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Abstract

(1 — x)(Big sNag 5)TiO3—xBaTiO3 (x = 0-0.10)((1 — x)BNT-xBT) powders were synthesized by a emulsion method, and the electrical
properties of the resulting ceramics were investigated. The results confirm the emulsion method as a viable and advantageous route in producing
(1 — x)BNT-xBT ceramics. The powders consisting of uniform and fine preliminary particles of about 50 nm were synthesized by calcining at
700 °C for 3 h. The ceramics sintered at 1200 °C for 3 h show a rhombohedral-tetragonal morphotrophc phase boundary (MPB) near x = 0.06. The
ceramics provide superior dielectric and piezoelectric properties close to the phase boundary. The dielectric constant at 1 kHz and piezoelectric
constant ds3 attain the maximum values of 1840 and 174 pC/N, respectively, at x = 0.08, while the electromechanical coupling factor k;, exhibits the

maximum value of 0.28 at x = 0.06.
© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-containing ferroelectric materials such as Pb(Zr,Ti)O3
(PZT) based ceramics have been widely used as ultrasonic
transducers, sensors and actuators in various electronic devices
because of their excellent piezoelectric properties. However, in
spite of the superior properties, the lead-containing materials
are restricted in using by many advanced countries because the
toxicity of lead oxide causes an environmental pollution [1-3].
Recently, there are increasing interests in investigating lead-
free materials with high dielectric and piezoelectric properties
to replace the lead containing ferroelectrics. BigsNag sTiO3
(BNT) was found to be ferroelectric with a perovskite structure
at room temperature in 1960 by Smolenskii et al. [4]. BNT is
considered as one of promising lead-free piezoelectric
materials due to a large remnant polarization (P, =38 wC/
cm?) at room temperature and a high Curie temperature
(T, =320 °C). However, pure BNT ceramics is difficult to be
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fully poled owing to its high coercive field (E. = 73 kV/cm), to
be sintered and has relatively low piezoelectric properties. It
has been found that the substitution at the A site of BNT with
appropriate cations resulted in an improvement of sintering and
piezoelectric properties [5-7].

BNT based compositions can be prepared by various
methods. It is comparatively simple to synthesize BNT based
compositions by the traditional solid state reaction process [8].
Nevertheless, when using this process, it is difficult to maintain
chemical homogeneity of obtained powders because of
heterogeneous reaction among solid powders of starting
materials. Some recent researches have been devoted to the
synthesis of BNT based powders by various wet chemical
processes, such as co-precipitation process [9], sol-gel process
[10] and hydrothermal method [11]. Emulsion method is a
suitable route for preparing powders of multi-component
systems [12-13]. In this work, (1 —x)(BigsNags)TiOs—
xBaTiO5 (x =0, 0.02, 0.04, 0.06, 0.08 and 0.10) powders were
synthesized using the emulsion method. The dielectric and
piezoelectric properties of the resulting ceramics were also
investigated.
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2. Experimental

Bi,03 (99.0%, Junsei Chemical Co., Ltd. Japan), Na,CO3
(99.0%, Junsei Chemical Co., Ltd. Japan), Ba(NO3), (98.5%,
Shinyo Pure Chemicals Co., Ltd. Japan) and TiCl; (99.9%,
Aldrich Chemical Company, Inc., USA) were chosen as starting
materials. These materials were dissolved into acidic solution
according to the nominal composition of (1 — x)(BigsNag s)
TiO;—xBaTiO; (x=0, 0.02, 0.04, 0.06, 0.08 and 0.10)
(abbreviated as (1 — x)BNT-xBT thereafter), and then mixed
on a magnetic stirrer for 24 h to prepare homogeneous mixed
solution with a concentration 0.5 mol/L. With span 80 (5%, v/v)
as surfactant, kerosene (92%, v/v) as solvent and paraffin oil (3%,
v/v) as emulsifying agent, the organic phase for emulsifying was
prepared by mixing on the magnetic stirrer for 24 h.

The homogeneous mixed solution and organic phase were
mixed in a volume ratio of 2:1 and rotated at a speed of
4000 rpm for 5 min to form water-in-oil type emulsion. To
evaporate the water included in the emulsion rapidly, the
prepared emulsion was sprayed into the kerosene heated at
170 °C. Powder was derived from the emulsion after filtering
and drying at 120 °C in an oven.

The emulsion-derived powders were calcined in the
temperature range of 400-800 °C for 2—4 h in air at a heating
and cooling rate of 5 °C/min. The calcined powders were
pressed into discs of 13 mm in diameter and 1 mm in thickness
under an uniaxial pressure of 1000 kg/cm?. The compacted
discs were sintered at 1150-1225 °C for 2—4 h in air at a heating
and cooling rate of 5 °C/min.

