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Abstract

Dielectric, ferroelectric and piezoelectric properties of perovskite ferroelectric and bismuth layer-structured ferroelectric (BLSF) ceramics are
described as superior candidates for lead-free piezoelectric materials to reduce environmental damages. Perovskite type ceramics seem to be
suitable for actuator and high power applications that are required a large piezoelectric constant,d33 (>300 pC/N) and a high Curie temperature,
Tc (>200◦C). For BaTiO3 (BT)-based solid solutions, that is, (1− x)BaTiO3 − x(Bi0.5K0.5)TiO3 [BTBK − 100x] ceramics, theTc increases
with increasing the amount ofx. BTBK-20 + MnCO3 0.1 wt.% ceramic shows the highTc than 200◦C and the electromechanical coupling
factor,k33 = 0.35. In the case ofa(Bi1/2Na1/2)TiO3 −bBaTiO3 − c(Bi1/2K1/2)TiO3 [BNBK (100a/100b/100c)] solid solution ceramics, thed33

andTc are 191 pC/N and 301◦C for the BNBK (85.2/2.8/12), respectively. On the other hand, BLSF ceramics seem to be excellent candidates as
piezoelectric sensors for high temperatures and ceramic resonators with high mechanical quality factor (Qm), and low temperature coefficient
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f resonance frequency (TC-fr). Donor-doped Bi4Ti3O12 ceramics such as Bi4Ti3−xNbxO12 [BITN-x] and Bi4Ti3−xVxO12 [BITV- x] show high
c than 650◦C. Thek33 value of the grain-oriented (HF) BITN-0.08 ceramic is 0.39 and is able to keep the same value up to 350◦C. Bi3TiTaO9

BTT)-based solid solution system, Srx−1Bi4−xTi2−xTaxO9 [SBTT2(x)] (1� x�2), displays the highQm value (=13500) in (p)-mode at th
= 1.25 composition.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

The piezoelectric properties play an important role for
lectronics and mechatronics materials. The most widely
sed piezoelectric materials are PbTiO3–PbZrO3 (PZT)-
ased three component system.1,2 However, it is recently de-
ired to use lead-free materials for environmental protection.
or example, the legislation will be enforced in the EU as the
raft directives on waste from electrical and electronic equip-
ent (WEEE), restriction of hazardous substances (RoHS)
nd end-of life vehicles (ELV). Therefore, lead-free piezo-
lectric materials have been widely attracting attention as
ew materials in place of PZT ceramics.

Lead-free piezoelectric materials, such as piezoelectric
ingle crystals, e.g. langasite,3 and ferroelectric ceramics
ith perovskite structure,4–22 tungsten bronze structure and
ismuth layer-structured ferroelectrics (BLSF),23–41 have

∗ Corresponding author. Fax: +81 4 7123 0856.
E-mail address:tadashi@ee.noda.tus.ac.jp (T. Takenaka).

been reported. However, no materials display more exce
piezoelectric properties than PZT systems. To replace
systems, it is necessary that required piezoelectric prop
for various applications were divided and were develo
the corresponding each application. For example, the
ovskite type ceramics seem to be a suitable for actuato
high power applications. On the other hand, bismuth la
structured ferroelectric (BLSF) ceramics seem to be ca
date materials for ceramic filter and resonator applicatio

In this paper, dielectric ferroelectric and piezoelec
properties of perovskite ferroelectric and BLSF ceramics
described as superior candidates for lead-free piezoel
materials to reduce environmental damages.

2. Experimental

Ceramic samples were prepared by a conventional s
ing technique (ordinarily fired, OF samples). Reagent-g
powders of oxides or carbonates with 99+% purity were
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.03.125
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as the starting materials. These materials were mixed by ball-
milling and calcined at 600–850◦C for 1–2 h. After calcining,
the ground and ball-milled powders were pressed into disks of
20 mm in diameter and about 10 mm in thickness. These disks
were sintered at 900–1350◦C for 2–4 h in air. Grain-oriented
samples were prepared by the hot-forging (HF) method.29,34

The grain orientation factor (F), was calculated using the
Lotgering method.38

The crystal structure was confirmed by X-ray diffraction
analysis using Cu K� radiation at a scanning speed of 1◦/min.
Samples for observations of the microstructure were polished
and thermally etched. Finally, the microstructures were ob-
served by scanning electron microscopy (SEM, HITACH S-
2400). The weight loss during the sintering process was an-
alyzed by TG–DTA spectrometer (Rigaku, Thermo Plus 2).

