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Abstract

Crystallographically textured ferroelectric and piezoelectric ceramics are prepared by tape casting of slurries containing powder particles
with shape anisotropy. This paper describes the overview of these methods and the application of reactive-templated grain growth (RTGG)
method to(1 0 O -textured BysNagsTiOz (BNT) and 96BjsNay s TiOz;—6BaTiQ; (BNT-BT) ceramics.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction 2. Preparation and characterization methods

The electrical properties of polycrystalline ceramics are  The tape casting is one of the most convenient methods to
determined not only by the composition and crystal struc- align particles with shape anisotropy in green compgts
ture of the phase(s) present but also by the microstructure.The particles with shape anisotropy are prepared, for exam-
Therefore, the control of microstructure is very important to ple, by molten salt synthesj8]. The slurry for tape casting
obtain ceramics with better performandé$ An introduc- is prepared by a usual method, i.e., by mixing powder(s),
tion of crystallographic texture into sintered ceramics is one solvent, binder, plasticizer, and other ingredients. When the
of the techniques to control the microstructure. In a crys- slurry passes under the doctor blade, interaction between
tallographically textured ceramic, a specific crystal axis of particles aligns the particles with their plate face parallel
individual grains is aligned in one direction, and high elec- to a cast sheet for plate-like particles and with their long
trical properties are expected. axis parallel to the casting direction for needle-like particles

This paper describes the fabrication of ferroelectric [4,5]. Because the particle shape is determined by the crys-
and piezoelectric ceramics with crystallographically tex- tal structure, a certain crystal axis is aligned in a specific
tured from powder particles with shape anisotropy. In direction. The cast sheets are cut, laminated, and pressed to
the first half of this paper, we give an overview of the prepare a green compact with a desired shape. The green
preparation methods, namely, the oriented consolidationcompact is heated at about 58D for binder burn-out, then
of anisotropic particles (OCAP), templated grain growth at high temperatures for sintering. During sintering, the de-
(TGG), and reactive-templated grain growth (RTGG) meth- gree of orientation increases as a result of particle rearrange-
ods, using data mainly obtained in our laboratory. The ment and grain growth. Thus, highly textured ceramics are
latter half of this paper deals with the application of RTGG obtained.
method to (100-textured BpsNagsTiO3 (BNT) and This method is divided into three groups based on the
94Big5Nag 5TiO3—6BaTiQ; (BNT-BT) ceramics. formulation of starting mixture. One method uses only par-

ticles with shape anisotropy as the solid ingred[er]. We
will call this method “oriented consolidation of anisotropic
* Corresponding author. Fax:81-45-566-1551. particles (OCAP) method.” Recently, this method is modi-
E-mail address: kimura@applc.keio.ac.jp (T. Kimura). fied to TGG[7] and RTGG methodg8]. The TGG method
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uses the mixture of particles with shape anisotropy and ¥
equiaxed particles with the same composition or the same
crystal structure. The RTGG method uses the mixture of
precursor particles with shape anisotropy and equiaxed g
particles that react with the precursor to form the object
material.

The application of OCAP and TGG methods is limited
to the material with low symmetry; the particles with shape
anisotropy are hardly obtained for compounds with high
symmetry, because the anisotropy in the growth direction
during the preparation is necessary to form an anisotropic >
shape. The RTGG method enables the preparation of the B =
textured ceramics, for which the formation of particles with
an anisotropic shape is difficult such as compounds with the
regular perovskite structure.

Important structural properties of textured ceramics are
the degree of orientation as well as sintered density and grain
size, which are determined by ordinary methods. The most  Fig. 2 shows the microstructure of sintered SfBiO15
convenient method to determine the degree of orientation cOmpact from plate-like particles prepared using KCI salt.
is the Lotgering methogd]. This paper uses the degree of The relative density of this compact was 65% and contained
orientation measured by this method. a large number of pores. Plate-likesBizO12 particles pre-

pared using chloride salE{g. 1, BiT(Cl)) gave the same mi-
crostructure. The pores were formed by the rearrangement
3. Characteristics of ceramics obtained by OCAP of plate-like particles to develop face-to-face contact and
method were difficult to be eliminated because of their large sizes.
The methods to increase the sintered density of compact

