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A compact consisting of BaTiO

 

4

 

 fibers oriented mostly in one direction was fabricated via piling sheets made by
the doctor blade method.  After calcination, in the obtained sintered-compact, the shape of individual fibers was 1ost and
spherical ceramic grains appeared.  Nevertheless the 

 

c

 

-axis of micro-crystals of the ceramic was oriented mainly in the
direction of the press that had been applied to the green compact in the fabrication process.  Although the compacts were
calcined at 1250 °C, which is 1ower than the calcination temperature of typical BaTiO

 

3

 

, the densities of the obtained sin-
tered compacts were high because of the addition of mica.  The relative dielectric constant of the 2% doped sample was
higher by 1000 than that of the undoped matelia1.  BaTiO

 

3

 

 doped with mica by 5% had a dielectric constant independent
of frequency in the range of 100 Hz to l MHz.

 

Because particles of BaTiO

 

3

 

 powder ordinarily take a spher-
ical form, the crystal axes in the grains in sintered compacts lie
in random direction, and no anisotropy is observed throughout
the entire sintered compact.  Studies

 

1–5

 

 on the alignment of
plate-like grains of bismuth titanate sintered compacts have
been performed.  The degree of orientation of crystal axes was
also estimated via powder X-ray diffraction.

 

6

 

  Ohara, et a1.

 

7–8

 

succeeded in producing an anisotropical BaTiO

 

3

 

 piezoelectric
ceramic from a green compact whose fibrous particles were
oriented by compressing in two directions.

In this study, we attempted to produce anisotropical dielec-
trics without app1ying electrical poling from BaTiO

 

3

 

 short fi-
bers.

 

9

 

  In the process, raw material powder was doped by syn-
thetic mica, whose particles were micro-thin plates because of
cleavage.  Mica is expected to contribute to aligning fibrous
particles and 1owering sintering temperature, due to its particle
shape and 1ow melting point.

 

Experimental

 

Raw Materials.    

 

Hydrated titanium dioxide short fiber (TiO

 

2

 

•

 

2H

 

2

 

O), barium hydroxide (Ba(OH)

 

2

 

•

 

8H

 

2

 

O, reagent grade, Kishida
Chemicals) and synthetic mica (Kopu Chemica1) were employed.
The composition of synthetic mica was Si: 26.7, Mg: 16.5, F: 3.6
and K: 6.2 (mo1%) particles, and the melting point was l220 °C.
Fig. 1(a) is a scanning electron micrograph of plate-like synthetic
mica particles approximately l0 

 

µ

 

m in diameter.

 

Synthesis of BaTiO

 

3

 

 Short Fibers    

 

We synthesized hydrated
TiO

 

2

 

 short fibers using the ion-exchange method that was shown
in our previous paper.

 

9

 

  The hydrated titanium dioxide fiber (Fig.
1(b)) and barium hydroxide were mixed in equal mole percent
amounts.  This mixture was subjected to a hydrothermal process
for 48 h at 160 °C in an autoclave.  The resultant product was sep-
arated by filtration, washed repeatedly with deionized water, and
then dried for 24 h at 30 °C.  The BaTiO

 

3

 

 fiber shown in Fig. 1(c)

was obtained and identified via powder X-ray diffraction.  The di-
ameter and the length of the fiber ranged 1–3 

 

µ

 

m and 30–60 

 

µ

 

m,
respectively.

 

Compact Pressed in One Direction.    

 

BaTiO

 

3

 

 fibers were dis-
persed in water and deposited on a paper filter in a Buechner
funne1.  The deposit was dried and pressed in the direction of the
deposition (Fig. 2(A)).  BaTiO

 

3

 

 fiber packed in a mold was
pressed in one direction for l min at 27 MPa.  The sample obtained
was 2 mm thick.  After drying, the pressed compact was calcined
at l000–1350 °C in an electric furnace.

 

Compact of Fibers Oriented in One Direction.    

 

Figure 2(B)
shows the experimental procedure.  BaTiO

 

3

 

 fiber added with 0–5
mass% of synthetic mica is mixed with a dispersion medium con-
taining toluene 98 vol%, polyethylene glyco1 1 vo1% and l
mass%-polyvinylalcohol aq. solution l vo1%.  The mixture is
stirred using a magnetic stirrer to obtain slurry.  It was then poured
into a box with a blade attached (Fig. 2(a)).  The box was moved
in a direction so as to spread the slurry to be a thick film by limit-
ing the thickness with the blade; this is called the doctor blade
method,

 

10–12

 

 developed for tape casting.  The sheet, whose thick-
ness ranges from approximately 500 to 1000 

 

µ

 

m, becomes l00–
200-

 

µ

 

m thick after drying in air.  The dried sheets are stacked 50–
100 times, pressed for l min with an iron at 200 °C and further in a
mould by 27 MPa, and then calcined at 1000 °C for l h.  The ob-
tained compact is like a piece of dice with the dimension of about
10 mm.  It was cut in two directions into 2-mm thick plates as
shown in Fig. 2(d) and (e).  The plates were sintered at 1250 °C.