Electrodes made of fired-on Ag–Pd pastes were formed
for electrical measurements, such as dielectric, ferroelectric
and piezoelectric properties. The temperature dependence of
dielectric constant (εr), and dielectric loss tangent (tanδ),
were measured at 1 MHz using an automatic dielectric mea-
surement system with a multi-frequency LCR meter (YHP
4275A) in the temperature range from RT to 900◦C. The
D–E hysteresis loop was observed at RT using a standard
Sawyer–Tower circuit at 50 Hz. The temperature dependence
of resistivity (ρ), was measured using a high-resistance meter
(YHP 4329A and 4339B).
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Fig. 1. Temperature dependence of dielectric constant (εr) and loss tangent
(tanδ) for the BTBK ceramics measured at 1 MHz.

3.1.1. BaTiO3-based ceramics
Barium titanate, BaTiO3 (BIT), is the first ferroelectric

oxide with perovskite structure. This ceramic has a relatively
high electromechanical coupling factor (k33), and has been
partially used for piezoelectric applications such as sonar.
However, BT has a low Curie temperature (Tc = 120◦C).4–6

Thus, the working temperature range of this ceramic is nar-
row for actual piezoelectric applications. To expand of the
working temperature range, that is, to elevate theTc of
BaTiO3-based ceramics, dielectric and piezoelectric prop-
erties of (1− x)BaTiO3 − x(Bi0.5K0.5)TiO3 solid solution
(BTBK-100x) system were investigated because theTc of
(Bi0.5K0.5)TiO3 (BKT) was reported to be about 380◦C.

X-ray diffraction patterns of BTBK ceramics with
0� x�1 show the single phase of perovskite structure.Fig. 1
shows the temperature dependence of dielectric constant (εr)
and loss tangent (tanδ) for the BTBK-100x ceramics. TheTc
increased lineally with increasingx in BTBK-100x, as shown
in Fig. 2. TheTc of BTBK-20 shows higher than 200◦C.

F e
a

Specimens for piezoelectric measurements were po
tirred silicone oil under applied fields ofEp = 7–12 kV/mm
t temperatures ofTp = RT–300◦C for times oftp = 7–10 min
iezoelectric properties were measured by a reson
ntiresonance method on the basis of IEEE standards,
n impedance analyzer (YHP 4192A and 4194A). A long
inal vibration of the (33)-mode was measured using a
ngular specimen of 4 mm× 2 mm× 2 mm. The electrome
hanical coupling factor (k33), was calculated from the re
nance and antiresonance frequencies. The free permi
εT

ii ), was determined from the capacitance at 1 kHz o
oled specimen. The elastic constants (sE

jj ), was calculate
rom the frequency constant (Nij ), and the measured dens
ρ0). Finally, the piezoelectric constants (dij ), was calculate

rom thekij , εT
ii andsE

jj by the relation ofdij = kij (εT
ii s

E
jj )

1/2
.

. Results and discussion

.1. Perovskite-structured ferroelectrics

The perovskite-type ferroelectrics such as BaTiO3 (BT),
Bi1/2Na1/2)TiO3 and KNbO3 are well known lead-fre
iezoelectric materials. These ceramics show the re

arge piezoelectric constant (d), among lead-free piez
lectrics, and are expected for actuator and high power a
ations. However, there are some problems such as low
emperatures (Tc), difficulties in poling treatments and/or lo
elative densities and so on.
ig. 2. Curie temperature (Tc), of BTBK ceramics as a function of th
mount of (Bi0.5K0.5)TiO3 measured at 1 MHz.
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Fig. 3. Resistivity (ρ), of BTBK ceramics as a function of the doped Mn
content (wt.%).

Fig. 4. Frequency dependence of impedance,Z (magnitude |Z|, and
phase,.θ) of the (33)-mode for the BTBK20 + Mn (0.1 wt.%).

However, both theεr at RT and atTc decrease with increas-
ing x in BTBK-100x.

Fig. 3 shows the resistivity (ρ), of BTBK ceramics as
a function of the doped Mn content. Theρ reaches maxi-
mum atx= 0.1. Fig. 4 shows the frequency dependence of
impedance,Z (magnitude|Z|, and phase.θ) of the (33)-mode
for the BTBK20+Mn (0.1 wt.%).