Ceramics with a fairly large degree of orientation have Ccontaining plate-like particles are (1) to use plate-like parti-
been prepared by the OCAP method, but the problem Wascles with asmgll extent qf particle rearran'gement., and (2) to
the sintered densitj6]. Fig. 1 shows the sintered density 2dd small equiaxed particles to the plate-like particles (TGG
of the BiTisO1» compacts prepared by the OCAP method. method).Fig. 1 mcl_udes th_e sintered den5|ty_ of Biiz012
Two salt systems, NaCl-KCI and 430,—N&SQs, were compact of_ plate-like particles prepared using sulfate salt.
used in the preparation of plate-like BizO1, particles. These particles had a small tendenc;_/ for partlcle_ rearrange-
The sintered density was small for the compact of plate-like MeNt: Thus, dense, highly-textured,BizO1, ceramics was
particles prepared using chloride salt, although it had a IargerObta'ned[G]'
degree of orientation than the compact of plate-like particles
prepared using sulfate salt.

Fig. 2. Microstructure of SrRiTi4O;5 ceramics prepared by OCAP method
at 1200°C for 2h.

4. Characteristics of ceramics obtained by

TGG method
100
The TGG method uses the mixture of plate-like (or
90 + needle-like) and equiaxed particles as starting materials. The
S BiT(SO,) equiaxed particles fill the space between plate-like particles
g‘ 80 4 and suppress the particle rearrangement by avoiding the for-
g mation of face-to-face contact between plate-like particles.
2 701 Fig. 3 shows the microstructure of sintered SfBiyO15
3 compact prepared by the TGG method (template con-
32 60 - BiT(Cl) tent=20vol.%). The large pores shown kfg. 2 were not
formed and a high sintered density (91% of theoretical) was
. . . . . attained.
50350 950 1050 1150 The addition of equiaxed particles into the green com-
Sintering Temperature (°C) pact reduces the volume fraction of aligned particleg. 4

_ ) ) _ _ shows the degree of orientation in the SfBiO15 compact
Fig. 1. Sintered denglty of textgred mgolz (BiT) compacts prepared prepared by the OCAP and TGG method. The OCAP com-
by OCAP method using plate-like BiT powders prepared by molten salt . . . .
synthesis using NaC—KCI and 4$0s—K,SQs. BIT(Cl) and BiT(SQ) pact had a large degree of orlen'tatlon. even at low sintering
indicate the compacts of plate-like BiT made using chloride and sulfate t€mperatures. The degree of orientation of the TGG com-
salt, respectively. pact was small at low sintering temperatures because of the
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Fig. 3. Microstructure of SrBiTi,O15 ceramics prepared by TGG method

at 1200°C for 2h. Fig. 5. Microstructure of BaTiTisO15—BasTi17Os0 composite sintered at

1100°C for 10h.

presence of equiaxed, randomly oriented particles, but in-
creased as the sintering temperature increased. The origin of The typical microstructure of textured BLSF ceramics is
the texture development was partly attributed to the growth one shown irFig. 3 (SBT), and the grain size is fairly uni-
of template grains at the expense of small equiaxed grains.form, although two kinds of particles with quite different
We found another origin in the texture development in Sizes are present in a green compact. The growth rate of
the bismuth layer-structured ferroelectrics (BSLF) such as small grains is larger than that of large grains, resulting
Bi4TizO1> and BaBjTi4O1s. Plate-like BaTiy7O40 parti- in uniform microstructure. In some compounds, however,
cles gave the1 00-texture in BaBiTi4O1s. Fig. 5 shows compacts with duplex microstructure are obtainEy. 6
the microstructure of BaBTisO15 specimen containing  Shows a typical microstructur€ig. 7 shows the shapes of
plate-like BaTi17040 particles; a large grain at the top of BaBisTi4O15 (BBT) and SrBiTi4O15 (SBT) used in the
the photograph is a plate-like BEi17040 particle and small ~ preparation of specimens shown fings. 6 and 3respec-
grains are matrix BaBili4O15 grains originally equiaxed. tively. Both particles have the plate-like shape, but the shape
The matrix grains grew to be plate-like, but no growth of Of plate face is rectangular and irregular for BBT and SBT,
BaeTi17040 grains was observed. The origins of texture respectively, indicating that BBT and SBT have surface
development are the growth of matrix BaBi4O15 grains structure with atomically smooth and rough, respectively.
to be plate-like, the formation of face-to-face contact be- In BBT, a large driving force for grain growth is neces-
tween BaTi170s0 and BaBiTisO1s5 grains and between sary because of the smooth struct{i®]. In this case,
BaBi,Ti;O15 grains, and the steric hindrance of plate-like the driving force is the difference in grain size and only
grains to the growth of matrix grains. Therefore, the growth large grains have enough driving force for grain growth.
of matrix grains as well as that of template grains is im- Thus, the non-uniform microstructure develops as shown in
portant to prepare highly textured ceramics by the TGG Fig. 6.
method.

