
[RD1: JMS] sjnw205-06-10820-03 September 22, 2005 0:16

J O U R N A L O F M A T E R I A L S S C I E N C E (2 0 0 5 )

Effects of processing methods on texture

development and densification in SrBi4Ti4O15

ceramics

YOSHIYUKI SAKUMA, TOSHIO KIMURA ∗
Graduate School of Science and Technology, Keio University, 3-14-1 Hiyoshi, Kohoku-ku,
Yokohama 223-8522, Japan
E-mail: kimura@applc.keio.ac.jp

Published online: 08 July 2005

This paper deals with the effects of preparation methods on the texture development and
densification in textured SrBi4Ti4O15 (SBT) ceramics. The specimens were prepared by the
oriented consolidation of anisotropic particles (OCAP), templated grain growth (TGG) and
reactive templated grain growth (RTGG) methods. The specimens with extensive texture
were obtained by all methods except for TGG with small template and large matrix
particles. The origin of extensive texture development was the growth of aligned platelike
particles. A characteristic of microstructure was the formation of colonies, in which platelike
grains contacted face-to-face. The size of colonies was dependent on the preparation
method, and determined the size of pores between colonies, which had a large effect on the
sintered density. The OCAP and RTGG methods gave the green compacts composed of
only platelike particles and large colonies and pores formed during sintering. The TGG
method gave the green compacts composed of platelike and equiaxed particles and
prevented the formation of large colonies and pores during sintering. Thus, the dense,
highly-textured SBT ceramics were obtained by the TGG method.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Bismuth layer-structured ferroelectrics (BLSF), such
as Bi4Ti3O12, SrBi4Ti4O15 and CaBi4Ti4O15, are one
of the candidates for lead-free piezoelectric ceramics
[1]. However, the properties of these ceramics are much
smaller than those of lead-containing compositions be-
cause of an anisotropic crystal structure. To overcome
this shortcoming, textured ceramics have been prepared
[2–6]. There are mainly two preparation methods of
textured ceramics; the application of pressure during
sintering [2, 3] and the formation of green compacts
with aligned platelike and needlelike particles [4–7].
This paper is related to the latter method.

The tape casting is one of the most convenient meth-
ods to align the particles with shape anisotropy in
green compacts [4–7]. At first, only particles with shape
anisotropy were used to prepare slurries for tape cast-
ing [4, 7, 8]. We will call this method “oriented con-
solidation of anisotropic particles (OCAP) method”.
Recently, this method was modified to templated grain
growth (TGG) [5, 9, 10] and reactive templated grain
growth (RTGG) methods [11, 12]. The TGG method
uses the mixture of particles with shape anisotropy
and equiaxed particles with the same composition. The
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RTGG method uses the mixture of precursor particles
with shape anisotropy and equiaxed particles with the
composition to form the object material by the reac-
tion with precursor. This method enables the prepara-
tion of the textured ceramics, for which the formation
of particles with shape anisotropy is difficult such as
compounds with the perovskite structure.

These three methods (OCAP, TGG, and RTGG) in-
herently have advantage and disadvantage. However,
the characteristics of textured ceramics obtained by the
different processing methods have not been compared
for the same material. This paper deals with the texture
development and densification in SrBi4Ti4O15 (SBT)
prepared by three methods. SBT is selected because
platelike SBT and Bi4Ti3O12 particles are expected to
be easily prepared and the reaction shown by Equa-
tions 1 and 2 is available in the RTGG method [1, 6,
12, 13].

2Bi2O3 + SrCO3 + 4TiO2 = SrBi4Ti4O15 + CO2

(1)

Bi4Ti3O12 + SrCO3 + TiO2 = SrBi4Ti4O15 + CO2

(2)
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Figure 1 SEM photographs of platelike SBT particles prepared at (a) 900 and (b) 1100◦C for 1 h and (c) platelike Bi4Ti3O12.