Table 1 summarizes the Curie temperature (Tc), and
piezoelectric properties of BTBK ceramics. Electromechan-
ical coupling factor (k33), and piezoelectric constant (d33),
of BTBK20+MnCO3 (0.1 wt.%) (Tc = 223◦C) were 0.35
and 59 pC/N, respectively. On the other hand, thed33 of
BTBK5+MnCO3 (0.1 wt.%) (Tc = 174◦C) was 117 pC/N.

3.1.2. (Bi1/2Na1/2)TiO3-based ceramics
Bismuth sodium titanate, (Bi1/2Na1/2)TiO3 (BNT),7,8

shows strong ferroelectric properties of a large remanent
polarization,Pr = 38�C/cm2, and has a Curie temperature,
Tc = 320◦C. However, data on piezoelectric properties of the
BNT ceramic are scarce in still works, because of difficulties

Table 1
Curie temperature (Tc), and piezoelectric properties of BTBK ceramics

Tc (◦C) k33 (%) εT
33/ε0 d33 (pC/N)

BTBK20M 223 35 467 58.9
BTBK5M 170 28 849 71.0
B

to pole this ceramic. On the other hand, the BNT ceramic
needs to a high sintering temperature more than 1200◦C to
obtain the dense body. It is thought that a vaporization of Bi
ions was occurred during the sintering process higher than
1200◦C, resulting in the poor poling treatments because of
the low resistivities. From the thermograph (TG, weight loss)
measurement, the weight loss caused by the Bi vaporization
was carried out at over 1130◦C. So, the BNT ceramic was
sintered at 1100◦C. The high density-ratio of 95% was ob-
tained for this ceramic by keeping the long soaking time of
100 h at 1100◦C. Thek33 andd33 of this ceramic displayed
for 0.47 and 91 pC/N, respectively, and these values were al-
most the same to above results. In view of these facts, the large
piezoelectricity,k33 andd33, of the BNT ceramic as lead-free
piezoelectric materials could be clear for the first time.

Furthermore, BNT-based solid solutions that can be
poled easily were recently studied.9–12 Especially, the
large piezoelectricity is expected on the BNT-based solid
solutions with a morphotropic phase boundary (MPB).
BaTiO3 and bismuth potassium titanate, (Bi1/2K1/2)TiO3,
are well known lead-free piezoelectric materials with the
tetragonal symmetry. Two solid solution systems, that
is, (1− x)(Bi1/2Na1/2) TiO3–xBaTiO3 (BNBT-100x) and
(1− y)(Bi1/2Na1/2)TiO3–y(Bi1/2K1/2)TiO3 (BNKT-100y)
had been already reported by Takenaka et. al.13 and
Sasaki et. al.,14 respectively. It is reported that MPB
c
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TBK5M (reduced) 174 27 2300 117
ompositions existed onx= 0.06–0.07 for BNBT-100x and
= 0.16–0.20 for BNKT-100y, respectively. Then, dielectr
nd piezoelectric properties of the three-component sy
Bi1/2Na1/2)TiO3 − BaTiO3 − (Bi1/2K1/2)TiO3 (BNBK),
ere investigated, focusing on the MPB compositions.
Fig. 5 shows the phase relation of the BNBK syst

round the MPB area. The MPBs of both BNBT-6 and BN
6 exist on the rhombohedral side, and the MPBs of
NBT-7 and BNKT-20 exist on the tetragonal side aro

he MPB region, respectively. Prepared compositions in
xperiment are expressed as follows:

(BNBT6) − (1 − a)(BNKT16)(BNBK1 − a)

(BNBT7) − (1 − a)(BNKT20)(BNBK2 − a),

here,a= 0, 0.2, 0.4, 0.6, 0.8, and 1, for each system.

ig. 5. Phase relation of the (Bi1/2Na1/2)TiO3–BaTiO3–(Bi1/2K1/2)TiO3

BNBK) system around the MPBs.
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Fig. 6. Piezoelectric constant (d33), of BNBK1 and BNBK2 as a function
of the amount (a) of BNBT-6 for BNBK1 and BNBT-7 for BNBK2.

It was found by X-ray diffraction that the MPB between
the rhombohedral and tetragonal phases exists between the
two systems of BNBK1 and BNBK2. Curie temperature (Tc),
of BNBK1 and BNBK2 are almost constant at about 300◦C.

