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Abstract

(Big.sNag 5)0.94Bag 06 TiO5 (abbreviated as BNBT6) ceramic of near MPB composition was synthesized by two different processes. The first one
is the addition of pre-synthesized BaTiO5; and pre-milled Bi,O3, Na,CO;, BaCO; powders and calcination powder milled with a high energy
milling machine in order to obtain a nano-particle size. The second one is a conventional one to compare with the former process. The pre-milling
and the pre-synthesis process of raw materials lowered the calcination temperature to the extent of 59 °C as compared with conventionally
fabricated BNBT6. The particle size of the powder exposed to heavy high energy milling reduced to 50-70 nm, whereas that of the conventionally
ball-milled powder without the pre-milling and the pre-synthesis process had a larger size of ~280 nm. To investigate the effects of the modified
process on the characteristic of BNBT6 ceramics, the dielectric and the piezoelectric properties of sintered specimens fabricated by the two
different processes were evaluated. It was found that the properties of the nano-sized BNBT6 ceramic near the MPB composition were increased by
the modified mixing and milling method, showing superior characteristics in terms of the piezoelectric/dielectric constant and sintering density
compared with those of the conventional process. The modified mixing and milling method was considered to be a new and promising process for

lead-free piezoelectric ceramics owing to their excellent piezoelectric/dielectric properties.
Crown Copyright © 2009 Published by Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Perovskite piezoelectric ceramics containing lead oxide such
as Pb(Ti, Zr)O3 (PZT), are now widely used in piezoelectric
devices because of their excellent piezoelectric properties [1].
However, recently emerged environmental issues, such as the
restriction of WEEE (Waste Electrical and Electronic Equip-
ment) and RoHS (Restriction of Hazardous Substances), will
prohibit us from using lead oxide in the near future due to their
toxicity. In an approach to acclimate ourselves to recent
ecological consciousness trends [2,3], a lead-free piezoelectric
material, bismuth sodium barium titanate, was considered as an
environment-friendly alternative for a PZT system.

* Corresponding author.
E-mail addresses: msyoon@cjnu.ac.kr (M.-S. Yoon),
scur@cjnu.ac.kr (S.-C. Ur).

Since bismuth sodium titanate, Big sNagy sTiO5 (abbreviated
as BNT), was discovered by Smolenskii and Agranovskaya in
1960 [4], BNT is considered to be an excellent candidate as a key
material of lead-free piezoelectric ceramics because BNT is
strongly ferroelectric. Besides, pure BNT shows a characteristic
of diffuse phase transition (DPT). The BNT exhibits a large
remnant polarization, P, = 38 pC/cm?, a high Curie temperature
(T.=320°C). The dielectric properties display also an inter-
esting anomaly wherein a low temperature phase transition at
200 °C marks the transition from ferroelectric to antiferroelectric
[5]. However, because of its high coercive field, E. = 73 kV/cm,
and relatively large conductivity, the pure BNT is difficult to be
poled and cannot be a good piezoelectric material. These
problems were then improved by forming solid solutions with
BaT103(BT), BiOA5K0A5TiO3, KNbO3, NaNbO3, (SranbCac)—
TiO5;, BiFeOs, BiScOs;, etc. [6-13]. Among these systems,
bismuth sodium barium titanate (Biy sNag 5);_,Ba, TiO; (BNBT)
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has been widely investigated by many researchers [7,14,15].
Morphotropic phase boundary (MPB) of this solid solution
system is near x = (0.06, where the materials show enhanced
piezoelectric and dielectric performances. Takenaka et al. [7]
have reported that the composition of (Biy sNag 5)0.04Ba0 06 T103,
which is near the MPB, has relatively good piezoelectric
properties of k,=0.25, k3, =0.19, ds3 =125 pC/N. However,
this composition has a higher coercive electric field and medium
piezoelectric constant. These properties were afterward pro-
moted by a few research groups [16—-18]. It was believed that
substitution at A site or B site may induce soft or hard properties
in a piezoelectric material by forming cation or oxygen
vacancies, respectively. Several kinds of cations such as La®*,
Nb*, Co**, Mn?", etc. were tested to further modify BNT-based
piezoelectric ceramics [19-22]. Many researchers have inves-
tigated to improve the properties of BNBT ceramics either by
modifying fabrication technique or by dopants.

