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a b s t r a c t

The synthesis and crystallization behavior of 3 mol% yttria stabilized tetragonal zirconia polycrystals (3Y-
TZP) nanopowders prepared using a simple co-precipitation process at 348 K and pH = 7 were investigated
using differential scanning calorimetry/thermogravimetry (DSC/TG), an X-ray diffractometer (XRD), the
Raman spectra, transmission electron microscopy (TEM), selected area electron diffraction (SAED), and
eywords:
o-precipitation process
rystallization behavior
on-isothermal method
late-like morphology

an energy dispersive spectrometer (EDS). The activation energy of tetragonal ZrO2 crystallization from
3Y-TZP freeze-dried precursor powders using a non-isothermal method, namely, 169.2 ± 21.9 kJ mol−1,
was obtained. The growth morphology parameter n was approximated as 2.0, which indicated that it
had a plate-like morphology. The XRD, Raman spectra, and SAED patterns showed that the phase of the
tetragonal ZrO2 was maintained at 1273 K. The crystallite size of 3Y-TZP freeze-dried precursor powders

in w
calcined at 1273 K for 5 m

. Introduction

Zirconia is generally found in zircon (ZrSiO4) and baddeleyite in
he nature and is a common ceramic material. Zirconia has three
olymorph forms: monoclinic (M), tetragonal (T) and cubic (C) [1].
t temperatures lower than 1443 K pure zirconia is in the mon-
clinic phase. At temperatures from 1443 to 2643 K zirconia is in
he tetragonal phase. And at temperatures above 2643 K zirconia
s in the cubic phase [2]. Moreover, pure zirconia ceramics can

ove from the tetragonal phase to the monoclinic phase, which
s accompanied by variation in volume, through a spontaneous
tress-induced martensitic transformation when cooling from a
igh temperature to room temperature. To avoid phase transforma-
ion, Pascual and Duran [3] proposed that 8 mol% yttria stabilized
irconia (8YSZ) ceramics with a single cubic phase (fully stabilized

irconia, FSZ) is desirable for high temperature applications. The
ddition of 3–6 mol% yttria to zirconia can make the tetragonal
hase the primary phase.

∗ Corresponding author. Tel.: +886 7 3121101x2366; fax: +886 7 3210683.
∗∗ Corresponding author. Tel.: +886 7 3814526x5403.
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© 2011 Elsevier B.V. All rights reserved.

When the component phases of zirconia are multi-phase (i.e.
both the tetragonal and monoclinic phases exist in matrix) this
is called partially stabilized zirconia (PSZ). Tetragonal zirconia
polycrystals (TZP) is zirconia in which the component phase is
almost tetragonal. Both PSZ and TZP possess excellent mechanical
properties, especially fracture toughness. Toughness differs from
brittleness of in common ceramics [4] and is the result of three
types of toughening mechanisms in tetragonal zirconia. The first
type is the transformation toughening mechanism, which was pro-
posed by Green et al. [5] and Hannink et al. [6]. The microcracking
toughening mechanism is the second type toughening mechanism,
which was proposed by Claussen et al. [7] and Evans and Cannon
[8]. The third toughening mechanism was proposed by Virkar et al.
[8–11]. He proposed that tetragonal ZrO2 become tougher after
stress-induced domain switching.

Recently, various processes have been widely used for syn-
thesizing YSZ nano-particles which have been reported, such as
the co-precipitation [12], hydrothermal [13], and sol–gel processes
[14]. The co-precipitation process has the advantages of low cost,
easy-to-acquire equipments, a well-mixed solution, and nano-

metric precursor particles. Through frozen and dried processes
the YSZ amorphous precursor powders become crystalline YSZ
powders after calcinaiton. The activation energies of the crystal-
lization of Y-TZP prepared using with and without seeding-assisted
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hemical co-precipitation were reported by Durán et al. [15]. They
roposed that the addition of nanosized Y-TZP amorphous precur-
ors created the apparent activation energy decreased from 184
o 119 kJ mol−1 for the Y-TZP crystallization. However, the crystal-
ization behavior and crystallite growth mechanism have not been
iscussed in detail. In addition, Kuo et al. [16] also reported that
he activation energy of cubic ZrO2 formation in 8YSZ using the
on-isothermal method is 231.76 kJ mol−1, and that the crystallite
rowth mechanism belongs to 3-dimensional growth. However,
lthough 3Y-TZP has important applications in many fields, includ-
ng the manufacture of biomaterials and dental materials [17], its
rystallization behavior has not been elaborated on.