Fig. 6shows compositional dependence of the piezoelec-
tric constant (d33), for BNBK1 and BNBK2 ceramics. All of
d33 values of the BNBK2 are larger than those of the BNBK1.
Thed33 value showed the maximum,d33 = 191 pC/N, at the
BNBK2-0.4. The maximum value ofd33 was obtained on the
tetragonal region around the MPB composition. It is thought
that the 0.852BNT− 0.12BKT− 0.028BT (BNBK2− 0.4)
ceramic seems to be one of the candidate material for
lead-free actuator applications with the relatively larged33
(=191 pC/N) and highTc (= 301◦C).

3.1.3. KNbO3-based ceramics
Potassium niobate, KNbO3 (KN), has an orthorhom-

bic symmetry at room temperature, and has phase
transition at −10, 225 and 425◦C for rhombohe-
dral→ orthorhombic→ tetragonal→ cubic, respectively.
KN single crystals are known to have high piezoelectric
activities.15–17 However, it is difficult to obtain a dense
ceramic body of KN by the ordinary firing process. To
obtain the dense KN-based ceramic, the hot-press (HP)
method or liquid phase sintering by additive dopants were
i 18,19 mic
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Fig. 7. Resonance-antiresonance characteristic of (K0.47Pb0.03Na0.5)NbO3

ceramic fired at 1170◦C for 40 h.22

Qm = 152. The resonance-antiresonance characteristic of this
ceramic is shown inFig. 7.

3.2. Bismuth layer-structured ferroelectrics

The family of bismuth layer-structured ferroelectrics
(BLSF)23–26 is very attractive from the viewpoint of their
applications as electronic materials such as dielectrics,
piezoelectrics and/or pyroelectrics, because BLSF are
characterized by their low dielectric constant,εs, high Curie
temperature (Tc), and large anisotropy in the electrome-
chanical coupling factorkt/kp or k33/k31.23–28Therefore, the
BLSF ceramics are seen as superior candidates for lead-free
piezoelectric applications for high-Tc piezoelectric sensors,
filters, resonators and/or pyroelectric sensors with large
figures of merit.

3.2.1. Bi4Ti3O12-based system
Bismuth titanate, Bi4Ti3O12, is a typical well-known

BLSF.24–27Concerning the anisotropy, Cummins and Cross
reported that spontaneous polarizations of a BIT single
crystal along thea- and c-axes are 50 and 4�C/cm2,
respectively.27 Therefore, it is thought that the BIT single
crystal has good piezoelectricity. However, it is difficult to
measure piezoelectric properties on the BIT single crystal
b lways
p eli-
a been
r resis-
t -
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t
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e fects
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a ed by
t

cs
( om-
p

nvestigated. At present, the dense KN-based cera
an be obtained, however, good piezoelectric prope
annot be displayed due to the difficulties in po
reatments.

On the other hand, electrical properties of potass
odium niobates, KNbO3–NaNbO3 system, were reported
gerton and co-workers.20,21Their works on ceramics in th
ystem indicated that relatively low dielectric constants
igh electromechanical coupling factors could be obta
ver a wide compositional range. However, it is difficul
ealize the desired structure in a ceramic form becaus
intering of these materials in an air requires long soa
eriods to achieve sufficient densification. Tashiro et. al.22 re-
orted that (K0.47Pb0.03Na0.5)NbO3 ceramic fired at 1170◦C

or 40 h showed high density, coupling factor,kp = 0.44 and
ecause the shape of prepared BIT single crystals is a
latelet and usually very thin. On the other hand, fully r
ble piezoelectric properties of BIT ceramics have not
eported because of some problems such as the low
ivity and the large coercive field.28–35 To solve these prob
ems, Nb5+ and V5+ ions were doped into BIT ceramic to o
ain higher resistivities.36,37 In this paper, Bi4Ti3− xNbxO12
BITN − x] and Bi4Ti3− xVxO12 [BITV − x] ceramics ar
tudied regarding on their dielectric, ferroelectric and pi
lectric properties. Furthermore, the grain orientation ef
f BITN and BITV ceramics on their piezoelectric proper
re discussed using the grain-oriented ceramics prepar

he hot-forging method.
X-ray diffraction patterns for BITN and BITV cerami

OF) show single phase of bismuth layer-structured c
ounds with the layer number,m= 3. No peaks of Nb2O5
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Fig. 8. Curie temperature (Tc), of BITN and BITV ceramics as a function
of Nb and V concentrations.

and V2O5 were observed withinx�0.12. Both BITN and
BITV ceramics have high relative density ratios more than
95 % to the theoretical density.