The purpose of this present study is to control the size and
morphology of starting powder and to pre-synthesize BaTiO; in
order to increase the reaction activity. Another objective is to
demonstrate the effect of nano-sized BNBT particles on the
microstructure and the piezoelectric/dielectric properties.

2. Experimental procedure
Perovskite  (BipsNags)oosBagosTiO3  (abbreviated as

BNBT6) ceramics were fabricated by the two different processes.
One is the process I, which contains the pre-milling process and

the pre-synthesizing process of the starting powder and the high
energy milling process of calcined powder [sometimes abbre-
viated as nano-sized BNBT6] and the other is the process II,
which contains the conventional mixing and milling process
[sometimes abbreviated as conventional BNBT6]. The detailed
fabrication process was shown in Fig. 1. According to the process
I, to effectively eliminate the problems associated with a size and
morphology differences of raw materials, Bi,O; (High purity
chem. Co.), Na,CO5 (Cerac Co.) and BaCOj5 (Sakai chem. Co.)
among the starting materials were the first pre-milled in ethanol
using a ball-mill with 3 mm ZrO, balls for 72 h. The second stage
of the fabrication was synthesis of BaTiOs;. Stoichiometric
amount of the pre-milled BaCO; and as-received anatase phase
TiO, with 100 nm size were mixed in ethanol using a ZrO, media.
The dried powder was then calcined at 950 °C for 2 h in an
alumina crucible. X-ray analysis was performed at this stage. The
pre-milled Bi,O5, Na,COs;, the pre-synthesized BaTiO; powders
and as-received TiO, (Tronox: anatase) were then ball-milled in
ethanol using a ZrO, media for 24 h. Mixed powder was calcined
at 720 °C for 4 h. X-ray analysis was also performed at this stage
and the calcination temperature was selected by means of TG/
DTA analysis. After calcining, an additional milling step with
nano-mill (MINICER/MINIPUR-NETZSCH) was added to
obtain a nano-particle size. Milling was conducted in ethanol
with zirconium balls of 0.2 mm diameter for 1 h with rotor speed
of 3500 rpm.

To compare the properties of nano-milled BNBT6 powder
with those of conventionally prepared BNBT6 powder, BNBT6
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Fig. 1. Processing block diagram for BNBT preparation (process I: nano-sized BNBT6 and process II: conventional BNBT6).
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powder having the same composition with process I was
fabricated by using a conventional ball-mill process. Raw
materials of analytical-reagent (AR) grade Bi,O5;, Na,COs,
BaCOs;, rutile phase TiO, were weighed and ball-milled with a
ZrO, media in ethanol for 24 h. The dried powder was then
calcined at 850 °C for 4 h. An additional ball-milling step of the
calcined powder was added to ensure a fine particle size. The
dried powders, which are prepared by using the two different
processes, were then pressed as a disk of 15 mm diameter and

then cold-isostatically pressed under 147.1 MPa. The pressed
samples were sintered at various temperatures for 2 h. The
sintered samples were then polished to obtain parallel surface
up to 1 mm of thickness. Powder morphologies and micro-
structures of the all samples were investigated using a scanning
electron microscope (SEM; FEI Company Quanta400). In order
to measure the electrical properties, silver paste was coated to
form electrodes on both sides of the sample, and then
subsequently fired at 650 °C for 20 min. The dielectric and

Fig. 2. SEM micrographs of the starting materials used in the synthesis of BNBT: (a) as-received Bi,O;, (b) 72 h ball-milled Bi,0s3, (c) as-received Na,CO3, (d) 72 h

ball-milled Na,COs, (e) as-received BaCOs, and (f) 72 h ball-milled BaCOs.
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Fig. 3. The powder morphology and X-ray diffraction patterns of pre-synthesized BaTiO3: (a) SEM micrograph (b) X-ray diffraction patterns, and (c) {200}

reflection.

the piezoelectric properties were measured using an impe-
dance/gain phase analyzer (HP-4194A) after poling under
7.5kV/mm at 80°C in a silicone oil bath for 40 min.
Piezoelectric properties were calculated to use a resonance/
anti-resonance measurement method [23]. To obtain P-E
hysteresis curve, the induced electric polarization at room
temperature was measured using a Precision LC system
(Radiant Technology Model: 610E).

