tetragonal ZrO2 phases, and (e) NBED pattern of location denoted by “19nbdp” in Fig. 6(a) which was indexed
as corresponding to monoclinic ZrO2 with ZA¼ [201], and (f) HRTEM image showing the d-spacings of monoclinic ZrO2 (022) (denoted by 022m) and tetragonal
ZrO2 (112) (denoted by 112t) reflections are 1.843 Å and 1.810 Å, respectively.

C.-W. Kuo et al. / Ceramics International 40 (2014) 3243–3251 3249
activation energy of 7.20 kJ/mol for the isothermal transforma-
tion from tetragonal to monoclinic ZrO2 is much less than the
reported values of 18.67 kJ/mol and 41.52 kJ/mol for 2YSZ at
1873 and 1673 K, respectively [12]. This indicates that the
smaller the crystallite size the larger the value, and conse-
quently the smaller the transformation rate [12]. The result is
due to the fact that tetragonal ZrO2 nanopowder can easily
attain a critical nuclei size and then be subsequently
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transformed to monoclinic ZrO2. Moreover, Whitney [11]
measured the isothermal of metastable tetragonal ZrO2 to the
monoclinic phase by thermal decomposition of precursors have
pointed out that the phase transformation rate increased with
temperature according to Avramis rate equation [34], which
was based on the nucleation and growth of a new phase.
Moreover, the crystallite growth–martensite transformation
model of tetragonal to monoclinic phase transition also
reported by Murakami and Ohno [38], and Igawa et al. [22].
Zhu and Yan [12] also pointed out that transformation rate
depends on activation energy was large and starting tempera-
ture for tetragonal transformation into monoclinic ZrO2 was
high when crystallite size was large, which leads to a larger
growth velocity. On the other hand, when crystallite size was
small, although incubation period was short, the transformation
rate thereafter was small. Whereas, when the crystallite size
was large, although incubation period was long but the
transformation rate thereafter was large which results in large
volume fraction of isothermal monoclinic phase formed.
Therefore, the transformation rate depends on activation
energy for transformation. The activation energies of the
isothermal transformation from the tetragonal to the mono-
clinic phase for various precursors and with calcination at
different temperatures are listed in Table 3 [12,13,37,39,40].

Eq. (6) and Fig. 5(a) indicate that the isothermal growth
morphology parameter n is approximately 3. The parameter
n¼3 in the JMA equation corresponds to diffusion-controlled
spherical growth from a constant number of nuclei [34,41,42].
The TEM micrographs in Fig. 6 show that spherical crystals
are formed in the 3Y–PSZ powder, supporting the analytical
result that crystals grow in the form of near spheres.

3.4. Microstructure of the 3Y–PSZ nanocrystallites

The bright and dark field (BF and DF) TEM micrographs of
the freeze-dried 3Y–PSZ precursor powder calcined at 773 K
for 2 h are shown in Fig. 6. The ZrO2 nanocrystallites appear
as dark particles with a diameter ranging from 15 to 20 nm as
shown in Fig. 6(a). Fig. 6(b) shows the DF image using the
circle denoted by “13df” in Fig. 6(d), which reveals the
monoclinic ZrO2 nanocrystallites. Fig. 6(c) shows the DF
image using the circle denoted by “14df” in Fig. 6(d), which
reveals the tetragonal ZrO2 nanocrystallites. Fig. 6(d) shows
the SAED pattern of location area denoted by “12sadp” in
Fig. 6(a), which corresponds to the coexistence of monoclinic
and tetragonal ZrO2. Fig. 6(e) shows the NBED pattern of
location denoted by “19nbdp” in Fig. 6(a), which corresponds
to the tetragonal ZrO2 with zone axes of [201]. Fig. 6(f) shows
a HRTEM image; the d-spacings of monoclinic ZrO2 (022)
and tetragonal ZrO2 (112) reflections were found to be 1.843 Å
and 1.810 Å, respectively.

These results also provide evidence for the coexistence of
monoclinic and tetragonal ZrO2. Monoclinic ZrO2, which occurs
extensively, shows the typical microstructure because of the stress-
induced tetragonal to monoclinic ZrO2 martensitic transformation.
The preexisting monoclinic domains may well act as heteroge-
neous nuclei for tetragonal to monoclinic transformation.
Therefore, if the tetragonal ZrO2 nanocrystallite is only metastable,
thermal treatment of the ground powder should lead to complete
transformation into the monoclinic structure. On the other hand, if
the unstrained tetragonal ZrO2 nanocrystallites are indeed thermo-
dynamically more stable than monoclinic ZrO2, one would expect
the crystal structure to revert back to tetragonal ZrO2 once
sufficient thermal energy is supplied to remove the stress and
strain [43].

4. Conclusion

The phase transformation behavior of tetragonal to mono-
clinic ZrO2 in a freeze-dried precursor powder of 3 mol% yttria
partially-stabilized zirconia (3Y–PSZ) has been investigated by
an isothermal method. The conclusions are as follows:
(i)
 The crystalline structure is composed of tetragonal ZrO2

(t-ZrO2) and monoclinic ZrO2 (m-ZrO2) as the primary
and secondary phases, respectively, when the freeze-
dried 3Y–PSZ precursor powder is calcined between
773 K and 1073 K for 2 h.
(ii)
 When calcined from 773 to 1073 K, the crystallinity of
the freeze-dried 3Y–PSZ precursor powder increases
with rising calcination temperature and time. After the
freeze-dried 3Y–PSZ precursor powder is calcined at
773 K for 120 min, the tetragonal ZrO2 and monoclinic
ZrO2 contents are 57.49% and 42.71%, respectively.
(iii)
 The activation energy for the isothermal transformation
of tetragonal ZrO2 to monoclinic ZrO2 is 7.02 kJ/mol
when the freeze-dried 3Y–PSZ precursor powder is
calcined between 773 K and 1073 K for 2 h.
(iv)
 When the freeze-dried 3Y–PSZ precursor powder was
calcined between 773 K and 1073 K, the kinetic equa-
tion for phase transformation from tetragonal ZrO2 to
monoclinic ZrO2 is described by

ln
1

1�α

� �
¼ 1

2:61
ð1:50� 10�3tÞ2:61exp � 7:02� 103

RT

� �� �
;

where α is the fraction of monoclinic ZrO2 as a function
of time t.
(v)
 An HRTEM image shows the typical microstructure
resulting from the stress-induced tetragonal to mono-
clinic ZrO2 martensitic transformation.
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