Fig. 8shows the Curie temperature (Tc), as a function of
Nb and V concentration. TheTc of the BIT (x= 0) ceramic is
683◦C and gradually becomes lower with increasing Nb and
V concentration. Therefore, it is thought that Nb and V ions
occupy the B-site of the pseudo-perovskite cell in the bismuth
layer-structure. However, theTc of BITV has the tendency to
saturate with increasing theVconcentration comparing to the
BITN ceramics. Therefore, it is thought that V ions are diffi-
cult to substitute Ti ions. Excess V ions seem to exist on the
grain boudary and/or the triple point when the V concentra-
tion increases. This consideration is estimated by the ionic
radii of Ti, Nb and V ions. The ionic radii of Ti4+ (IV coodina-
tion), Nb5+ (IV coodination) and V5+ (IV coodination) ions
reported by Shannon39 are 0.605, 0.64 and 0.54̊A, respec-
tively. It is thought that the ionic radius of the V ion is too
small to substitute to B-site of the pseudo-perovskite cell in
the bismuth layer-structure. The resistivity (ρ), of BIT (x= 0)
is about 1010–1011� cm, and, those of BITN and BITV ce-
ramics are about 1013–1014� cm. It is clear that theρ is
enhanced by some donor-dopings. The optimum charge neu-
trality was observed for the each composition of BITN-0.08
and BITV-0.01, respectively.

F
(

Fig. 10. X-ray diffraction patterns of BITN-0.08 and BITV-0.04 ceramics
for the perpendicular plane (polished) of the HF and the OF.

Fig. 9 shows the compositional dependences of the elec-
tromechanical coupling factor (k33), on the dopant Nb and
V concentration (x). Thek33 of BITN reaches the saturated
value (0.20) for the composition ofx= 0.08 while, thek33
of BITV-0.02 is 0.25, which is the relatively high value for
BLSF ceramics with a random orientation.

Fig. 10shows X-ray diffraction patterns of BITN-0.08 and
BITV-0.04 ceramics for the perpendicular plane (polished)
of the HF ceramics and the OF ones. It is very clear that
grains in the HF ceramics were oriented along thec-axis
because intensities of the (0 0l) planes of the HF samples are
very high. The grain orientation factor (F), of BITN-0.08 and
BITV-0.04 were 0.91 and 0.75, respectively.

Fig. 11shows the frequency dependence of the impedance,
Z (magnitude|Z|, and phaseθ), of HF BITN-0.08 and HF
BITV-0.04 ceramics. Good profiles were obtained and their
k33 values were enhanced to 0.39 and 0.38 for BITN-0.08
and BITV-0.04, respectively. These values are about twice as
large as than those of non-oriented (OF) ones, and are larger
than reported value (k33 = 0.27)34 of HF BIT ceramics. In this
investigation, a saturatedk33 value of the BIT ceramic was
not observed because of an electrical breakdown during the
poling process.

Fig. 12shows thek33 of the HF BITN-0.08 and the BITV-
0.04 as a function of the orientation factor (F). AccurateF
was obtained using the X-ray diffraction patterns for thek
s
s la-
t y
w e
k
c

a s-
o ce-
r to
6 res
h an-
ig. 9. Electromechanical coupling factor (k33) of BITN (OF) and BITV
OF) as a function of the dopant concentration (x).
33
pecimen, that is, XRD was performed directly on thek33
pecimen shown inFig. 13. From this measurement, the re
ionship betweenk33 andF is clear. Thek33 increases linearl
ith increasing the orientation factor (F). From this figure, th

33 value for the specimen with a perfect orientation (F= 1)
ould be extrapolated to be almost 0.42.

Fig. 14shows the temperature dependence of thek33 and
ratio of impedance peak/deep (P/D), obtained from the re
nance and antiresonance curve on the HF BITN-0.08
amic. Thek33 higher than 0.35 was maintained from RT
50◦C. However, theP/D decrease rapidly at temperatu
igher than 350◦C. In other words, sharp resonance and
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Fig. 11. Frequency dependence of the impedance,Z (magnitude|Z|, and phaseθ), of HF BITN-0.08 and HF BITV-0.04.

Fig. 12. Coupling factor (k33), of HF BITN-0.08 and BITV-0.04 as a function
of orientation factor (F).

Fig. 13. Shape for measuring of the orientation factor (F), and the coupling
factor (k33).

Fig. 14. Temperature dependence of thek33 and the ratio of impedance
peak/deep (P/D), of the HF BITN-0.08.

tiresonance peaks with highP/D more than 1000 was kept
up to 350◦C. It is clear that HF BITN-0.08 ceramic main-
tains high piezoelectric properties from RT to 350◦C. The
donor doped-BIT ceramics seem to be a superier candidate
for lead-free high-temperature piezoelectric materials.