The phase-formation characteristics and tetragonality of c/a
were determined using X-ray diffraction (XRD) patterns and
the multi-peak separation method (Jandal Scientific PEAKFIT,
version 3.18).

3. Results and discussion

3.1. Effects of pre-milled starting powders and pre-
synthesized BaTiOj; on the reaction temperature and the
crystal structure

Fig. 2 shows the SEM micrograph of as-received and pre-
milled Bi,O3;, Na,CO;3;, and BaCOs, exclusive of the TiO,
powder having fine and sphere type particle morphology
(average particle size: 100 nm). It has been reported that fine
particles of TiO, act as a catalyst for the decomposition of
carbonate [24], and the anatase-phased TiO, has a higher
activity and is more efficient in lowering reaction temperature
than the rutile one due to its low density (density of anatase
phase TiO, =3.90 g/cm’, while that of the rutile pha-
se =4.23 g/em®) [25]. The purpose of the pre-milling stage
by ball-milling is to increase contact points and activity of
starting materials. From the micrograph results of the pre-
milled powders, it is evident that the process causes a
significant change in particle morphology, accompanying the
powder shape change from a square pillar shape to a regular
sphere shape. On the other hand, since a solid-state reaction
method is the most traditional one for preparing BaTiOj;
powders by mixing the starting materials, usually titanium
oxide and barium carbonate, and calcining them at an elevated
temperature around 1100-1400 °C [26,27], the high reaction
temperature of BaTiO; will be expected to severely inhibit the

calcination reaction of BNBT6. Moreover, as the powder from
this traditional method had been known to result in a significant
amount of agglomeration and poor chemical homogeneity
along with a coarse particle size due to the treatment at high
temperature, the additional pre-process adopting the pre-
milling of BaCO3 was performed to ensure the fine particle size
and decrease the reaction temperature. Therefore, the mixture
of BaTiO; was prepared with the pre-milled BaCO; and as-
received anatase phase TiO, of 100 nm size and then calcined at
950 °C. The calcined BaTiO3 was then added to the mixing
process of BNBT6 [as described in process I] in order to
decrease the calcination temperature. The powder morphology
and X-ray diffraction patterns of pre-synthesized BaTiO; were
observed as shown in Fig. 3. The average particle size was
350 nm, showing the sphere and regular shape. Despite the
lower reaction temperature of 950 °C, it is fully stabilized to
perovskite structure without second and/or pyrochlore phases.
In addition to this, (200) and (00 2) peaks were widely
separated. The multi-peak separation method was used to
estimate the tetragonality of the sample. For this purpose, the
peak at 26 ~ 45° was separated into two tetragonal peaks
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Fig. 4. Comparison of the solid-state reaction temperature using TG/DTA
results among different processing in air with 3 °C/min of heating rate. The
results of pre-milling and pre-synthesis process are marked as a solid line, and
those of conventional process are marked as dash line.
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Fig. 5. X-ray diffraction patterns of nano-sized BNBT6: (a) conventional BNBT6 and (b) the X-ray diffraction patterns of {2 0 0} reflection.

[(200) and (0 0 2) planes] using Gauss—Cauchy function. The
tetragonality is measured from lattice parameters of c- and a-
axes which can be calculated by the following equation:

1 W+id P
£- & &

(D

(@) ~150nm

From the results, a full stabilization of perovskite phase was
achieved for pre-synthesized BaTiOj3 and the tetragonality was
1.007.

To observe the effect of the pre-milling and the pre-synthesis
on the calcination temperature, the thermo-gravimetric/
differential thermal analysis (TG/DTA analysis) is performed

(b) 50~70nm

Fig. 6. The SEM morphology of calcined and milled powders: (a) and (b) calcined and nano-milled BNBT6 powder morphologies with pre-milling and pre-synthesis
process (c) and (d) calcined and nano-milled BNBT6 powder morphologies without pre-milling and pre-synthesis process.
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and the results are shown in Fig. 4. According to the (TG/DTA)
results, the pre-milling process of the starting materials and the
use of anatase phase TiO,, pre-synthesis BaTiO; are effective in
decreasing the reaction temperature by almost 59 °C compared
to the powder without the pre-milling and the pre-synthesis
processes as shown in Fig. 4.