In the present study, the synthesis and crystallization behavior
f 3 mol% yttria stabilized tetragonal zirconia (3Y-TZP) precur-
or powders prepared from zirconium nitrate and yttrium nitrate
exahydrate using a simple co-precipitation process were inves-
igated using differential scanning calorimetry/thermogravimetry
DSC/TG), an X-ray diffractometer (XRD), the Raman spectra,
ransmission electron microscopy (TEM), selected area electron
iffraction (SAED), and an energy dispersive spectrometer (EDS).

The purpose of the present study was: (i) to study the thermal
ehavior of 3Y-TZP freeze-dried precursor powders, (ii) to study the
rystallization behavior of 3Y-TZP freeze-dried precursor powders
fter they have been calcined, and (iii) to observe the microstruc-
ure of calcined 3Y-TZP powders.

. Experimental procedures

.1. Sample preparation

Zirconium (IV) nitrate (Zr(NO3)4·xH2O purity ∼ 99.5%, supplied by Acros Organ-
cs, Belgium) and yttrium nitrate hexahydrate (Y(NO3)3·6H2O, purity ∼ 99.9%,
upplied by Acros Organics, Belgium) were used in this study. The polyethylene
lycol (PEG, MW 6000, supplied by Nippon Shiyaku Kogyo K.K, Japan) was used
s a dispersant. Zirconium nitrate and yttrium nitrate were dissolved in a solu-
ion of deionized water and ethanol at a volume ratio of 1:5. The ratio of Y2O3 to
Y2O3 + ZrO2) equal to 3 mol% in solution was prepared, and 1 wt% PEG was added
o reduce agglomeration. The mixed solution was stirred using a magnetic stirrer
nd heated to 348 K. NH4OH (Nihon Shiyaku Reagent, Japan) and was then slowly
dded to the solution until it reached a pH of 7. After precipitation, the precipitates
ere repeatedly rinsed with a large amount of deionized water through ultrasonic

ieving, and then the precursor powders were freeze-dried at 223 K in a vacuum.

.2. Sample characterization

A DSC/TG (SDT Q600, TA, USA) was conducted in the temperature range
23–1273 K in static air. Approximately 8 mg of freeze-dried precursor powders
ere heated at various rates. Al2O3 powders were used as a reference material. The

alcination temperature was determined from the DSC results.
The crystalline phase was identified by XRD (D8 Advance, Bruker, Germany)

ith Cu K� radiation and a Ni filter operating at 40 kV, 40 mA, and scanning at a
ate of 1◦ min−1. The Raman spectroscopy (HR800, HORIBA, Japan) was identified
t room temperature with a 633 nm excitation line of a diode-pumped solid state
aser.

The morphology of the 3Y-PSZ precursor powders was examined by TEM (JEM
100F, JEOL, Japan) operating at 200 kV. SAED and EDS (INCA TEM250, Oxford, UK)
xaminations were also done on the powders.

. Results and discussion

.1. Thermal behavior of freeze-dried precursor powders

The DSC/TG curve of the 3Y-PSZ precursor powders heated at a
ate of 5 K min−1 are shown in Fig. 1. The TG curve can be divided
o four major weight loss stages: (i) 298–357 K (ii) 357–453 K (iii)
53–613 K and (iv) 613–1020 K. In the first stage, about 6.5% of the
eight loss was attributed to the evaporation of water on the sur-

aces of the precursor powders. In the second stage, 357–453 K,

bout 10.6% weight loss was caused by the follow reaction:

[Zr4(OH)8][OH]8 → [Zr4(OH)4O4][OH]4 + 4H2O
(ZrO2 · H2O) (ZrO2 · 2H2O)

(1)
Fig. 1. The DSC/TG curves for 3Y-TZP freeze-dried precursor powders heated at a
rate of 5 K min−1 from 300 to 1200 K.

