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Crystallization and properties of a perovskite 
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Crystallization and properties of a PbO-BaO-TiO2-AI203-SiO2-B203 glass-ceramic were 
studied. The primary crystalline phase was bulk-crystallized perovskite titanate. The 
secondary crystalline phases were a bulk-crystallized transient PbTiaO7 phase and a surface- 
crystallized PbO.AI203.2SiO2 phase. As the heating temperature/time increased, the 
structure of the precipitated perovskite crystals was transformed from cubic to tetragonal, 
and the measured c/a ratio increased to approach a constant value which is lower than that 
for the strain-free crystal. Moreover, the crystallized amount of perovskite phase first 
increased to a maximum, then decreased. The results have been explained by a coarsening 
process of the perovskite particles. With increasing frequency (200-10 s Hz), the dielectric 
constant of the crystallized samples ranged from about 80-70. The dielectric constant was 
mainly determined by the perovskite content. 

1. Introduction 
Controlled crystallization in glasses has led to the 
development of glass-ceramic materials with pore-free, 
fine-grained microstructure and specific properties. 
Much of the work in the field of glass-ceramics has 
been done on the thermal and mechanical properties. 
On the other hand, few investigations have been re- 
ported on the high-permittivity glass-ceramics con- 
taining a ferroelectric phase, such as BaTiO3 [1 6], 
PbTiO3 [7-18], and NaNbO 3 [19-23]. The features 
of interest in the ferroelectric glass-ceramics contain- 
ing PbTiO3 are crystallographic cubic - tetragonal 
inversion [8-10], crystal composition [8, 10], dielec- 
tric constant [9, 14], crystal morphology, and crystal- 
lization kinetics [7, 12, 16, 17], etc. It is well known 
that the properties of a glass-ceramic material are 
mainly determined by the intrinsic properties of the 
major crystalline phase. However, often the observed 
properties of the major crystalline phase show some 
extent of deviation from its intrinsic properties, mainly 
due to (i) the effects of the surrounding matrix, (ii) the 
formation of secondary crystalline phase(s), and (iii) 
the metastable state of the major crystalline phase. 
Therefore, a better understanding of the formation 
and properties of these ferroelectric glass-ceramic 
materials is needed. In the present paper, the crystal- 
lization and dielectric constant of the glass with 
a composition (reel %) of 39 PbO, 1 BaO, 25 TiO2, 
1 B203, 9.7 A1203, 24.3 SiO2 were investigated. 

2. Experimental procedure 
2.1. Sample preparation 
Well-mixed, dried powder containing appropriate 
amounts of reagent-grade PbO, BaCO3, TiO2, B203, 
A1203, and SiO2 was melted in a platinum crucible for 

30 min at 1200 ~ and then quenched by pouring it on 
to a copper plate. The glass was then annealed at 
450~ for 30 min and then furnace-cooled to room 
temperature. The as-annealed glass was cut by a dia- 
mond saw to yield rectangular bars. The samples were 
heated at 590-800 ~ for 0-48 h with a heating rate of 
10 K min-  1. 

2.2. Characterization 
The crystallization temperatures were measured using 
a differential thermal analyser (DTA), on a powder 
sample in platinum sample holders. The heating rate 
was 10 Kmin  -1. 

Phase identification was conducted by X-ray dif- 
fraction (XRD) analysis using powder samples. 
Measurements were performed on a diffractometer 
(Model D5000, Siemens, Germany) operating at 40 kV 
and 15 mA. Continuous scanning was used with 
a scan speed of 2 ~ min-a and a sampling interval of 
0.01 ~ (20). Lattice parameter measurements were con- 
ducted by using the (1 1 1), (200), (202), (3 1 1), (222), 
and (4 1 1) lines of the perovskite phase. Step scanning 
was used with a fix time of 5-15 s for each interval of 
0.02 ~ (20). The crystallized amount of the perovskite 
phase was measured by using a silicon internal stan- 
dard. The integrated intensities of the (1 1 1) lines for 
both perovskite and silicon were calculated. 

The crystallized samples were polished, etched with 
a solution of 0.5 wt % HNO 3 + 0.4 wt % HF at 25 ~ 
for 60 s, and then coated with a thin film of gold for 
scanning electron microscopy (SEM) observations 
(Model ABT-55, Akashi Beam Tech. Corp., Tokyo, 
Japan). 

Crystallized samples were ground and elec- 
troded for the dielectric measurement. The frequency 
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dependence of relative dielectric constant was meas- 
ured by an LCR meter at 1 V amplitude in the fre- 
quency range 200-105 Hz. The measurement was con- 
ducted at room temperature. 

