
A

B
r
p
o
t
B
l
©

K

1

b
f
r
t
b
o
m
p
m

d
a
a
f
i
B
t
O

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 87–93

Grain growth behavior in bismuth titanate-based ceramics

A. Watcharapasorn, P. Siriprapa, S. Jiansirisomboon ∗
Department of Physics and Materials Science, Faculty of Science, Chiang Mai University, Chiang Mai 50200, Thailand

Received 3 April 2009; received in revised form 29 July 2009; accepted 30 July 2009
Available online 28 August 2009

bstract

ismuth titanate and lanthanum-doped bismuth titanate ceramics were prepared from freeze-dried powders employing conventional solid state
eaction and sintering procedures. The sintering process was carried out at 1150 ◦C from 4 up to 48 h. X-ray diffraction analysis showed that
referred orientation was reduced in bismuth titanate ceramic as sintering time increased while lanthanum-doped sample showed much less degree
f preferred orientation and was independent of sintering time. Grain growth studies also showed that initial anisotropic grain growth rate was

he main factor controlling the grain morphology, rendering the plate-shaped grain in both pure and lanthanum-doped bismuth titanate ceramics.
ased on established grain growth law, pore-controlled diffusion could be the major mechanism determining the observed microstructure in these

ayered compounds.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Pure and doped bismuth titanate (Bi4Ti3O12 or BIT) have
een under investigation recently due to their good electrical
atigue resistance behavior and their possible use in ferroelectric
andom access memories or FRAM applications.1 A number of
echniques have been employed to synthesize these materials
oth in thin film and ceramic forms.2–6 For thin films, a number
f research work have shown that highly c-axis oriented grain
orphology could be produced by several processing techniques

articularly the templated grain growth method which enabled
easurements of anisotropic properties of these films.7–10

In ceramics, it has been well known that both pure and
oped BIT possess plate-like grains and properties which are
lso orientation dependent. For example, dielectric properties
long the direction perpendicular and parallel to c-axis were
ound to be quite different.11 Hence, due to anisotropic behav-
or of this material, a number of researchers have fabricated

IT ceramics with grains aligned in certain direction by various

echniques such as templated grain growth and tape-casting.12

thers have found that employing external parameters such as
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ased compound

agnetic field or pressure could also produce ceramics with ori-
nted grains.11–14 Inoue et al.12 had shown that BIT ceramics
ith highly oriented grains could be fabricated from com-
acted plate-shaped powders which were originally prepared
rom salt solutions. However, the prepared ceramics contained
arge pores between well sintered plate-shaped grain colonies.12

he authors also briefly mentioned the anisotropic grain growth
ehavior of sintered green compact prepared from convention-
lly prepared BIT powder. Based on these previous studies and
he fact that grain growth kinetics and time dependence of grain

orphology of BIT ceramics prepared by conventional sinter-
ng method have not been investigated in detail, this research
herefore attempts to quantitatively study the effects of sinter-
ng time on microstructures, grain orientation and density of
IT ceramics. The results are discussed and compared to those
f Bi3.25La0.75Ti3O12 (BLT) ceramics to elucidate the effects
f lanthanum ion addition on grain growth behavior of BIT
eramics.

. Experimental procedure
Bi4Ti3O12 and Bi3.25La0.75Ti3O12 powders were prepared
rom binary oxides i.e. Bi2O3 (>98.0%, Fluka), La2O3 (99.99%,
erac) and TiO2 (>99%, Riedel-de Haën). The stoichiometric
mounts of starting powders were mixed using ball milling with
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and, therefore, X-ray patterns of ceramics and powder should
be identical.