OCAP

0.8 + TGG

Degree of Orientation

0.7 +

0.6

950 1050 1150 1250
Sintering Temperature (°C)

Fig. 4. Degree of orientation of the SuBi4O15 ceramics made by OCAP Fig. 6. Microstructure of BaRiTi;O15 ceramics made by TGG method,
and TGG methods, sintered at various temperature for 2 h. sintered at 1130C for 5h.
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grains[12]. Another example is found in the formation
of textured BNKT-PZT solid solution§l3]. The dif-
fusion of Zr in the BNKT lattice is slow compared to
that of the other elements, and the elements constitut-
ing BNKT diffuse into PZT grain and template BNKT
grains disappear in the PZT rich compositions. There-
fore, the design for chemistry and reaction route is very
important.

(2) Dispersion of powder particles in the slurry. The pow-
der particles must be dispersed well in the slurry; other-
wise, the particles with an anisotropic shape do not align
by the doctor blade process. The slurry for tape casting
inevitably contains several compounds, and unlike par-
ticles tend to form agglomerates in the slurry (hetero-
coagulation) Fig. 8 shows the microstructure of green
compact containing plate-like B&i17040 and equiaxed
BaCQ; particles after binder burn-oyt4]. When the
plate-like particles are well dispersed, their side-faces
are observed on the fracture surface of the specimen as
shown inFig. 8h Fig. 8ashows the microstructure of
the specimen with no dispersant; agglomerates contain-
ing BasTi17040 and BaCQ are formed, and plate-like
BagTi1 7040 particles are not aligned properly.

Fig. 7. Shape of plate-like SrBli4O15 (SBT) and BaBjTi4sO15 (BBT)
particles prepared by molten salt synthesis.

5. Characteristics of ceramics obtained by RTGG
method

The OCAP and TGG methods are applicable only to
the compounds with low symmetry. The RTGG method
enables us to prepare textured ceramics for the compound
with high symmetry, such as regular perovskite struc-
ture. Here, the preparation method is described with using
Bio.5(Nag.gsKo.15)05TiO3 (BNKT) as an example[11].
Plate-like BiTizO12 (BIiT) particles are used as template.
The mixture of BiT, NaCOs, KoCO;3, TiO2, and BpOs3 is N
used as starting materials and the green compact containse!
aligned plate-like BiT dispersed in the other ingredients.
Oriented (template) and randomly-oriented BNKT grains

dense, highly textured BNKT ceramics are obtaifigd
Important points to obtain dense, highly textured ceramics
are as follows.

(1) The design of reaction route. The precursor, which has
an anisotropic shape and contains element(s) of the final
composition, must be properly selected. In the case of _ o
BNKT, BiT is the suitable precursor because Na and K Fi9: 8- Microstructures of green compact containingsBa;Oso and
diffuse into BiT lattice to form template BNKT arains BaCG; after binder burn-out. The observed face is perpendicular to the top

. g p 9 * surface. Alignment of plate-like B3i1704¢ particles is clearly observed
When NaTi3zO7 and K;Ti;O15 are used as precursors,  in the compact (b) with dispersant. The compact (a) was prepared without
the reaction with BiOs does not form proper template  dispersant.
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(3) Control of relative growth rates of template and ma-  Fig. 9shows the microstructure of BNT and BNKT spec-
trix grains. In the RTGG process, like in the TGG pro- imens sintered at 120@ for 2 h. The grain size was small
cess, the growth of template grains at the expense offor BNKT. In these specimens, the large, plate-like BN(K)T
matrix grains is important to obtain highly textured ce- particles and small equiaxed particles (template and matrix
ramics. As the driving force of grain growth is the grains, respectively) formed in the compacts calcined at
difference in the grain size, the growth behavior of 700°C. In the BNKT specimen, small grain growth rate
matrix and template grains is important. The details during sintering kept the size difference between template
will be described in the preparation of textured BNT and matrix grains, resulting in the growth of template grains
ceramics. at the expense of matrix grains and the texture formation.