2. Experimental procedure
Chemically pure SrCO3, Bi2O3, and TiO2 were used as
raw materials. Platelike SBT particles were prepared by
heating the mixture of SrCO3, Bi2O3, and TiO2 (a molar
ratio of 1:2:4) in the presence of KCl at 900 and 1100◦C
for 1 h. The products were washed with deionized water
more than 10 times to remove KCl. Figs 1a and b show
the photographs of obtained powders. Both particles
had platelike morphology and the size was dependent
on the heating temperature; the particles obtained at
900◦C had the diameter between 5 and 10 µm and
thickness between 0.2 and 0.3 µm, and those obtained
at 1100◦C had the diameter between 15 and 20 µm
and thickness between 0.3 and 0.5 µm. X-ray diffrac-
tion analysis indicated that the powders were single
phase SBT and the crystallographic c-axis lay perpen-
dicular to the plate face. We call the small and large
platelike SBT particles as SBT-pl[S] and SBT-pl[L],
respectively. Platelike Bi4Ti3O12 (BIT) used for the
RTGG method was a commercial product prepared by
Ohtsuka Chemical Co., Ltd. These particles had a sim-
ilar size to SBT-pl(S) and the diameter was about 7 µm
and a thickness was between 0.2 and 0.3 µm (Fig. 1c).

Equiaxed SBT particles were prepared by the con-
ventional solid-state reaction at 950◦C for 2 h, from the
mixture of SrCO3, Bi2O3, and TiO2. The reaction prod-
uct was ground by a ball mill for 24 h using 15 mmφ

ZrO2 balls. The ground powder with an average particle
size of about 1.0 µm was divided into two parts. One
was used as-ground and another was further ground
using 2 mmφ ZrO2 balls for 24 h. The average particle
size of the latter powder was about 0.5 µm. We call
the large and small SBT particles as SBT-eq[L] and
SBT-eq[S], respectively.

Table I shows the powders used for the preparation
of specimens. For the OCAP method, only SBT-pl[S]
was used. For the TGG method, platelike and equiaxed
SBT was used for the template and matrix particles,
respectively, and the amount of template particles was
20 vol%. Two combinations of platelike and equiaxed
particles were selected (Table I). For the RTGG method

using Equation 1, the template was SBT-pl[S] and the
matrix was the raw materials for SBT (SrCO3 + 2Bi2O3

+ 4TiO2). We will call this method as SR. For another
RTGG method using Equations 1 and 2 (we will call
BR), the template was platelike BIT and matrix was
the raw materials for SBT (SrCO3 + 2Bi2O3 + 4TiO2)
plus (SrCO3 + TiO2). (SrCO3 + TiO2) was added to
change BIT into SBT. In both methods (SR and BR), the
amount of template particles after the SBT formation
was designed to be 20 vol%. The reactions occurring
in the SR and BR methods are shown in Equations 3
and 4, respectively.

0.2SBT + 0.8(SrCO3 + 2Bi2O3 + 4TiO2)

= SBT + 0.8CO2 (3)

0.2(BIT + SrCO3 + TiO2) + 0.8(SrCO3

+ 2Bi2O3 + 4TiO2) = SBT + CO2 (4)

The slurries for tape-casting were prepared by mix-
ing powders (Table I), solvent (60 vol% toluene −40%
ethanol), binder (poly(vinyl butyral)) and plasticizer
(di-n-butyl phthalate) using a ball mill for 2 h. The tape-
cast sheets with a thickness of about 0.1 mm were cut,
laminated and pressed at 80◦C and 50 MPa for 3 min to
form green compacts with a thickness of about 2 mm.

T AB L E I Powder mixtures for the preparation of specimens

Preparation method
Template
particles Matrix particles

OCAP SBT-pl(S)
TGG TGG(b) SBT-pl(L) SBT-eq(S)

TGG(s) SBT-pl(S) SBT-eq(L)
RTGG SR SBT-pl(S) SrCO3 + Bi2O3

+ TiO2

BR BIT SrCO3 + Bi2O3

+ TiO2
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The compacts were further cut into small pieces (10 ×
10 mm).

The green compacts were heated in an oxygen atmo-
sphere to 700◦C and kept for 2 h to burn-out organic
ingredients and then subjected to cold isostatic pressing
(CIP) at 98 MPa for 2 min to increase green density.
The compacts were then sintered at various tempera-
tures between 1000 and 1200◦C for various durations.

The crystalline phases and the texture development
were evaluated by X-ray diffraction (XRD) analysis
using Cu Kα radiation on the major surface of the spec-
imens. The Lotgering’s F value was used to evaluate
the texture [14]; the intensities of the diffraction lines
between 2θ = 20◦ and 60◦ were used for the calcula-
tion. The microstructure was observed at a fractured,
side face with a scanning electron microscope (SEM).
The density was measured by the Archimedes method.
The theoretical density of 7.448 g/cm3 was used to
calculate the relative density [15].