Fig. 1(b) shows X-ray diffraction of BLT calcined powder
and sintered ceramics. Although the X-ray pattern of calcined
Fig. 1. X-ray diffraction patterns of calcined powder and

irconia balls and distilled water for 24 h at a rate of 60 rpm. The
ixtures were then transferred to a spherical flask and placed

n a shell freezer. The flask was rotated in an ethanol bath for at
east 1 h to produce frozen slurry, which was immediately dried
n a vacuum drier for at least 24 h. After all ice was sublimated,
ne freeze-dried powders were obtained. The powders were then
alcined at 750 ◦C for 4 h before being re-ground, pressed into
mall pellets and sintered at 1150 ◦C for 4, 10, 24 and 48 h. X-
ay diffraction analysis was employed to study phase formation
nd crystal structure of calcined powder and polished surfaces of
eramics using an X-ray diffractometer (Philips model X-pert)
ith CuK� radiation. Density was measured using Archimedes
ethod. Microstructure of ceramic surfaces thermally etched

n air at 1000 ◦C for 15 min was investigated using a scan-
ing electron microscope (JEOL JSM-6335F). Grain size was
btained from SEM micrographs using direct measurement of
rain length and thickness across the center of each grain. Aver-
ged values for each sample were obtained from measuring one
undred grains. For degree of grain orientation, the following
quations were used

0 =
∑

I0(0 0 l)
∑

I0(h k l)
(1)

=
∑

I(0 0 l)
∑

I(h k l)
(2)

n the above equations, P0 and P are the fraction of (0 0 l) X-
ay peaks with respect to all peaks for powders and ceramics,
espectively. I0(0 0 l) and I(0 0 l) are the integrated X-ray 0 0 l
eak intensities of powder and ceramic samples, respectively.
0(h k l) and I(h k l) are their corresponding integrated intensities
f all peaks within the 2θ range (i.e. 10–60◦) under investiga-
ion. After P0 and P were calculated, a Lotgering factor15 was
btained using equation

= P − P0

1 − P0
(3)
. Results and discussion

Fig. 1(a) shows X-ray diffraction patterns of BIT ceramics.
or sintering time of 4 h, the ceramic surface showed relatively

F
w

ed ceramics of (a) Bi4Ti3O12 and (b) Bi3.25La0.75Ti3O12.

igh degree of preferred orientation of 0 0 l-type indices. As
he sintering time increased, the degree of preferred orientation
ecreased. Quantitatively, the 0 0 l-oriented grain contribution
pproximated from integrated intensity of X-ray peaks relative
o other grain orientation is also shown in Fig. 2. It seems there-
ore that for short sintering time (4 and 10 h), the compacted
articles with c-axis oriented parallel to the pressing direction
ended to grow and contribute to high degree of 0 0 l preferred
rientation observed. At longer sintering time (24 and 48 h), the
nfluence of grains with c-axis oriented perpendicular to pressing
irection became more pronounced (Fig. 1(a)) with a corre-
ponding reduction in 0 0 l preferred orientation (Fig. 2). These
rains seemed to grow over some of the 0 0 l-oriented grains,
ence rendering smaller fraction of the latter on the ceramic sur-
ace. It should be noted that a slight shift of X-ray peaks of BIT
eramics compared to that of powder was probably due to instru-
ental error since the weight loss during sintering was found

o be negligible, indicating that stoichiometry did not change
ig. 2. Lotgering factor as a function of sintering time for BIT and BLT ceramics
ith respect to their calcined powders.
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Fig. 3. SEM micrographs of thermally etched surfaces of BIT cer

LT powder was nearly the same as that of BIT, it could be seen

hat the degree of 0 0 l preferred orientation of BLT ceramics was

uch less than that of BIT ceramics when compared at the same
intering time. The effect of sintering time on degree of preferred
rientation based on calculated Lotgering factor of 0 0 l-oriented
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Fig. 4. SEM micrographs of thermally etched surfaces of BLT ceramics
at various sintering times: (a) 4 h, (b) 10 h, (c) 24 h and (d) 48 h.

rains is also shown in Fig. 2. It could be seen that, compared

o BIT ceramics, the degree of grain orientation of BLT was
early independent of sintering time. For long sintering period,
he degree of 0 0 l-type preferred orientation in BIT and BLT
eramics was nearly the same. This suggested that the grain

at various sintering times: (a) 4 h, (b) 10 h, (c) 24 h and (d) 48 h.