Thermogravimetry (TG) and differential thermal analysis
(DTA) of the emulsion-derived powders were carried out using
a simultaneous thermal analyzer (TA Instruments, DSC 2920,
TGA 2950) at a heating rate of 5 °C/min. The crystal structure
of the emulsion-derived powders, calcined powders and
sintered bodies was examined using an X-ray diffractometer
(Rigaku, D/MAX-111A) with Cu Ko radiation operated at
40 kV, 30 mA and scanning speed of 4 °/min. The morphology
of the emulsion-derived and calcined powders was observed
using a field emission scanning electron microscope (Hitach, S-
4700 in KBSI). The microstructure of ceramics was
investigated with a scanning electron microscope (SEM, JEOL
JSM-6400) using thermally etched surfaces. The relative
density of the ceramics was measured by the Archimedes
method. The ceramic specimens were painted with silver
electrode on both surfaces and poled in a silicon oil bath at
60 °C for 10 min under a dc field of 3 kV/mm. The dielectric
properties of the ceramics before poling were measured at
1 kHz using a HP 4194A impedance/gain-phase analyzer. The
piezoelectric constant (d33) was measured using a quasistatic
d;3; meter (Academia Sinica, ZJ-4B). The electromechanical
coupling factor (k,) was measured by the resonance-anti-
resonance method using a HP 3577A network analyzer.

3. Results and discussion

As a terminal composition of (1 —x)BNT-xBT solid
solution, pure BNT was chosen as a representative to examine
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Fig. 1. DT-TGA curves of emulsion-dried BNT powder.
the optimum synthesis and conditions of
(1 — x)BNT—xBT compositions.

Fig. 1 shows the DT-TGA curves of emulsion-derived BNT
powder. Three exothermic peaks at 303, 327 and 429 °C,
respectively, were observed in the DTA curve, accompanied by
an obvious gravity decrease within the corresponding
temperature range in the TGA curve, which is attributed to
the oxidation of the organic components and nitrates remained
in the emulsion-derived powder. It was found that the thermal
decomposition of the emulsion-derived powder was finished
before 500 °C. Fig. 2 shows the X-ray diffraction (XRD)
pattern of emulsion-derived BNT powder. The result indicates
that only NaNO; was precipitated during drying the emulsion
and other start materials exist in an amorphous state. Fig. 3
shows FE-SEM micrographs of emulsion-derived BNT powder
under different magnifications. It can be seen that the emulsion-
derived powder has a spherical morphology, formed by the
agglomeration of preliminary particles of 20-30 nm. It is
considered that the spherical shape is due to the surface energy
of the emulsion and the nano-sized preliminary particles were
generated during drying the colloid sized emulsion.

Fig. 4 shows the XRD patterns of BNT powders calcined at
400-800 °C for 3 h. BNT was formed at 400 °C as a main
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Fig. 2. XRD pattern of emulsion-derived BNT powder.



B.-H. Kim et al./Ceramics International 33 (2007) 447452

449

i
£

1 10.0kV 6.1mm x100k SE(U)

Fig. 3. FE-SEM micrographs of emulsion-derived BNT powder under magnifications of (a) 20 k and (b) 100 k.
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Fig. 4. XRD patterns of BNT powders calcined at different temperatures for 3 h.

crystal phase together with minor amounts of intermediate
phases Bi;,TiO, and BisTizOy,. The intermediate phases still
remain until 500 °C, and the further elevation of calcining
temperature to 600 °C produced a single BNT phase. When
using the tradition solid state reaction process, a single BNT
phase is produced at about 900 °C [14]. By comparison, a single
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BNT phase can be obtained at a relatively lower temperature of
600 °C by using the emulsion method.

BNT powders calcined under different conditions (calcining
temperature and time) were sintered at 1200 °C for 3 h. The
relative densities of these ceramics are shown in Fig. 5. In
Fig. 5(a), the powders were calcined at 500-800 °C for 3 h. The
relative density attains the maximum value of 96.1% at the
calcining temperature of 700 °C. In Fig. 5(b), the powders were
calcined at 700 °C for 2—4 h, showing the maximum relative
density at the calcining time of 3 h. Therefore, calcining at
700 °C for 3h was determined to be preferred for BNT
composition.

BNT powder calcined at 700 °C for 3 h was sintered under
different conditions (sintering temperature and time). Fig. 6
shows the relative densities of these ceramics. The results
indicate that it is preferred to sinter the ceramic at 1200 °C for
3h in order to obtain the maximum relative density. The
decrease in the relative density of the ceramics sintered at a
higher temperature (1225 °C) or for a longer time (4 h) is
assumedly ascribed to an exaggerated evaporation of Na and Bi
during sintering.

Thus, the optimum preparing conditions for BNT ceramic can
be ascertained as calcining at 700 °C for 3 h and then sintering at
1200 °C for 3 h. These optimum preparing conditions were
applied for other (1 — x)BNT-xBT compositions. Fig. 7 shows
the FE-SEM micrograph of BNT powder calcined at 700 °C for
3 h and SEM micrograph of the resulting ceramic sintered at
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Fig. 5. Relative densities of BNT ceramics made from powders calcined (a) at various temperatures for 3 h and (b) at 700 °C for various times. The ceramics were

sintered at 1200 °C for 3 h.
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Fig. 6. Relative densities of BNT ceramics sintered (a) at various temperatures for 3 h and (b) at 1200 °C for various times. The powders were calcined at 700 °C for 3 h.
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Fig. 7. (a) FE-SEM micrograph of BNT powder calcined at 700 °C for 3 h and (b) SEM micrograph of BNT ceramic sintered at 1200 °C for 3 h.