3. Results and discussion 
3.1. Thermal analysis 
Fig. 1 shows the DTA curve for the annealed glass. 
The endothermal minimum at about 560 ~ was cor- 
related with the glass transition and softening process. 
The first exothermal peak at about 645 ~ probably 
represented a phase separation process, according to 
the work done by Kokubo et  al. [15]. The second 
exothermal peak at about 657 ~ was caused by the 
crystallization of the major crystalline phase - lead 
titanate. The broad exotherm at about 769~ was 
mainly due to the crystallization of PbO'A1203"2SiO; 
(PASs). The above crystallinity results have been con- 
firmed by XRD analysis. 

3.2. Phase identification 
Fig. 2 shows typical XRD patterns for the crystallized 
samples. For the sample heated at 590~ for 2 h, 
titanate perovskite phase with cubic structure began 
to crystallize. The amount of this phase increased as 

the sample was heated at 680 ~ A minor crystalline 
phase, PbO'3TiO2, also formed. The sample heated 
at 760 ~ for 2 h revealed tetragonal perovskite phase 
(identified by the {hh0} and {h00} doublets). Fur- 
thermore, lines corresponding to PASz phase de- 
veloped at 830 ~ Note that the PT3 peaks decreased 
as PAS2 formed, and disappeared as the heating 
time at 830~ was increased. This indicates that 
PbO.3TiO2 was a transient phase. 

3.3. Microstructure 
Fig. 3a shows that a surface layer had grown perpen- 
dicular to the surface of the sample heated at 830 ~ 
for 2 h. The enlarged micrograph (Fig. 3b) indicates 
that the surface layer contains branching leaf-like 
arms which were identified as PAS2 phase according 
to the XRD analysis. It was found that the layer 
growth-rate is constant at a fixed temperature (e.g. 
830~ Similar microstructures can be seen for 
most of the crystallized samples. The above result 
indicates that the crystallization of PAS2 was surface 
active. 
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Figure 1 DTA curve for the annealed glass. 
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Figure 2 XRD patterns of the samples heated at (a) 590 ~ h, (b) 
680 ~ h, (c) 760 ~ h, (d) 830 ~ h, and (e) 830 ~ h. (hkl) 
perovskite; ( + ) PT3; (0) PAS2. 
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Figure 3 Scanning electron micrographs showing (a) the growth of 
surface-layer and (b) the branching leaf-like morphology of PASz 
phase. Sample heated at 830 ~ for 2 h. 



the surface layer. The above microstructure develop- 
ment is similar in nature to that observed in our 
previously studied glass-ceramic which has a composi- 
tion close to the present one [24]. The mechanism for 
this microstructure development has been discussed in 
our previous work [24], and would thus be suitable 
for the present glass. This mechanism suggests that the 
coarse perovskite particles were formed through an 
Ostwald ripening process, rather than a primary crys- 
tal-growth process. Namely, the smaller perovskite 
particles dissolve and the larger ones grow. 

3.4. c/a ratio 
Fig. 5a and b show the values of c, a, and c/a ratio of 
the tetragonal perovskite phase as a function of heat- 
ing temperature (for heating time of 24 h) and time (for 
a heating temperature of 830 ~ respectively. The 
corresponding values obtained by conducting the 
same XRD experiment on a commercial, pure PbTiO3 
powder are c=0 .4169nm,  a=0 .3895nm,  and 
c/a = 1.065. It can be seen from both figures that, as 
the heating temperature/time increased, a decreased 

Figure 4 Scanning electron micrographs showing the detailed 
microstructures of (a) surface-layer region and (b) bulk region. 
Sample heated at 830 ~ for 2 h. 
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Fig. 4a shows the detailed microstructure in the 
bulk region of the sample heated at 830 ~ for 2 h. 

0.385 
Small perovskite particles (about 0.2 gm) uniformly 740 
distributed in the matrix. The matrix should be essen- (a) 
tially amorphous, distinguished by its severely etched 
nature. It was found that, as the heating temper- 
ature/time increased, the size of the perovskite par- 0.415 
ticles in this region remained nearly unchanged. 
Fig. 4b shows the detailed microstructure in the sur- 0.410 
face layer of the same sample. The white particles are 
perovskite and the grey leaf-like phase is PAS2. Two 

0 .405  
kinds of perovskite particles with different sizes can be 
clearly distinguished: the small ones, which exhibited E= 

v 

the sizes close to that observed in the bulk region ~ 0.400 
(Fig. 4a), were trapped in the PAS2 leaves, and the 

r 

coarse ones were located between the PAS2 leaves. As 0.395 
the heating temperature/time increased, the small per- 
ovskite particles grew only slightly while the coarse 0.390 
ones grew to a very large size. According to the above 
results from Fig. 4a and b, it is evident that, as the 
heating temperature/time increased, growth of the 0.385 