3. Results and discussion
3.1. Texture development and densification
Fig. 2 shows the F value of the various specimens sin-
tered at temperatures between 1000 and 1200◦C for 2 h
and at 1200◦C for 10 h. The OCAP and SR specimens
had the F value of about unity at 1000◦C and above,
whereas the F value of the TGG(b) and BR specimens
was small at 1000◦C and increased as the sintering tem-
perature and time were increased. Actually, no texture
was formed in the TGG(s) specimens. All specimens
except for TGG(s) had the F value of more than 0.9
by sintering at 1200◦C for 10 h. The effects of pro-
cessing method on the F value will be discussed after
examining the microstructures.

Fig. 3 shows the density of sintered specimens shown
in Fig. 2. The density of all specimens except for
TGG(b) and TGG(s) was small even at 1200◦C (less
than 80% of theoretical). The density of the TGG(b) and
TGG(s) specimens was small at 1000◦C but increased
as the sintering temperature increased and reached
more than 90% at 1200◦C. The effects of processing
method on the density will be discussed after examin-
ing the microstructures.

Figure 2 Effect of sintering conditions on the F value of the specimens
made by various methods.

Figure 3 Effect of sintering conditions on the density of the specimens
made by various methods.

3.2. Microstructure development
3.2.1. OCAP method
Fig. 4 shows the microstructures of the calcined and
sintered OCAP specimens. Good alignment of plate-
like particles was observed in the calcined compact
(Fig. 4a). The diameter and thickness of individ-
ual platelike particles increased by sintering (above
1000◦C). Furthermore, the face-to-face contact be-
tween platelike particles developed above 1000◦C,
forming particle groups with no pores within them.
The size of particle groups increased as the sin-
tering temperature and time were increased, espe-
cially at 1200◦C. We will call these particle groups
as “colonies” [16]. Another microstructural charac-
teristic was the presence of large pores between
colonies.

The OCAP method makes the green compact with
well-aligned SBT particles (Fig. 4a), which is the ori-
gin of a large F value in the sintered compacts (Fig. 2).
The characteristics of the microstructure development
are the formation of colonies and large pores between
them, which are responsible for the low density (Fig. 3).
The formation of face-to-face contact is caused by par-
ticle rearrangement, which is caused mainly by the
rotation of platelike particles [17]. In this case, the re-
arrangement does not contribute to the densification
of overall compact [18]. Pores in the green compact
are accumulated adjacent to the colonies as shown in
Fig. 4c. An increase in the size of colonies results in the
formation of closed pores as shown in Fig. 4d. These
pores grow by pore coalesce associated with the growth
of colonies. The densification by the reduction of pore
volume is slow because of large pore sizes. The particle
rearrangement and pore coalescence are responsible for
the slow densification between 1000 and 1200◦C and
at 1200◦C, respectively.

3.2.2. TGG method
Fig. 5 shows the microstructures of the calcined and
sintered TGG(b) specimens. The calcined compact
was composed of aligned platelike particles and small
equiaxed particles. Growth of platelike and matrix
grains was evident in the specimens sintered at 1000◦C
and above. The platelike grains thickened and the ma-
trix grains grew to be platelike. The specimen sintered



[RD1: JMS] sjnw205-06-10820-03 September 22, 2005 0:16

Figure 4 Microstructures of OCAP specimens heated at (a) 700, (b) 1000, and (c) 1200◦C for 2 h and (d) at 1200◦C for 10 h.

Figure 5 Microstructures of TGG(b) specimens heated at (a) 700, (b) 1000 and (c) 1200◦C for 2 h and (d) at 1200◦C for 10 h.

at 1200◦C for 10 h was composed of two regions; one
was the colony-like region containing several aligned
platelike grains and another was the region containing
small grains with the small aspect ratios. Large pores
were not present in the microstructure.

The green compact (Fig. 5a) of the TGG(b) specimen
is composed of platelike and small equiaxed particles.
The F value of the TGG(b) specimen sintered at 1000◦C
for 2 h was 0.65 and increased as the sintering temper-
ature was increased (Fig. 2), for which the growth of
aligned platelike grains at the expense of small ma-
trix particles is responsible (Figs 5b and c). The small
equiaxed particles prevent the formation of face-to-
face contact between platelike grains and the colonies
do not form extensively until the final stage. Therefore,
large pores between large colonies (Fig. 4d) do not
form and the density of the compact reaches more than

90% of the theoretical at 1200◦C. A wedge-like shape
of pores between platelike grains with slightly mis-
alignment (Fig. 5d) is stable as compared to pores with
a spherical shape because of low surfaced energy and
is responsible for the low densification rate at 1200◦C.