90 A. Watcharapasorn et al. / Journal of the European Ceramic Society 30 (2010) 87–93

Table 1
Grain length and thickness of Bi4Ti3O12 and Bi3.25La0.75Ti3O12.

Sintering time (h) Grain length: l (�m) Grain thickness: t (�m) l/t

BIT BLT BIT BLT BIT BLT

4 5.88 ± 1.99 2.15 ± 0.73 0.98 ± 0.30 0.54 ± 0.13 6.00 3.98
10 8.44 ± 2.58 2.33 ± 0.66 1.46 ± 0.46 0.62 ± 0.16 5.78 3.74
24 9.62 ± 3.96 2.81 ± 1.00 1.67 ± 0.57 0.63 ± 0.15 5.76 4.45
48 10.38 ± 4.82 3.01 ± 1.21 1.77 ± 0.64 0.73 ± 0.21 5.86 4.12

Table 2
Density of Bi4Ti3O12 and Bi3.25La0.75Ti3O12 ceramics.

Sintering time (h) Bi4Ti3O12 Bi3.25La0.75Ti3O12

Density (g/cm3) Relative densitya (%) Density (g/cm3) Relative densitya (%)

4 7.55 ± 0.01 94.15 7.40 ± 0.03 96.47
10 7.41 ± 0.08 92.40 7.43 ± 0.02 96.88
2
4
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4 7.31 ± 0.01 91.14
8 7.38 ± 0.01 92.00

a X-ray density of Bi4Ti3O12 = 8.02 g/cm3 and Bi3.25La0.75Ti3O12 = 7.67 g/cm

rowth kinetics of these two systems might be similar at long
intering time.

Figs. 3 and 4 show thermally etched surfaces of BIT and BLT
eramics, respectively. For the same sintering time, the grain
ize of BIT was much larger than that of BLT ceramic. As the
intering time increased, the grain size became increased both
n terms of grain length and thickness. Their values are listed in
able 1. The density for both compounds did not vary much with
intering time (see Table 2). It could be observed however that
he relative density of BIT ceramics was slightly less than that
f BLT due to the larger plate-like grains, causing greater diffi-
ulties in having high packing density. Their low density values
ere also confirmed in the micrographs in which relatively high

raction of large pores was observed in BIT compared to that of

LT ceramics.

To study grain growth behavior in these compounds, the grain
ize in terms of grain length and thickness as a function of time
as plotted and shown in Fig. 5. It could be observed that,

ig. 5. Grain size of BIT and BLT ceramics as a function of sintering time.
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7.44 ± 0.03 96.95
7.17 ± 0.13 93.51

n both BIT and BLT ceramics, the grain size along ab-plane
nitially increased abruptly and then increased more slowly at
onger sintering time. Regardless of sintering time, both grain
ength and thickness of BIT ceramics were much larger than
hat of BLT ceramics. This indicates the well known effect of
rain growth inhibition by lanthanum ions. To further quan-
ify this point, the grain growth rate was obtained by fitting an
mpirical curve to the data points. It was found that the best
tted curve was obtained using the power function in the form
= abt1−c/(1 + bt1−c), where G is the grain size (length or thick-

ess), t is the time, and a, b, c are the fitting constants. After the
tting, the slope was calculated to obtain instantaneous grain
rowth rate.