Fig. 5 shows the X-ray diffraction patterns for the calcined
BNBTG6 samples, fabricated by the processes I and II, in the 26
range of 20-80° and 46-47.2°. All of them are fully stabilized
to perovskite structure without second and/or pyrochlore

(a) Average grain size:1.01uym

(é)Average grain size 1.9um _ .

(e) Average grain §ize?,.5}1m‘“h
» - Ty

phases. All samples of BNBT6 show coexistence of tetragonal
and rhombohedral symmetry. To observe the effect of the pre-
milling and the pre-synthesis on the tetragonality, the multiple
peak separation method was again used for the estimate of c/a.
From the data of (0 0 2) peak, c¢/a for BNBT6 fabricated by the
process I has a higher value of 1.0045 compared with 1.0039 of
BNBT6 fabricated by the process I. The result of Fig. 5(b)
indicates that the (0 0 2), (2 0 0) peaks of BNBT6 fabricated by
the process I are suppressed and the rhombohedral phase
increases. This result can be interpreted as the size effect.

(b) Average grain size:128um

d) Average grain size 2.2um
( gegr i

Fig. 7. SEM micrograph of nano-sized BNBT6 sintered at (a) 1100 °C, (b) 1130 °C, (¢) 1170 °C, (d) 1190 °C for 2 h and (e) conventional BNBT6 sintered at 1170 °C

for 2 h.
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Similarly, Uchino et al. [28] interpreted the decrease of
tetragonal phase in fine-grained BaTiO;3 as surface tension.
According to them, this surface tension is sufficiently high to
decrease the tetragonality in the fine particle sized BaTiOs;.
More detailed report on the size effect was proposed by Begg
et al. [29]. They reported that hydrothermal BaTiO; powder
with a particle size larger than 270 nm was completely
tetragonal and with a particle size less than 190 nm was a fully
cubic phase. Since the pre-milling and the pre-synthesis lower
the reaction temperature and then reduce the particle size to
160 nm as shown in the following subsection, it is highly
probable that conventional BNBT6 powder fabricated by
mixing the raw materials without any pre-processes (i.e.
without adding the pre-milling and pre-synthesis process) has a
higher tatragonality than that of the nano-sized BNBT6.

3.2. Effects of the nano-sized BNBT powder on the
microstructure and the piezoelectric/dielectric properties

According to the previous results, the pre-milling and pre-
synthesis processes lowered the calcination temperature of
BNBT6, suggesting a decreased particle size of calcined
powder and a change of the piezoelectric and dielectric
properties. Fig. 6 shows the SEM morphology of the nano-
milled and conventional ball-milled BNBT6 powders calcined
at 720 °C and 850 °C, respectively. The sample calcined at
720 °C has a smaller average particle size of 150 nm compared
with that of ~450 nm in the sample calcined at 850 °C.
Furthermore, since the pre-milling and pre-synthesis processes
induced a fine particle size and weakened neck growth, the
particle size of the powder exposed to heavy high energy
milling reduced to 50-70 nm, whereas that of conventionally
ball-milled powder without the pre-milling and pre-synthesis
process had a larger size of ~280 nm. It is evident that BNBT6
fabricated by the process I can reduce the particle size up to
nano-scale. Therefore, it is expected that the fine starting
material and the pre-synthesizing process of BaTiO; enhance
the solid—solid reaction due to their high activity, and decrease
the reaction temperature and the final particle size.

38 120

(a) —.—Kp

—o—Q, 4115
10
105

100

wd
d,(pC/N)

kp (%)

95

90

85

30 L . 1 . 1 . L . 1
1100 1120 1140 1160 1180

80
1200

Temperature ("C)

3033

6.00

L —8— Nano-sized BNBT6

595 D conventional BNBT6

5.90

5.85

LI L B

“z 580

™"

o
575

h

o

h
T T

5.50 i 1 1 i i

1100 1120 1140 1160 1180 1200

Sintering Temperature ("C)

Fig. 8. The variations of density as a function of sintering temperature. The
marked @ designates the density of conventional BNBT6 sample.