This is because the square-arranged Zr atoms were linked by
four OH groups and four O atoms in the [Zr4(OH)4O4]4+ cation. In
the third stage, 453–613 K, a weight loss of about 5.3% was caused
by the reaction from ZrO2·H2O lost 1/2H2O. The reaction is as fol-
lows:

[Zr4(OH)4O4][OH]4 → [Zr4(OH)2O6][OH]2 + 2H2O(
ZrO2 · 1

2
H2O

)
(2)

In the fourth stage, 613–1020 K, the transformation of
ZrO2·1/2H2O to ZrO2 crystallites occurred, resulting in about 5.2%
weight loss. This was the final dehydration reaction:

[Zr4(OH)2O6][OH]2 → 4ZrO2 + 2H2O (3)

Whitney [18] pointed out that the ZrO2·6H2O, which corre-
sponds to residual 53 wt% ZrO2, is the product of a metathetical
reaction between the base and zirconyl ions. In the present study,
the freeze-dried precursor powders contained about 72.4 wt% ZrO2,
which corresponds to ZrO2·2H2O.

In addition, the DSC curve of the 3Y-TZP freeze-dried precur-
sor powders at a heating rate of 5 K min−1 in static air also shows
two exothermic peaks, one at 523 K and the other one at 753 K.
The first exothermic peak at 523 K was caused by the dehydration
reaction leading to the atomic prearrangement of the tetragonal
structure which caused the 3Y-TZP freeze-dried precursor pow-
ders to approach a more stable state [19]. Furthermore, the second
exothermic peak, which appeared at 753 K, was caused by the
crystalline ZrO2 formation of the amorphous 3Y-TZP freeze-dried
precursor powders.

3.2. The crystal structure of 3Y-TZP freeze-dried precursor
powders after calcination

The typical XRD patterns of 3Y-TZP freeze-dried precursor pow-
ders calcined at various temperatures for 5 min are shown in Fig. 2.
The XRD pattern of uncalcined freeze-dried precursor powders
shows that no reflection peak can be found. This result shows
that the freeze-dried precursor powders maintained their amor-
phous states. No reflection peak was found in the XRD patterns
of the 3Y-TZP freeze-dried powders calcined at 573 and 673 K for
5 min. This result can be attributed to the freeze-dried precursor

powders calcined 573 and 673 K for 5 min also maintaining their
amorphous states. When calcined at 773 K for 5 min, the reflection
peaks of the XRD pattern first displayed the tetragonal ZrO2 phase.
When the 3Y-TZP freeze-dried precursor powders calcined at 1073
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ig. 2. Typical broad-scan XRD patterns of 3Y-TZP uncalcined freeze-dried precursor
owders and freeze-dried precursor powders calcined at various temperatures for
min. “T” denotes the tetragonal ZrO2 phase.

nd 1273 K, respectively, for 5 min, the XRD patterns still revealed
etragonal ZrO2.

According to the results of Fig. 1, the second exothermic
eak temperature of the 3Y-TZP precursor freeze-dried powders
ppeared at 753 K. This result shows that the second exothermic
eak temperature corresponded to the tetragonal ZrO2 formation
f the 3Y-TZP freeze-dried precursor powders. In addition, the
RD patterns showed that all the reflection peaks maintained the

etragonal ZrO2 phase and that the intensity of the reflection peaks
ncreased with the temperature when the freeze-dried precursor
owders calcined between 873 and 1273 K for 5 min, i.e. the crys-
allity of the 3Y-TZP powders improved as the calcined temperature
ncreased.

Fig. 3 shows the Raman spectra of uncalcined 3Y-TZP freeze-
ried precursor powders calcined at various temperatures for
min. Two broad peaks appeared at about 265 and 290 cm−1,

espectively. The results of Fig. 3 show that all the peaks belonged to
he tetragonal phase [20]. Furthermore, the peak-broadening phe-

omenon in Fig. 3 was probably caused by disordered lattice defects
21].