 

Measurement.    

 

To the sample plate (d) and (e) in Fig. 2, volt-
age application for dielectric constant measurement, X-ray irradi-
ation for XRD, and SEM observation were performed in the direc-
tions parallel (

 

‖

 

) and vertica1 (⊥

 

), respectively, to the pressed di-
rections for step (c).

Particle orientation in the sintered compacts was identified us-
ing X-ray powder diffraction (RINT-l500, Rigaku Denki) and par-
ticle morpho1ogy by scanning electron microscopy (SEM)

 

# Deceased in December 2, 2001.
(TL200, Nippon Electronics).  Both sides of the compact were
thin1y coated with silver paste, dried and heated for 10 min at 500
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°C in an electric furnace.  Dielectric constant and dielectric loss
were measured using a LCR meter (4192A, Yokogawa Hewlett-
Packard) operating at an alternating voltage.

 

Results and Discussion

Compact Pressed in One Direction.    

 

In the green com-
pact of Fig. 2(A), due to the press of the deposition of fiber, a
large ratio of fibers is presumed to lie parallel to the bottom
plane, but the direction is random.

The raw materia1, hydrated titanium dioxide short fiber was
obtained from K

 

2

 

Ti

 

4

 

O

 

9

 

 fiber with an ion exchange process.
The K

 

2

 

Ti

 

4

 

O

 

9

 

 fiber supposed to be single crysta1, because
K

 

2

 

Ti

 

6

 

O

 

13

 

 fiber synthesized via the same method was recog-

nized to be single crysta1.

 

13

 

  The BaTiO

 

3

 

 fiber is obtained after
two ion exchange processes.  As even the crystal structure
changes in the second process, the fiber may not be single
crystal.  We discuss the BaTiO

 

3

 

 fiber as polycrystalline below.
Table l shows the intensity ratio of X-ray diffraction of cu-

bic BaTiO

 

3

 

.  Concerning the difference from (

 

‖

 

)

 

′

 

 surface, there
is no particular difference from the JCPDS card.

 

14

 

  If the a-axis
of the crystal lies in the direction of the radius of the fiber, dif-
fraction from (001) plane would be stronger than diffraction
from others. The column (⊥

 

)

 

′

 

 shows the intensity ratio of X-
ray diffraction patterns of the surface that was vertical to the
pressed direction and includes information about cut surfaces
of fibers.  The intensity of (112) plane is much larger than that

 

Fig. 1.   Scanning electron micrographs of the reactants.  (a) Synthetic mica, (b) Hydrated titanium dioxide fiders, (c) BaTiO

 

3

 

 fibers.

Fig. 2.   (A) Compact pressed in one direction after deposition in a Buefner funnel.  (B) Process of fabrication of compact of fibers
oriented in one direction, and cutting after calcination.
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on the JCPDS card.  These results indicate that the crystal axes
do not lie in the direction of the length or the cross-section of
the fibers.

Figure 3 shows density and linear shrinkage at various calci-
nation temperatures of compacts of BaTiO

 

3

 

 fiber of Fig. 2(A)
and of synthetic mica pressed in one direction.  A mild linear
shrinkage of 0–2% was exhibited at 1000–1200 °C, while
there were increases at temperatures above l200 °C.  The den-
sity of the compact calcined at l300 °C was 4.2 g/cm

 

2

 

, which is
a relative density of 72% compared to BaTiO

 

3

 

 single crystal.
Figure 4 shows the relationship between frequency of ap-

plied voltage and dielectric constant of sintered compacts cal-
cined at various temperatures.  The dielectric constant in-
creased as the calcination temperature increased.  This corre-
sponds to an increase in relative density.  The dielectric con-
stant of the sample calcined at 1350 °C is close to that of typi-
cal BaTiO

 

3

 

.  Concerning samples calcined at 1250 °C or 1ower
temperatures, the dielectric constant was high only at 1ow fre-
quencies.  This is thought to reflect insufficient particle growth
and high porosity.  This dielectric constant is an apparent one

due to the surface electrical charges between grain particles,
not due to dense matter.