The microstructures of the sintered BNBT6 samples are
observed by SEM. The micrographs of the nano-sized BNBT6
samples for various sintering temperatures are shown in
Fig. 7(a)—(d), compared with conventional BNBT6 of Fig. 7(e).
As shown in Fig. 7, grain shapes of the nano-sized BNBT6 are
of polyhedral shape, while that of conventional BNBT6 is a
square pillar shape. Furthermore, since the microstructure is
directly associated with the sintering density, the variation
densities of all samples are plotted in Fig. 8. As the results, the
nano-sized specimen sintered at 1130 °C shows maximum
values of the sintering density of 5.94 g/cm® compared to the
nano-sized BNBT6 sample sintered at 1100 °C with 5.8 g/cm®
and which then slightly decrease to 5.91 as increasing sintering
temperature. On the other hand, conventional BNBT6 has a
lower sintered density of 5.67 g/cm® than those of the nano-
sized specimens. Therefore, the observed equilibrium shape
change seems to be closely related with the increase of the
sintering density.

To observe the effects of grain size on the piezoelectric and
dielectric properties, the variation of these properties at the
various sintering temperatures are plotted in Fig. 9(a) and (b).
As shown in Fig. 9, the planar electromechanical coupling
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Fig. 9. Variation of piezoelectric and dielectric properties as a function of sintering temperature in nano-sized BNBT6: (a) planar electromechanical coupling factor
(k,) and mechanical quality factor (Q,,), (b) piezoelectric constant (ds3) and relative dielectric permittivity (K?).
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factor (k,), the mechanical quality factor (Q,,) and the
piezoelectric constant (ds3) of the nano-sized BNBT6 increase
with increasing sintering temperature. However, the dielectric
permittivity (K3>) sharply decreases just below 1130 °C, while
it weakly depends on the sintering temperature above 1130 °C.
The increase of Q,,,, k,, and d33 can be interpreted as the effect of
a grain size. Kang et al. [30] reported in Pby oLag ; TiO5 system
that poling efficiency increases with increasing the grain size,
enhancing the facility of 90° domain switching. According to
their result, since the increase of the grain size would be
expected to enhance the domain switching at the same poling
condition, the increases of k, and ds3 can be explained by the
increased domain mobility. In addition to this, the increase of
the grain size decreases the grain boundary, resulting in the
decrease of grain boundary loss and this in turn increases Q,,
with increasing the sintering temperature (Q,, is inversely
proportional to loss tangent). On the other hand, the variation of
the dielectric permittivity (K3°) is different from those of
piezoelectric properties as shown in Fig. 9(b). Similarly, Arlt
[31] reported that there was a transition region of the domain
structure as a function of the grain size in the polycrystalline
BaTiO;. According to his paper, the domain remains a simple
lamellar structure when the grain is small. As the grain size
increases over some critical values, the structure is changed to a
complex banded domain structure, accompanying the relaxa-
tion of the internal stress caused by tetragonal phase.
Furthermore, Uchino [32] reported that PLZT showed the
minimum value of K3 near the region where the domain
structure was changed. It means that 90° twin caused by
tetragonal phase cannot exist below the critical grain size,
suggesting an increase of internal stress and which then
anomalously increases K3* according to the model proposed by
Bussem et al. [33,34]. As the sintering temperature increases
above 1130 °C, the dielectric permittivity has almost same
value. Similarly, Kang et al. [30] interpreted the phenomenon as
transition region of the domain structure. They proposed that
there were a microstructure transition region between the
simple lamellar and the complex banded domain structure
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Fig. 10. Electric field-induced P—E hysteresis loops in nano-sized BNBT6 as a
function of sintering temperature.

Table 1
The comparison characteristics of the BNBT6 samples fabricated by two
different processes.

Specimen Density dsz K3 k, (%) O
(g/em®) (pC/N)

Process I BNBT6 5.90 196.00 833.210 34.8 102

Process II BNBT6 5.67 152.02 671.526 31.3 73

between 1.3 wm and 2.7 wm, therefore, K;ﬁ did not undergo
sharp change.

Further evidence for the grain size effect was obtained by
examining temperature dependence of P—E hysteresis curve at
room temperature as shown in Fig. 10. The values of remnant
polarization (P,) and coercive field (E.) were determined from
the measured loops. From the data of hysteresis loops measured
at room temperature, the remnant polarization P, for BNBT6
sintered at 1100 °C specimen has a minimum value of 15.7 wC/
cmz, resulting in a lower value compared with the P, of BNBT6
sintered at higher temperature [P, =37 wC/cm?® for BNBT6
sintered at 1130 °C, P, = 37.8 pdC/cm2 sintered at 1170 °C and
38.4 nC/em? for BNBT6 sintered at 1190 °C] and the shape of
loops corresponds to a typical polarization curve for a normal
ferroelectric below the Curie temperature. In addition to this,
the coercive field £, for BNBT6 sintered at 1100 °C specimen
has a maximum value of 36 kV/cm. Therefore, these results
were in agreement with a previous analysis of the piezoelectric/
dielectric properties as a clamping effect caused by internal
stress below critical grain size.