A comparison of the results of Figs. 2 and 3 shows that, although
he XRD results for the uncalcined 3Y-TZP freeze-dried precur-

ig. 3. The Raman spectra of 3Y-TZP freeze-dried precursor powders: (a) uncalcined
b) calcined at 773 K, and (c) calcined at 1273 K for 5 min. “T” denotes the tetragonal
rO2 phase.
mpounds 509 (2011) 6864–6870

sor powders calcined at 573 and 673 K for 5 min indicate that
they maintained an amorphous state, the Raman spectra of the
uncalcined 3Y-TZP freeze-dried precursor powders shows that the
tetragonal ZrO2 phase could be attributed to the tetragonal phase
already having been formed. The metastable tetragonal phase could
be stabilized at room temperature by doping yttrium cations into
the ZrO2 lattice [22]. Monoclinic is the most stable crystal struc-
ture at room temperature for pure ZrO2 because it favors 7-fold
Zr–O coordination. When less than four valences cations, such as
Y3+, are doped into the ZrO2 lattice, oxygen vacancies are generated
for the charge balance of the structure. Because the radius of Y3+

(1.02 Å) is larger than that of Zr4+ (0.84 Å), the oxygen vacancies
tend to be associated with Zr4+. This makes the effective coordina-
tion number less than 7. For maintaining the coordination number
to approach to 7, the ZrO2 changes the lattice structure to an 8-fold
coordination, which leads to the formation of tetragonal or cubic
structures [23].

On the other hand, Clearfield [24] points out that, since the disso-
lution/precipitation the hydrous zirconia is a slow process resulting
in the formation of ordered sheets and leading to the tetragonal
phase through self-assembly, even XRD patterns show the amor-
phous state. Denkewicz et al. [25] also presented a similar point of
view regarding amorphous precursor (Zr(OH)xOy) losing structural
water during calcination, and then transforming into polycrys-
talline aggregated tetragonal zirconia. In addition, Chuah [26] also
proposed that hydrous zirconia digested by reflux undergoes a
dehydration process and generally forms a more stable framework
structure than amorphous hydrous zirconia, and then transitions
into the tetragonal phase through topotactic rearrangement after
calcination. The existence of a more stable framework structure can
be confirmed by decreasing the enthalpy and the increasing activa-
tion energy of the crystallization process. The results of the present
study correspond with the results of Clearfield [24] and Denkewicz
et al. [25].

In addition, Sato et al. [21] dissolved ZrOCl2·8H2O in a
KHCO3/KOH solution, and obtained full tetragonal zirconia after
a hydrothermal process. In the present study, full tetragonal zir-
conia was also obtained using a simple co-precipitation process at
normal atmospheric pressure.

3.3. The crystallization behavior of 3Y-TZP freeze-dried precursor
powders

The DSC curves of the 3Y-TZP freeze-dried precursor powders
at various heating rate in static air are shown in Fig. 4. Each curve
has two exothermic peaks. The first exothermic peak temperatures
are between 523 and 561 K, and the second exothermic peak tem-
peratures are between 753 and 793 K. In addition, Fig. 4 also shows
that the exothermic peaks shift to higher temperatures when the
heating rate is increased. This phenomenon can be attributed to
the high heating rates resulting in the transition temperature leav-
ing the equilibrium transition point leading it to shift to a higher
temperature.

The exothermic peak temperatures of the DSC curves can be
used to research crystallization kinetics using a non-isothermal
method. In the present study, the Johnson–Mehl–Avrami (JMA)
equation was applied to derive the non-isothermal activation
energy of the phase crystallization from the 3Y-PSZ freeze-dried
precursor powders [27];

ln ˇ = − Ec

RTc
+ ln CM (4)
where ˇ means the heating rate, Ec denotes the crystallization acti-
vation energy, R is the gas constant, Tc is the temperature that
corresponds to the exothermic peak of crystallization, and In CM
is a constant.
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Fig. 4. DSC curves of the 3Y-TZP freeze-dried precursor powders at various heating
rates: (a) 5, (b) 10 and (c) 20 K min−1.

d
p
1

F
d

Fig. 7. Plots for log[ − ln(1 − ˛)] versus 1/T at various heating rates for 3Y-TZP nano-
Fig. 5. Plots of lnˇ versus 1/Tc for 3Y-TZP nano-powders.
Fig. 5 shows the result of lnˇ versus (1/Tc) for 3Y-TZP freeze-
ried precursor powders. The slope of the fitting line of the
lots was −20.35 ± 2.64. After calculations, the activation energy,
69.2 ± 21.9 kJ mol−1 for tetragonal ZrO2 crystallization from 3Y-

ig. 6. An enlarged view of the exothermic peak of the DSC curves for 3Y-TZP freeze-
ried precursor powders heated at a rate of 20 K min−1.
powders.