3.2.2. Bi3TiTaO9-based system
The high mechanical quality factor (Qm), was obtained

for BLSF ceramics in some previous reports. For example,
Nanao et al.40 and Shibata et al.41 reported that theQm shows
9000 in (t)-mode for Bi3TiNbO9–BaBi2Nb2O9 solid solution
and 11000 in (p)-mode for SrBi2Ta2O9-CaBi2Ta2O9 solid
solution, respectively. The common features of these reports
are that the end members of these systems, Bi3TiNbO9 and
CaBi2Ta2O9, have the very highTc above 800◦C. These data
suggest the possibility of the highQm is able to be obtained
by BLSF materials with highTc. By this concept, dielec-
tric, ferroelectric and piezoelectric properties of Bi3TiTaO9
(BTT) (m= 2)-based solid solution system with a high Curie
temperature (Tc) were investigated. Three ceramic systems
were selected as follows.

• Bi3TiTaO9 (BTT)–SrBi2Ta2O9 (SBTa) system:

Srx−1Bi4−xTi2−xTaxO9 [SBTT2(x)] (1 � x� 2)

• La or Nd-modified Bi3TiTaO9 (BTT) system:

is
2 t of
m
k , re-
s of
E r
h
s e.
Bi3−xLaxTiTa2O9 [BLTT2(x)] (0 � x� 1)

Bi3−xNdxTiTa2O9 [BNTT2(x)] (0 � x� 1)

About the SBTT2 system, theTc of the SBTa ceramic
80◦C and becomes higher with increasing the amoun
odified BTT thatTc is higher than 900◦C. TheQm and

p were enhanced the maximum value of 9000 and 0.12
pectively, on the SBTT2 (1.375) with poling conditions
p = 7–10 kV/mm,Tp = 250◦C andtp = 7 min. On the othe
ands, SBTT2 (1.25) with the poling condition ofTp = 300◦C
hows the maximumQm of 13500 in the planar (p) mod



T. Takenaka, H. Nagata / Journal of the European Ceramic Society 25 (2005) 2693–2700 2699

Fig. 15. Frequency dependence of impedance,Z (magnitude|Z|, and phaseθ), of (p)-, (33)- and (15)-modes for the SBTT2 (1.25) ceramic.

Table 2
Piezoelectric properties such as coupling factor (k), and mechanical quality
factor (Qm), of SBTT2 (1.25), BLTT2 (0.25) and BNTT2 (0.5) ceramics

Composition Mode k (%) Qm TC-fr (ppm/◦C)

SBTT2 (1.25) 33 (OF) 15.0 8800 −82
15 (OF) 7.3 6000 −97
15 (HF) 8.4 3000 −79
24 (HF) 5.9 8500 −132

BLTT2 (0.25) 33 (OF) 10.5 11000 −91
BNTT2 (0.50) 33 (OF) 11.3 11000 −85

This value is extremely high in usual piezoelectric ceramics.
Fig. 15 shows the frequency dependence of impedance,Z
(magnitude|Z|, and phaseθ), of (p)-, (33)- and (15)-vibration
modes for the SBTT2 (1.25) ceramic. Using the same poling
conditions,Qm values of (33) and (15) modes for SBTT2
(1.25) were about 8800 and 6000, respectively. Temperature
coefficients of the resonance frequency (TC-fr), of SBTT2
(1.25) were−82 ppm/◦C for (33) mode and−97 ppm/◦C for
(15) mode, respectively. Both BLTT2 (0.25) and BNTT2 (0.5)
ceramics show the extremely highQm value of 11000 in (33)-
mode, and the results were summarized inTable 2.

4. Conclusions

Dielectric, ferroelectric and piezoelectric properties of
perovskite ferroelectric and bismuth layer-structured (BLSF)
ceramics were investigated as superior candidates for lead-
free piezoelectric materials to reduce environmental dam-
ages. Perovskite type ceramics seem to be a suitable for actu-
ator and high power applications that were required large
piezoelectric constants,d33 (>300 pC/N) and a high Curie
temperature,Tc (>200◦C).43 While, BLSF ceramics seem
to be excellent candidates as piezoelectric sensors for high
temperature and ceramic resonators with high mechanical
quality factor (Q ), and low temperature coefficient of res-
o it
i teria
c h ap-
p
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