To investigate the effects of manufacturing process on the
piezoelectric and dielectric properties, the piezoelectric and
dielectric properties of BNBT6 samples sintered at the same
temperature, have been listed in Table 1. As the results, the
piezoelectric and dielectric properties of nano-sized BNBT6
show the higher values compared with those of the conventional
BNBT6. The observed increase of the piezoelectric and
dielectric properties can be interpreted as the effects of the
higher density and the coherency of grain boundary caused by
an equilibrium shape.
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Fig. 11. The P-E curves for nano-sized BNBT6 and conventional BNBT6 at
25°C.
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Similarly, Haertling and Zimmer [35] reported that the
dielectric constant and the piezoelectric properties increased
with decreasing porosity of PZT ceramics. Therefore, it can be
concluded that the process I increases the sintering density and
decreases the porosity and this in turn accompanies the increase
of the piezoelectric and dielectric properties.

Since the piezoelectric/dielectric properties are directly
associated with a behavior of polarization—electric field (P-E)
curve, the P-E curves for the nano-sized BNBT6 and
conventional BNBT6 sintered at the same temperature are
plotted in Fig. 11. The values of remnant polarization (P,) and
coercive field (E.) were determined from the measured loops.
From the data of hysteresis loops measured at 25 °C, the
remnant polarization P, for the nano-sized BNBT6 specimen
has a higher value of 37.8 wC/cm? compared with that of
12 p“C/cm2 for conventional BNBT6; whereas the coercive
field (E.) has a similar value. These results were in agreement
with the previous analysis of the piezoelectric/dielectric
properties as a higher density caused by the equilibrium shape.

4. Conclusions

The effects of manufacturing process on the dielectric/
piezoelectric properties and the microstructure in the BNBT6
ceramic were systematically investigated. The effects of the
pre-milled starting powders and pre-synthesized BaTiO3 on the
reaction temperature and the crystal structure were examined
by using BNBT6 in the MPB region. The results of thermo-
gravimetric/differential thermal analysis (TG/DTA) revealed
that the pre-milling process of starting materials and the use of
anatase phase TiO, and pre-synthesis BaTiO; are effective in
decreasing the reaction temperature by almost 59 °C compared
to the powder without the pre-milling and pre-synthesis
processes. From the X-ray analysis, all of the samples were
fully stabilized to perovskite structure without second and/or
pyrochlore phases. All samples of BNBT6 showed the
coexistence of tetragonal and rhombohedral symmetry. From
the data of (0 02) peaks, c/a for BNBT6 fabricated by the
process II had a higher value of 1.0045 compared with 1.0039
of BNBT6 fabricated by the process I. This result could be
interpreted as the size effect. The average particle sizes of the
samples calcined at two different temperatures was 140-
160 nm and ~450 nm, respectively. Furthermore, since the pre-
milling and pre-synthesis processes induced a fine particle size
and weakened neck growth, the particle size of the powder
exposed to the heavy high energy milling reduced to 50-70 nm,
whereas that of conventionally ball-milled powder without the
pre-milling and pre-synthesis process had a larger size of
~280 nm. It was evident that BNBTG6 fabricated by the process
I can reduce the particle size up to nano-scale. From the
microstructures analysis, applying the process I led grain shape
to change from a square pillar shape to a polyhedral shape,
accompanying the increase of sintered density. The piezo-
electric and dielectric properties of the nano-sized BNBT6
could be interpreted as the grain size effect. Furthermore, the
piezoelectric and dielectric properties of the nano-sized
BNBT6 had higher values as compared with conventional

BNBT. Further examination of the remnant polarization P, for
the nano-sized BNBT6 specimen showed a higher value of
37.8 wC/cm? compared with that of 12 pC/cm?® for conven-
tional BNBT; whereas the coercive field (E.) has a similar
value. Therefore, the increase of the piezoelectric and dielectric
properties was to be closely related with the increase of P,.
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