1200 °C for 3 h. Compared with the morphology of the
emulsion-derived powder (Fig. 3), the calcined powder has a
comparatively porous morphology, showing an aggregation of
fine and uniform preliminary particles of about 50 nm (Fig. 7(a)).
This is believed to be caused by the release of gases during the
calcination. The resulting ceramic shows a dense microstructure
with grain sizes of 1-2.5 pm (Fig. 7(b)). The dense micro-
structure can be attributed to the homogeneous and fine
morphology of preliminary particles in the calcined powder.
Similar results were also obtained from the calcined powders and
ceramics of other (1 — x)BNT-xBT compositions.

Fig. 8 shows the XRD patterns of (1 —x)BNT-xBT
ceramics. Fig. 8(a) identifies the formation of a single
perovskite structure for the ceramics. Fig. 8(b) shows the
XRD patterns of the ceramics in the 260 range of 38-48°. The
rhombohedral symmetry of BNT ceramic at room temperature
can be characterized by a (0 0 3)/(0 2 1) peak splitting between
39 and 41° and a single peak of (2 0 2) between 45 and 48°. The
rhombohedral (0 0 3)/(02 1) peak splitting is remained until
x =0.06 and then combines into a slightly asymmetric peak at
x = 0.08. On the other hand, the (2 0 2) peak became broad and
asymmetric at x = 0.04. A distinct (0 0 2)/(2 0 0) peak splitting
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Fig. 8. XRD patterns of (1 — x)BNT—xBT ceramics sintered at 1200 °C for 3 h.
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Fig. 9. Dielectric constant of (1 — x)BNT-xBT ceramics as a function of
temperature measured on cooling.
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Fig. 10. Piezoelectric properties of (1 — x)BNT-xBT ceramics.

appears when x > 0.06, referring to a tetragonal symmetry.
These results suggest that the rhombohedral-tetragonal
morphotrophc phase boundary (MPB) of (1 — x) BNT-xBT
ceramics is near x = 0.06. It is consistent with an early result
obtained from (1 — x)BNT-xBT ceramics prepared by the
traditional solid state reaction process [15].

Fig. 9 shows the dielectric constant of (1 — x)BNT-xBT
ceramics as a function of temperature measured on cooling. The
dielectric constant at room temperature attains the maximum
value of 1840 at x = 0.08, which is in agreement with the nature
of this specimen with a composition near the MPB. For pure
BNT, an obscure hump in the variation of dielectric constant
with temperature occurred near 200 °C, corresponding to a
ferroelectric  (thombohedral)—antiferroelectric ~ (tetragonal)
phase transition [16]. Other (1 — x)BNT-xBT ceramics display
a comparatively obvious ferroelectric—antiferroelectric phase
transition. It was noticed that increasing BT content resulted in
a decrease of the transition temperature.

Fig. 10 shows the piezoelectric properties of (1 — x)BNT-
xBT ceramics. The ceramics provide superior piezoelectric
properties near the MPB, with the electromechanical coupling
factor k, and piezoelectric constant d33 exhibiting the maximum
values of 0.28 and 174 pC/N at x = 0.06 and 0.08, respectively. It

has been reported that the piezoelectric constant and electro-
mechanical coupling factor of (1 —x)BNT-xBT ceramics
prepared by the traditional solid state method reach maximum
values of d33 = 122 pC/N and k, = 0.29 near the MPB [15]. The
maximum value of electromechanical coupling factor k;, in the
present work is compatible with the early reported result, while
that of piezoelectric constant ds; is much more larger. This
demonstrates the advantage of the emulsion method in improving
the piezoelectric properties of (1 — x)BNT-xBT ceramics. It is
presumably assigned to the homogeneity in the morphology and
composition of preliminary particles of the powders synthesized
by the emulsion method.

4. Conclusion

This research confirms that the emulsion method is an
advantageous alternative to the traditional solid state reaction
process in producing lead free (1 — x)(Big sNag 5)TiO3;—xBaTiO;
((1 — x)BNT—xBT) ceramics. The optimum preparing condi-
tions for (1 — x)BNT-xBT ceramics were ascertained in terms of
relative density of the ceramics. The powders consisting of
uniform and fine preliminary particles of about 50 nm can be
yielded by calcining at 700 °C for 3 h. The ceramics sintered at
1200 °C for 3 h show a rhombohedral-tetragonal morphotrophc
phase boundary (MPB) near x = 0.06. The ceramics present high
dielectric and piezoelectric properties near the MPB. The
dielectric constant at 1 kHz and piezoelectric constant ds; attain
the maximum values of 1840 and 174 pC/N, respectively, at
x = 0.08, while the electromechanical coupling factor k;, gives the
maximum value of 0.28 at x = 0.06.
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