Figure 5 shows X-ray diffraction patterns of sintered com-
pacts of oriented fibers of BaTiO

 

3

 

 with and without synthetic
mica.  The sintered compact doped with 5% mica contains by-
products, while the others show almost the same pattern as
BaTiO

 

3

 

.  The separation of peaks of (200) and (002) planes of
tetragonal system is not clear because of the 1ow resolution of
the measurement.

 

Compacts of Fibers Oriented in One Direction.    

 

Figure
6(a) is the scanning electron micrograph of a pressed surface
of a green compact of BaTiO

 

3

 

 fibers which are oriented paral-
lel to each other.  Figure 6(b) shows the compact calcined at
1250 °C.  It appears to consist of spherical particles and the
shape of fiber is lost.

Figure 7 is the X-ray diffraction pattern around 2

 

θ

 

 

 

=

 

 45° for
the sample doped with mica by 2%.  The peak at 44.8° is as-
signed to the (002) plane, while that at 45.1° is assigned to the
(200) plane.

 

15

 

  In Fig. 7(a) the peak of the sample (

 

‖

 

) assigned
to the (002) plane is larger than that assigned to (200), i.e. 

 

I

 

002

 

>

 

 

 

I

 

200

 

, which is contrary to typical BaTiO

 

3

 

 ceramics.  This
means that a large ratio of micro-crystals orient with their 

 

c

 

-
axis para11el to the direction of the thickness.  This is an
anisotropical orientation.  On the other hand, in Fig. 7(b) the
sample (⊥

 

) exhibits 

 

I

 

002

 

 

 

<

 

 

 

I

 

200

 

.  This is almost the same as for
normal BaTiO

 

3

 

 ceramic.  The presence of the (002) peak
means that the degree of anisotropical orientation is not very
high.  During sintering, the system is thought to be cubic be-
cause the temperature is over the phase transition temperature,
i.e. the ferroelectric Curie temperature, 120 °C for pure
BaTiO

 

3

 

.

 

16

 

  Therefore, the obtained anisotropy that was illus-
trated with the distribution of 

 

c

 

-axes must have appeared at
room temperature after sintering.

Figure 8(a) illustrates the model of the orientation of micro-
crystals in the BaTiO

 

3

 

 short fiber, in which 

 

a

 

-axes of micro-
crystals in cubic system are parallel to each other in each part.
Figure 8(b) shows spherical grains that appeared after sintering
and micro-crystals in the grains.  The crystal is cubic at sinter-
ing temperatures, and changes into tetragonal when the tem-
perature drops to room temperature.  Every axis seems equiva-

 

Table 1.   Intensity Ratio of X-ray Diffraction of Cubic
BaTiO

 

3

 

 for Comparison of Non-Oriented Powder (JCPDS)
and Non-Calcined Compact Pressed in One Direction

JCPDS No. 31-174

 

14

 

(

 

‖

 

)

 

′

 

(⊥

 

)

 

′

 

2

 

θ

 

d

 

(Å) hk1

 

I

 

/

 

I

 

°

 

I

 

/

 

I

 

°

 

I

 

/

 

I°
22.0 40.4 001 14 19 26
31.4 2.85 101 100 100 100
38.7 2.32 111 30 20 23
44.9 2.01 002 35 27 40
50.6 1.80 102 10 8 16
55.9 1.64 112 25 23 81
65.5 1.42 202 15 17 50

(‖)′: The measured surface was parallel to the press direc-
tion.  (⊥)′: The measured surface was vertical to the press
direction.  I/I°: Intensity ratio of diffraction comparing to
the maximum  .d: Spacing.  θ: Bragg angle with regard to
Cu Kα1.

Fig. 3.   Linear shrinkage and density of the compact made of
each component powder vs.  calcination temperature.
��: BaTiO3fiber ��: Synthetic mica.

Fig. 4.   Dielectric constant of compacts of BaTiO3 fiber cal-
cined at different temperature.
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lent, but c-axis appeared to be in a particular direction.  Here,
we call this situation anisotropica1 orientation of micro-crys-
tal.  The cause is not clear, but may be ascribed to some distri-
bution of density in the compact.

Figure 9 shows the linear shrinkage of the thickness of the
sample plates (‖) and (⊥) during sintering at 1250 °C for l h.
The shrinkage of the (⊥) sample remained almost constant re-
gardless of the amount of mica added.  From such a result it
seems that the fiber itself does not shrink.  On the other hand,
in the (‖) sample, linear shrinkage increased from 2% to 10%
with the amount of mica added.  In the (‖) sample, the space
among fibers and plate-like mica decreases during sintering.