In the BNT specimen, on the other hand, the size of matrix

grain reach almost the same as that of template grains due to

a large grain growth rate, and the condition of preferential

6. Texture development in BNT ceramics | growth of template grains was lost.

BNT ceramics were prepared by the RTGG method
for (100-texture, using plate-like BiT and other ingredi-
ents as starting materia[d1]. The amount of plate-like
BiT was designed so that 20% of titanium and 53.3%
of bismuth in final BNT were supplied from plate-like
BiT. The green compact was sintered at various temper-
atures for 2h. The degree of orientation was 0.36 and
0.24 for the compacts sintered at 1100 and 1ZD0Ore-
spectively. These values were quite small as compared
with BNKT, which had the degree of orientation of 0.63
and 0.79 for the specimens sintered at 1100 and 1200
respectively.

7. Texture development in BNT ceramics ||

In the previous experiment, the amount of plate-like BiT
particles was designed so that 20% of titanium and 53.3% of
bismuth in final BNT were supplied from plate-like BiT (we
call this specimen BNT(20)). If the BNT formation reaction
from BiT is caused by the diffusion of Na and Bi into and out
of BiT lattice, respectively, the volume fraction of template
grains is 20% after the calcination stage. It is possible that an
insufficient volume fraction of template grains prohibits their
preferential growth. Therefore, the amount of plate-like BiT
was increased in the initial formulation; 37.5% of titanium
and 100% of bismuth were supplied from plate-like BiT (we
call this specimen BNT(37.5)).

Fig. 9. Microstructures of textured (a) BNT and (b) BNKT specimens Fig. 10. Microstructures of the (a) BNT(37.5) and (b) BNT(20) specimens
sintered at 1200C for 2 h. heated at 1000C for 2 h.
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Table 1
Piezoelectric properties of textured and non-textured specimens sintered &CL&§010 h

BNT BNT-BT

Non-textured Textured Ratio Non-textured Textured Ratio
Relative density (%) 94.0 93.9 98.8 92.5
Ko 0.070 0.184 2.6 0.121 0.232 1.9
—ds1 (pm/V) 7.5 18.6 25 19.7 314 1.6
ga1 (x1073, Vm/N) 2.0 6.2 3.1 2.4 6.9 2.9

The textured BNT ceramics was obtained by increasing 8. Texture development in BNT-BT ceramics

the amount of template grains; the degree of orientation was

0.7 in BNT(37.5) sintered at 120C for 2h, as compared

to 0.24 in BNT(20) prepared under the same conditions.

Large piezoelectric properties are expected for the
0.94BNT-0.06BT, because this composition lies on the mor-

Fig. 10shows the microstructures of two specimens sintered photropic phase boundary. The textured BNT-BT ceramic

at 1000°C for 2 h. At this temperature, the BNT formation

reaction was completed. The grains with plate-like charac-

was prepared by the RTGG process using a large amount of

plate-like BiT. Fig. 11 shows the effect of soaking time on

teristics were observed in the BNT(37.5) specimen, but suchthe degree of orientation; the ceramics with a large degree of
grains were lost in the BNT(20) specimen. Furthermore, the orientation were obtained by sintering at 12@for 10 h.

grain size of BNT(20) was larger than that of the matrix
grains of the BNT(37.5) specimen.
The growth rate of individual grain is expressed as

1)

dr 2 1 1
i Mpygp (F - ﬁ)
whereR is grain size (radius); is time, My and yg, are
grain boundary mobility and energy, respectively, &ids
the critical grain size. Therefore, any grain wkh> R* has
a chance to grow. In the BNT(20) speciméty, is mainly

Table 1shows the piezoelectric properties of textured
BNT and BNT-BT specimens sintered at 12@for 10 h
together with those of non-textured specimens prepared by
a conventional method. The textured specimen had larger
piezoelectric coefficients than the non-textured specimen
with the same composition.

9. Conclusions

Ferroelectric and piezoelectric ceramics are prepared by

determined by the matrix grains because of a small VOIUmetape-casting of powder particles with shape anisotropy. The

fraction of template grains, and some matrix grains Have
larger tharR* and have a chance to grow. In the BNT(37.5),

method is divided into three groups based on the formu-
lation in the slurry. The OCAP and TGG method is ap-

on the other hand, both matrix and template grains determinepncame to the compounds, for which particles with shape

the R* value, and template grains hake> R* and matrix
trains haveR < R*, resulting in the preferential growth of
template grains and the texture development.