TZP freeze-dried precursor powders was obtained. This value
approached to the crystallization activation energy of 3Y-TZP,
184 kJ mol−1, prepared using a co-precipitation process that used
(Zr(C4H9O)4·C4H9OH) and solvent (2-propanol) as the start mate-
rials [15].

In addition, Durán et al. [15] also pointed out that the crystal-
lization activation energy of 3Y-TZP amorphous powders prepared
by seeding-assisted chemical co-precipitation was 119 kJ mol−1.
The difference between the results obtained by Durán et al. [15]
and those in the present study could have been caused by the
using seeding-assisted chemical co-precipitation providing the
heterogeneous nucleation sites and leading to the a decrease in
crystallization activation energy. On the other hand, the crystalliza-
tion activation energy of the transformation from the amorphous
phase to the tetragonal (169.2 kJ mol−1) was smaller than that of
the transformation to the cubic (231.76 kJ mol−1) [16]. This result
shows that yttria stabilized zirconia materials require less energy
to transform to the tetragonal phase than to the cubic.

When the 3Y-TZP freeze-dried precursor powders were heated
at a constant rate, ˇ, over a period of time from room temperature
(Tr) to a certain temperature (T), the total number of nuclei, N, took
shape per volume and the radius of crystallites, r, were presented
Fig. 8. Plots for log[ − ln(1 − ˛)] versus logˇ at different temperatures for 3Y-TZP
nano-powders.
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ig. 9. Micrographs of 3Y-TZP freeze-dried precursor powders calcined at 1273 K f
attice image, (e) FFT SAED pattern, and (f) IFFT atomic lattice image.

s [22,28]:

= 1
ˇ

∫ T

Tr

I(T)dT = N0

ˇ
(5)

= 1
ˇ

∫ T

Tr

U(T)dT = 1
ˇ

∫ T

Tr

�0� exp
(

− Ec

RT

)
dT

1
∫ T (

Ec
)

r0
(

Ec
)

=
ˇ

Tr

�0 exp −
RT

dT ≈
ˇ

−
RT

(6)

here I(T) and U(T) are the rates of nucleation and crystallite
rowth, respectively, N0 is the initial number of nuclei, �0 is the
in for the (a) BF image, (b) (1 1 1)t DF image, (c) SAED pattern, (d) high resolution

frequency of molecules climbing over energy barriers, � is the thick-
ness of one molecular layer of a phase, and r0 is the initial radius of
a tetragonal particle.

The two types of crystallization are nucleation of the bulk and
of the surface. In nucleation, the volume fraction of crystallites, ˛,
is presented as [29]:

d˛

dt
= 4N0rn−1

0 �0

ˇn
(1 − ˛) exp

(
−nEc

RT

)
(7)
As Fig. 6 shows, where ˛ = (Ai/A), A is the area between the DSC
curve and base line from initial crystallization temperature, T1 to
crystallization completion temperature T2 and Ai is the partial area
from T1 to a certain temperature T. After the integral operation, Eq.
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Table 1
Growth morphology parameter of n of 3Y-TZP freeze-dried precursor powders at
various heating rates.

Heating rate (K min−1) nEc (kJ mol−1) n

5 242.27 1.43

(
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Table 3
The composition of 3Y-TZP freeze-dried precursor powders calcined at 773 and
1273 K for 5 min by TEM-EDS and the ideal composition by calculation.

Element (atomic%) Zr Y O

773 K 36.83 3.20 59.97

10 331.35 1.96
20 452.28 2.67
Average 341.97 2.02

8) could be derived and simplified as

ln(1 − ˛) = k

ˇm
exp

(
−nEc

RT

)
(8)

nd further derived as [30]

og[− ln(1 − ˛)] = − nEc

2.303RT
− m log ˇ + const. (9)

here n is the parameter of the growth morphology and m is
he index of the crystallization mechanism. This indicates that
rystallites engage in three-dimensional growth when n = m = 3;
wo-dimensional growth when n = m = 2; and one-dimensional
rowth when n = m = 1 [16].

Fig. 7 shows the relationship between log[ − ln(1 − ˛)] and (1/T)
t various heating rates. The slopes of the fitting lines were obtained
nd denoted in Fig. 7. As can be seen in Eq. (9), further calculation
f the slopes of the fitting lines obtained the values of growth mor-
hology parameter, n, which are listed in Table 1. The average value
f n is 2.02. Within experimental error, the average value of n was
pproximated as 2.0.