Fig. 6 shows the growth rate as a function of sintering time.

t is apparent that the initial growth rate along ab-plane (grain
ength) was much faster than that along c-axis (grain thickness)
or both BIT and BLT ceramics. This grain growth anisotropy
ould be largely due to the different atomic attachment/diffusion

ig. 6. Grain growth rate of BIT and BLT ceramics as a function of sintering
ime.
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Fig. 7. Grain size distribution as a function

ates along different directions which, in turn, were influenced
y the orthorhombic crystal structure of BIT and BLT. From
he figure, it could be observed that the grain growth rate of
IT ceramic in both directions was about 10 times faster than

hat of BLT ceramic. This further proved the effectiveness of
anthanum in grain growth inhibition. As the sintering time
ncreased, the growth rates in both directions decreased until
heir values became comparable at long sintering time. This
eduction in grain growth rate should be expected since as the

rain grew, more time would be needed to complete each atomic
ayer on each grain. This comparable grain growth along ab-
lane and c-axis at long sintering time in both BIT and BLT
eramics also seemed to play a large part in determining the

i
l
g
c

tering time: (a) BIT and (b) BLT ceramics.

mount of preferred orientation in these ceramics. Hence, the
nitial anisotropic grain growth rate seemed to be the main factor
ausing the plate-shaped microstructures in both BIT and BLT
eramics. For long sintering time, the grain growth rate became
ore isotropic with reduced preferred orientation as observed

n this study. The effect of lanthanum on grain growth inhibition
lso resulted in narrower grain size distribution in BLT ceramics
ompared to that of BIT ceramics, as shown in Fig. 7.

In terms of grain growth mechanism in BIT and BLT ceram-

cs, attempts to find the values of exponent m in the grain growth
aw i.e. having a relationship Gm − Gm

0 = kt,16 where G0 is
rain size at time t = 0 and k is a constant, were not very suc-
essful. Fig. 8 shows the plot of a straight line fit through data
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Fig. 8. Grain growth law applied to BIT and BLT ceramics: (a) lin

oints (using m = 4 in this case) and the goodness of fit (having
n ideal value of 1) as a function of exponent m. It could be
een that the best fit, though still having relatively large resid-
al error, was found for m equals 4 which corresponded to the
ore-controlled surface diffusion or boundary-controlled diffu-
ion due to coalescence of second phase.16 However, the samples
nvestigated in this study were mostly single phase so it was
nlikely that the latter mechanism would play much role. Hence,
ore-controlled surface diffusion may be a major mechanism in
his material. Care should be taken however that other diffusion

echanisms may also play a role in these materials. The difficul-
ies in applying grain growth law to BIT and BLT ceramics were
ue to the fact that these materials possessed anisotropic grain
rowth behavior as well as the fact that the grain growth law was
stablished based on the assumption that the material must be
homogeneous compact with isotropic grain boundary energy

nd isolated spherical pores at the grain boundary. These prop-
rties were not closely followed in BIT and BLT ceramics due
o their un-equiaxed grains. Nevertheless, based on the informa-
ion obtained in this study, the rate controlling factors of grain
rowth could be the interfacial energy as well as the mobility of
anthanum ions. Further detailed investigation of lanthanum ion
iffusion in BIT ceramic would be beneficial.

. Conclusions

The Bi4Ti3O12 and Bi3.25La0.75Ti3O12 ceramics sintered
t various sintering times up to 48 h were successfully fabri-
ated. X-ray diffraction analysis showed that while Bi4Ti3O12
eramics showed greater 0 0 l-type preferred orientation than
i3.25La0.75Ti3O12 ceramics at short sintering time, both materi-
ls had similar degree of 0 0 l-type preferred orientation at longer
intering period. In both Bi4Ti3O12 and Bi3.25La0.75Ti3O12
eramics, the anisotropic grain growth rate was observed at
hort sintering period while at long sintering time, the growth
ate along ab- and c-plane became comparable. This study

howed that the plate-shaped morphology in Bi4Ti3O12 and
i3.25La0.75Ti3O12 ceramics was mainly the results of initial
nisotropic grain growth rate. Sintering these ceramics at longer
ime could render a material with more isotropic microstructure
ith reduced preferred orientation.

1

ting for m = 4 and (b) goodness of fit as a function of exponent m.
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