< S S
N [o)} e
| | |
T T T

Degree of Orientation

=
\)
|
T

0 ; ; ; ; ;
0 2 4 6 8 10

Sintering Time (h)

Fig. 11. The effect of soaking time on the degree of orientation for the
BNT-BT specimen sintered at 120G.

anisotropy can be obtained. For the compounds with high
symmetry such as perovskite, one of the methods is RTGG.
The highly textured BNKT ceramics are obtained by using
template grains originated by the reaction of plate-like BiT
particles and other ingredients. In the BNT case, a large vol-
ume fraction of templated grains is necessary to make the
condition of preferential growth for template grains. Thus,
highly textured BNT and BNT-BT ceramics were prepared
and these ceramics had larger piezoelectric properties than
non-textured ceramics.

References

[1] T. Ota, J. Takahashi, I. Yamai, Effect of microstructure on the
dielectric properties of ceramics, Key Eng. Mater. 66/67 (1992) 185—
246.

[2] M. Holmes, R.E. Newnham, L.E. Cross, Grain-oriented ferroelectric
ceramics, Am. Ceram. Soc. Bull. 58 (9) (1979) 872.

[3] T. Kimura, T. Yamaguchi, Fused salt synthesis 0 B3O12, Ceram.
Int. 9 (1) (1983) 13-17.

[4] H. Watanabe, T. Kimura, T. Yamaguchi, Particle orientation during
tape casting in the fabrication of grain-oriented bismuth titanate, J.
Am. Ceram. Soc. 72 (2) (1989) 289-293.



T. Kimura et al./Ceramics International 30 (2004) 1161-1167 1167

[5] M. Granahan, M. Holmes, W.A. Shulze, R.E. Newnham, Grain- [10] B.-K. Lee, S.-Y. Chung, S.-J.L. Kang, Grain boundary faceting and

oriented PbNpOg ceramics, J. Am. Ceram. Soc. 64 (4) (1981) C68— abnormal grain growth in BaTi§) Acta Mater. 48 (7) (2000) 1575—
C69. 1580.

[6] T. Kimura, H. Chazono, T. Yamaguchi, Effects of processing pa- [11] E. Fukuchi, T. Kimura, T. Tani, T. Takeuchi, Y. Saito, Effect of
rameters on the density and grain orientation inTBO;,> ce- potassium concentration on the grain orientation in bismuth sodium
ramics with preferred orientation, Adv. Ceram. 19 (1987) 131- potassium titanate, J. Am. Ceram. Soc. 85 (6) (2002) 1461-1466.
137. [12] D.L. West, D.A. Payne, Reactive-templated grain growth aj£Na,

[71J.A. Horn, S.C. Zhang, U. Selvaraj, G.L. Messing, S. K)1/2TiOg3: effects of formulation on texture development, J. Am.
Trolier-McKinstry, Templated grain growth of textured bismuth ti- Ceram. Soc. 86 (7) (2003) 1132-1137.
tanate, J. Am. Ceram. Soc. 82 (4) (1999) 921-926. [13] Y. Abe, T. Kimura, Factors determining grain orientation in bismuth

[8] T. Tani, Crystalline-oriented piezoelectric bulk ceramics with a sodium potassium titanate—lead zirconate titanate solid solutions
perovskite-type structure, J. Korean Phys. Soc. 32 (1998) S1217- made by reactive templated grain growth method, J. Am. Ceram.
S1220. Soc. 85 (5) (2002) 1114-11120.

[9] F.K. Lotgering, Topotactical reactions with ferrimagnetic oxides hav- [14] T. Sugawara, Y. Nomura, T. Kimura, T. Tani, Fabrication(bfl 1)
ing hexagonal crystal structures—I, J. Inrog. Nucl. Chem. 9 (2) oriented BaTiQ@ bulk ceramics by reactive templated grain growth,

(1959) 113-123. J. Ceram. Soc. Jpn. 109 (10) (2001) 881-884.



	Preparation of crystallographically textured Bi0.5Na0.5TiO3-BaTiO3 ceramics by reactive-templated grain growth method
	Introduction
	Preparation and characterization methods
	Characteristics of ceramics obtained by OCAP method
	Characteristics of ceramics obtained by TGG method
	Characteristics of ceramics obtained by RTGG method
	Texture development in BNT ceramics I
	Texture development in BNT ceramics II
	Texture development in BNT-BT ceramics
	Conclusions
	References