0 
PASz surface layer towards the centre of the sample 
resulted in two different sizes of perovskite particles. 
The relative amount of coarse to small perovskite 
particles increased due to the increased thickness of 
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Figure 5 Dependence of lattice constant as a function of (a) heating 
temperature (for heating time of 24 h) and (b) heating time at 830 ~ 
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and c and c/a values increased, then these three values 
approached constants of about 0.3900 nm, 0.4115 nm, 
and 1.055, respectively. Moreover, the above values 
are still lower than the corresponding values of the 
reference PbTiO3 powder, indicating a decreased 
spontaneous deformation of the perovskite crystals. 
The above results can be explained by the aforemen- 
tioned microstructure development. As the crystal- 
lized samples were cooled through the Curie 
temperature, the spontaneous deformation of the fer- 
roelectric phase can be restricted by the external stress 
applied by the surrounding rigid matrix. A small crys- 
tal size implies a high external stress and thus reduces 
the spontaneous deformation (c/a ratio) [8-10, 
25-27]. As a result, in the early stages of crystalliza- 
tion, the perovskite phase was small grained and thus 
exhibited low c/a ratio. As the heating temper- 
ature/time increased, the growth of the surface layer 
significantly increased the relative amount of coarse to 
fine perovskite particles (and thus the average size). As 
a result, an increase in c/a ratio can be seen. Moreover, 
the final c/a ratio obtained (1.055) was still lower than 
the reference value of 1.065, indicating that the par- 
ticle-size effect was still active. Another possible ex- 
planation for the above result could be attributed to 
chemical effect. Substantial impurities might be pres- 
ent in the initial, low-temperature perovskite phase, 
reducing the c/a ratio and possibly even suppressing 
the cubic-to-tetragonal phase transition. Epitaxial 
growth of PbTiO3 could then occur on the nucleating 
phase, resulting in an increase in the c/a ratio as 
a function of increasing temperature/time. Further 
work is needed to confirm this point. 

3.5. Crystallinity amount of the perovskite 
phase 

The weight percentage of the perovskite phase crystal- 
lized as a function of heating time at 830 ~ is shown 
in Fig. 6. It can be seen that the perovskite content 
increased initially to a maximum of about 30 wt % at 
6 h, then decreased continuously to about 25 wt % at 
12h. Note that this heating temperature (830~ 
is much lower than the melting temperature of the 

perovskite crystal, therefore the crystal melting pro- 
cess should not be the cause. According to the 
aforementioned mechanism for microstructure devel- 
opment, the coarse perovskite particles were formed 
through an Ostwald ripening process, i.e. in the re- 
gions between PASz leaves the smaller perovskite 
particles dissolved and then precipitated on to the 
large ones. According to the SEM observation (not 
shown), the dissolution and coarsening of the perov- 
skite particles proceeded even as the bulk region had 
been fully replaced by the surface layer. It is thus 
suggested that this process should be responsible for 
the decrease in amount of perovskite phase, as seen in 
Fig. 6. 

3.6, Dielectric constant 
Fig. 7 shows the relative dielectric constant as a func- 
tion of frequency for the samples heated at 830 ~ for 
various times. With increasing frequency, the dielec- 
tric constant decreased smoothly from 73-86 to 65-74. 
The range of dielectric constant for the present glass- 
ceramics is slightly higher than that reported by Wu 
and Zhu [28], and is lower than that for PbTiO3 
ceramic (about 133 [29]). It was found that the 
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Figure 7 Dependence of dielectric constant  as a function of fre- 
quency for the samples heated at 830~ for various times. 
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Figure 6 Weight percentage of perovskite phase formed as a func- 
tion of heating time at 830 ~ 
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heating time for the samples heated at 830~ 



dissipation factor (not shown) decreased with the in- 
creasing frequency, especially in the lower frequency 
range. This suggests that there were some space- 
charge effects, probably arising from residual glassy 
phases. The dependence of dielectric constant at 1 kHz 
as a function of the heating time at 830 ~ is shown in 
Fig. 8. It is well known that the observed properties of 
a glass-ceramic material are determined by the relative 
amounts and properties of the phases present. It can 
be seen that the trend of dielectric constant is consis- 
tent with that of perovskite content (Fig. 6), indicating 
that the dielectric constant of the present glass-ceram- 
ics is mainly controlled by the perovskite content. 

4. Conclusions 
1. The primary crystalline phase was bulk-crystallized 
perovskite titanate. The secondary crystalline phases 
were a bulk-crystallized transient PbTi307 phase and 
a surface-crystallized PbO.AI203-2SiO2 phase. 

2. As the heating temperature/time increased, the 
structure of the precipitated perovskite crystals was 
transferred from cubic to tetragonal, and the meas- 
ured c/a ratio increased to approach a constant value 
which is lower than that for the strain-free crystal. 
Moreover, the crystallized amount of the perovskite 
phase first increased to a maximum then decreased. 
The above results are explained by a coarsening pro- 
cess of the perovskite particles. 

3. With the increasing frequency (200-10 s Hz), the 
dielectric constant of the crystallized samples ranged 
from about 8(>70. The dielectric constant was mainly 
determined by the perovskite amount. 
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