Dielectric Characteristics of Sintered Compacts.     Fig-
ure l0 shows the dielectric constant measured at l MHz of sin-
tered compacts which were made at 1250 °C from fibrous
BaTiO3 and synthetic mica.  (⊥) samples doped with synthetic
mica by 2% exhibited the highest dielectric constant.  The rela-
tive dielectric constant of (⊥) samples was higher by 1000 than
that of the undoped one.  Presumably the ferroelectric Curie
temperature of the 2% sample is close to room temperature,
because most additives lower the Curie temperature of BaTiO3

and the dielectric constant becomes a maximum at that temper-

Fig. 5.   X-ray powder diffraction patterns of BaTiO3 com-
pacts (‖)′ after calcination at 1250 °C.  Synthetic mica was
added by (a) 0%, (b) 1%, (c) 2%, (d) 3%, and (e) 5%.  θ is
regarding to Cu Kα1.

Fig. 6.   Scanning electron micrographs of (a) the green
BaTiO3 fiber compact and (b) the calcined compact ob-
served in the direction (⊥) to the sample surface.

Fig. 7.   X-ray powder diffraction patterns of BaTiO3 compact
calcined at 1250 °C: (a) (‖) plane, (b) (⊥) plane.  θ is re-
garding to Cu Kα1.
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ature.  (⊥) samples exhibit larger dielectric constant than (‖)
samples.  Generally, BaTiO3 single crystal has a larger dielec-

tric constant in the direction of a-axis than c-axis.17  The result
indicates that micro-crystals with the a-axis para11el to the di-
rection of the electric field used in the measurement exist in
high percentage.  This corresponds to Fig. 7.  The values of the
non-doped sample are small comparing to those of typical
BaTiO3 ceramics, ~3000.  This is because the raw material
BaTiO3 fiber contains impurities, mainly potassium ion, which
were not removed perfectly during the preparation process.
The influence is seen in Fig. 5(a) as X-ray peaks of biproducts.

Figure 11 shows the relationship between the relative di-
electric constant and the frequency at which the measurement
is conducted.  The dielectric constant of samples doped be1ow
3% exhibit an increase as the frequency decreased.  This is
thought to be ascribed to insufficiency of sintering and porosi-
ty as described in Fig. 4.  The dielectric constant of a sample
doped with 5% mica remained unchanged from 100 Hz to l
MHz.  This means that the influence of the surface electrical
charge of grains did not appear even at low frequencies.  This
corresponds to the fact that this sample has a 1ow porosity, as
shown in Fig. 9.

Figure 12 shows the 1oss tangent of the compacts of BaTiO3

short fibers with and without synthetic mica which were sin-
tered at 1250 °C.  The dielectric loss was small for each com-
position at l MHz, while it was higher at l00 Hz.  The sample
doped with 5% mica exhibited a small dielectric loss and was
scarcely influenced by the frequency.  This corresponds to the
results in Fig. 11, which showed the lack of influence of fre-
quencies on the dielectric constant of samples containing 5%
mica.

Conclusion

We produced two kinds of sintered compacts from pressed
compacts of BaTiO3 fibers to which synthetic mica was added.
In green compact, fibers lie parallel to a plane, and fibers orient
in one direction.  Their dielectric properties were measured.
The following results are obtained.

1. The orientation of short fibers in a green sheet made with
the doctor blade method was observed using SEM.  In the sin-

Fig. 8.   Model of the orientation of micro-crystal axes in (a)
BaTiO3 short fiber and (b) grains after sintering.

Fig. 9.   Linear shrinkage samples (‖) and (⊥) calcined at
1250 °C in the direction of thickness.

Fig. 10.   Dielectric constant of BaTiO3 fiber measured at 1
MHz as a function the amount of doped mica.

Fig. 11.   Dielectric constant as a function of frequency of ap-
plied electric field.
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tered samples, no shape of fibers was seen and spherical parti-
cles appeared.  However, the dielectric constants differed de-
pending on the original fiber orientation.

2. At the calcination temperature of 1250 °C, the relative di-
electric constant of samples made from BaTiO3 short fibers
doped with synthetic mica by 2% was higher by 1000 than that
of the sample without mica.

3. BaTiO3 short fibers doped with 5% mica became a dielec-
tric material independent of the frequency of electric field in
the range of 100 Hz to l MHz.

4. Crystal axes did not tie in the direction of the length or

the radius of raw material BaTiO3 fiber before calcinations.
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