The relationships between log[ − ln(1 − ˛)] and logˇ at various
emperatures are shown in Fig. 8. The slopes of the fitting lines for
arious temperatures were obtained and denoted in Fig. 8. Using Eq.
9) and these slopes, the values of crystallization mechanism index
m) were obtained and are listed in Table 2. The average value of

is 1.90. Within experimental error, the average value of m was
pproximated as 2.0.

According to JMA criterion, the values of n and m were
pproximated as 2.0, meaning that two-dimensional growth with
late-like morphology was the primary mechanism of tetragonal
rO2 crystallization from zirconia in 3Y-TZP freeze-dried precursor
owders.

.4. TEM microstructure of 3Y-TZP nano-powders

The TEM micrographs of the 3Y-TZP freeze-dried precursor
owders calcining at 1273 K for 5 min are shown in Fig. 9. Fig. 9(a)
hows the bright field (BF) image, which reveals that some two-
imensional growth crystallites were aggregated together. These
wo-dimensional growth crystallites corresponded with the calcu-
ated result of the crystallization mechanism as mentioned above.
ig. 9(b) shows the dark field (DF) image of the (1 1 1)t tetragonal
rystallites. It shows that the particles were smaller than 100 nm.
ig. 9(c) shows the SAED pattern, whose index corresponds with the

etragonal ZrO2. This result also indicates that the 3Y-TZP freeze-
ried precursor powders calcining at 1273 K for 5 min could be still
aintain the tetragonal phase. Fig. 9(d) shows a high resolution lat-

ice image of a certain region. Its fast Fourier transformation (FFT)

able 2
rystallization mechanism index (m) of 3Y-TZP freeze-dried precursor powders at
arious temperatures.

Crystallization temp. (K) m

775 2.03
779 1.88
783 1.79
Average 1.9
1273 K 46.97 5.24 47.79
Ideal composition 31.70 1.96 66.34

SAED pattern by fast Fourier transform (FFT) is shown in Fig. 9(e).
The indexed SAED pattern shows (1 1 1̄), (1 1̄ 1), and planes along
the [0 1 1] zone axis. According to the SAED pattern, the indexed
atomic lattice image is shown in Fig. 9(f) by IFFT. It shows that the
d-spacings of (2 0 0) and (1 1̄ 1) were 2.55 and 2.91 Å, respectively.

The atomic compositions of 3Y-TZP nano-powders calcined at
773 and 1273 K for 5 min by TEM-EDS are listed in Table 3. The ideal
atomic composition of 3Y-TZP nano-powders was calculated from
the ideal stoichiometric Zr0.97Y0.06O2.03. It can be seen in Table 3
that the O atomic ratio of the experimental 3Y-TZP was lower than
the ideal O atomic ratio because the yttrium cations replaced the
zirconium cations of the face centered cubic lattice sites and caused
the oxygen vacancies to lead to a decrease in the O atomic ratio.
In addition, the finding that yttrium atoms can be detected using
TEM-EDS could be used as evidence of the generation of oxygen
vacancies.

4. Conclusion

The synthesis and crystallization behavior of 3Y-TZP freeze-
dried precursor powders was investigated using DSC/TG, XRD,
Raman spectra, TEM, SAED and EDS. These results of this study are
summarized as follows:

(1) From the estimated weight loss in the TG curve, it can be
seen that the main compound of the precursor powders was
ZrO2·2H2O.

(2) The results of the XRD, Raman spectra, and SAED show the
tetragonal ZrO2 formation when the 3Y-TZP freeze-dried pre-
cursor powders calcined at 773–1273 K for 5 min. Moreover, the
Raman spectrum shows that the tetragonal ZrO2 had already
formed in the 3Y-TZP freeze-dried precursor powders.

(3) The crystallization activation energy of the tetragonal phase
from the 3Y-TZP freeze-dried precursor powders when using
a non-isothermal method was 169.2 ± 21.9 kJ mol−1.

(4) The crystallite growth morphology parameter (n) and crystal-
lization mechanism index (m) were approximated as 2.0. This
result means that the tetragonal ZrO2 crystallites have a growth
mechanism with a plate-like morphology.
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