Fig. 6 shows the calcined and sintered TGG(s) spec-
imens. The platelike particles were aligned in the cal-
cined compact, but extensive grain alignment was not
observed in the sintered compact, resulting in a small
F value (Fig. 2). The specimen sintered at 1200◦C for
10 h was composed of platelike grains smaller than
those in TGG(b).

The growth of template grains at the expense of ma-
trix grains is most important for the texture develop-
ment by the TGG method and the driving force of
grain growth is the difference in the grain size. In
the TGG(b) specimen, the difference between sizes of
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Figure 6 Microstructures of TGG(s) specimens heated (a) at 700◦C for 2 h and (b) at 1200◦C for 10 h.

Figure 7 Microstructures of SR specimens heated at (a) 700, (b) 1000, and (c) 1200◦C for 2 h and (d) at 1200◦C for 10 h.

platelike and matrix grains is large, resulting in the
preferential growth of platelike grain (Figs 5b and c),
which is responsible for an increase in the F value. In the
TGG(s) specimen, on the other hand, the size difference
is not large enough to promote the preferential growth
of platelike grains and matrix grains have a chance
to grow. As SBT grains tend to grow to be platelike
[1], the microstructure at 1200◦C is composed of plate-
like grains with mostly random orientation (Fig. 6b).
The mechanism of the formation of face-to-face con-
tact does not operate in the course of microstructure
development and therefore, there are no large pores be-
tween colonies and the density reaches more than 90%
at 1200◦C.

3.2.3. RTGG method
Fig. 7 shows the microstructures of the calcined and
sintered SR specimens. Because the SBT formation
reaction was completed between 900 and 950◦C as
confirmed by XRD, the matrix particles in the cal-
cined specimen (Fig. 7a) was the mixture of starting
materials (SrCO3, Bi2O3 and TiO2) and intermediate
compounds [1]. The specimen sintered at 1000◦C was
composed of aligned platelike SBT grains and these
grains grew at high temperatures. The microstruc-
ture development above 1100◦C was similar to that
of the OCAP specimen; the colonies developed ex-

tensively at 1200◦C and large pores formed between
colonies.

The SR specimen has a similar F value and density to
those of the OCAP specimen (Figs 2 and 3). The origin
of the similarity is attributed to the microstructure at
1000◦C. There are two possibilities for the formation of
this microstructure; the SBT formation reaction in the
matrix occurs on the surface of the platelike SBT par-
ticles and newly formed SBT contributes to the growth
of preexisting platelike SBT particles, or newly formed
SBT particles have a platelike shape and the preexisting
platelike particles restrict the growth direction of newly
formed, platelike particles to form parallel arrange-
ment. The specimen containing platelike BaBi4Ti4O15

particles as template particles instead of platelike SBT
was prepared to determine which mechanism had op-
erated. Fig. 8 shows the microstructure of the specimen
containing platelike BaBi4Ti4O15 and raw materials for
SBT as template and matrix particles, respectively, sin-
tered at 1000◦C for 2 h. If the latter mechanism were
operative in this specimen, the microstructure simi-
lar to Fig. 7b would be obtained but the result was
not the case; the specimen shown in Fig. 8 is com-
posed of platelike particles and small equiaxed parti-
cles. The former is BaBi4Ti4O15 and the latter is newly
formed SBT. This evidence indicates that the plate-
like particles in Fig. 7b are formed by the addition of
newly formed SBT to the preexisting template platelike
particles.
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Figure 8 Microstructure of specimen containing platelike BaBi4Ti4O15

and raw materials for SBT, sintered at 1000◦C for 2 h.

There are only platelike particles after the com-
pletion of the SBT formation reaction as shown in
Fig. 7b and the particle alignment is determined by
the templated platelike particles, resulting in a large
F value at 1000◦C. The microstructure development
above 1100◦C is similar to that of the OCAP speci-
men and the characteristics are the formation of large
colonies and large pores between them, which are re-
sponsible for the low sintered density (Fig. 3). The
difference between the SR and TGG(b) specimens is
the lack of matrix particles in the SR specimen after
the SBT formation; the raw materials for SBT do not
form small equiaxed SBT particles, which prevent the
formation of face-to-face contact, resulting in the for-
mation of large pores between colonies.

Fig. 9 shows the microstructures of the calcined and
sintered BR specimens. The SBT formation reaction
was completed at 950◦C in this compact and there-
fore, the compact calcined at 700◦C was composed of
platelike BIT and the mixture of starting materials and
intermediate compounds [1]. The specimen sintered at
1000◦C for 2 h was composed of SBT. In this case,
the equiaxed grains existed between platelike grains
(Fig. 9b), whereas almost all grains were platelike in
the SR specimen at 1000◦C (Fig. 7b). Grains grew

at high temperatures but the aspect ratio of grains was
small. The colonies developed in the specimen sintered
at 1200◦C for 10 h, but the sizes of colonies and pores
between colonies were smaller than those of the SR
specimen.

Two kinds of SBT formation reaction (Equations 1
and 2) occurs in the BR specimen. In the SR specimen,
reaction 1 contributes to the growth of platelike tem-
plate particles. In the BR specimen, however, reactions
1 and 2 occur at almost the same time and reaction 1
does not contribute to the formation of platelike SBT
particles, although platelike SBT particles form by re-
action 2. If SrO and TiO2 diffuse into BIT in reaction
2, aligned, platelike SBT particles are expected to form
(reaction 2-a). If the SBT formation reaction occurs out
of platelike BIT particles, the equiaxed SBT with no
orientation relation to BIT forms (reaction 2-b). The
microstructure at 1000◦C (Fig. 9b) indicates the parti-
cles are almost equiaxed and a small number of plate-
like particles is present. This observation agrees with a
small F value (Fig. 2). Both reaction 2-a and -b might
be occurred. The platelike grains have larger size than
the matrix grains at 1000◦C and the former grains grow
preferentially at high temperatures, as evidenced by an
increase in the F value (Fig. 2) and alignment of plate-
like grains (Fig. 8d). Extensive colony formation is not
observed up to 1200◦C for 2 h and large pores between
large colonies do not present in the BR specimen, re-
sulting in an increase in the sintered density with an
increase in the sintering temperature and soaking time
(Fig. 3).

The lower density of the BR specimen than that of
the SR specimen was caused by the lower density at
1000◦C (Fig. 3). The RTGG method has an inherent
disadvantage; the compound formation reaction in a
compact sometimes reduces the green density of the
compact before sintering. The RTGG method uses CIP
after calcination to increase green density to overcome
this disadvantage. However, the CIP conditions were

Figure 9 Microstructures of BR specimens heated at (a) 700, (b) 1000, and (c) 1200◦C for 2 h and (d) at 1200◦C for 10 h.
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Figure 10 Volume expansion of SR and BR specimens heated at the
constant rate of 200◦C/h.

not suitable for the BR specimen as judged from the
low density at 1000◦C (Fig. 3).

The two origins are possible for the low density of
the green compacts made by the RTGG method; in the
present case, the SBT formation reaction causes a de-
crease in solid volume and the expansion of compact.
The formation of SBT by reactions 3 and 4 causes the
reduction of solid volume by 12.7 and 14.7%, respec-
tively, which increases the pore volume in the compact.
The second origin is the expansion of compact. Fig. 10
shows the volume change in the SR and BR specimens.
The compact expands rapidly between 500 and 700◦C
and slowly between 700 and 850◦C. The BR specimen
has a larger degree of expansion than the SR specimen.
These two origins and the ineffective CIP procedure are
responsible for the low density of the BR specimen.

4. Conclusions
The textured SBT bulk ceramics were prepared by the
OCAP, TGG and RTGG methods and the effects of
processing methods on the texture development and
densification were examined. All methods gave the
specimens with extensive texture, except for the spec-
imen prepared by the TGG method using small plate-

like SBT and relatively large matrix SBT particles. The
sintered density was strongly dependent on the prepa-
ration method. The TGG method gave the specimen
with the highest density. The platelike grains had a
tendency to form colonies, in which platelike grains
contacted face-to-face. The formation of large pores
between colonies was responsible for the low sintered
density in the specimens prepared by the OCAP and
RTGG methods. These findings draw the conclusion
that the TGG method using large platelike and small
matrix powders is the best method to obtain dense,
highly-textured SBT ceramics.
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