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Abstract

Dielectric, ferroelectric and piezoelectric properties of perovskite ferroelectric and bismuth layer-structured ferroelectric (BLSF asgamic
described as superior candidates for lead-free piezoelectric materials to reduce environmental damages. Perovskite type ceramics seemto b
suitable for actuator and high power applications that are required a large piezoelectric cdagta®®0 pC/N) and a high Curie temperature,

T, (>200°C). For BaTiQ (BT)-based solid solutions, that is, {1X)BaTiO; — X(BiosKo.5)TiO3 [BTBK — 100«] ceramics, thél, increases

with increasing the amount of BTBK-20 + MnCGQ; 0.1 wt.% ceramic shows the high than 200C and the electromechanical coupling
factor,ks3=0.35. In the case @&(Bi;,Nay ) TiO3z — bBaTiO; — ¢(Biy2K 1) TiO3 [BNBK (100a/100b/100c)] solid solution ceramics, thess

andT. are 191 pC/N and 301 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 quali@factord low temperature coefficient

of resonance frequency (Tf)- Donor-doped BjTizO,, ceramics such as Bliz yNb,O1, [BITN-X] and By Tiz_xVO12 [BITV-X] show high

T, than 650 C. Thekss value of the grain-oriented (HF) BITN-0.08 ceramic is 0.39 and is able to keep the same value updoB50iTaOy
(BTT)-based solid solution system,,SiBis_xTi>_xTaxOg [SBTT2(X)] (1 < x < 2), displays the higlQ,, value (=13500) in (p)-mode at the
x=1.25 composition.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction been reported. However, no materials display more excellent
piezoelectric properties than PZT systems. To replace PZT

The piezoelectric properties play an important role for systems, itis necessary that required piezoelectric properties
electronics and mechatronics materials. The most widely for various applications were divided and were developed
used piezoelectric materials are Pb3H®bzrQ (PZT)- the corresponding each application. For example, the per-
based three component systéAtowever, itis recently de-  ovskite type ceramics seem to be a suitable for actuator and
sired to use lead-free materials for environmental protection. high power applications. On the other hand, bismuth layer-
For example, the legislation will be enforced in the EU as the structured ferroelectric (BLSF) ceramics seem to be candi-
draft directives on waste from electrical and electronic equip- date materials for ceramic filter and resonator applications.
ment (WEEE), restriction of hazardous substances (RoHS) In this paper, dielectric ferroelectric and piezoelectric
and end-of life vehicles (ELV). Therefore, lead-free piezo- properties of perovskite ferroelectric and BLSF ceramics are
electric materials have been widely attracting attention as described as superior candidates for lead-free piezoelectric
new materials in place of PZT ceramics. materials to reduce environmental damages.

Lead-free piezoelectric materials, such as piezoelectric
single crystals, e.g. langasfteand ferroelectric ceramics
with perovskite structuré;?? tungsten bronze structure and

bismuth layer-structured ferroelectrics (BLSE)*! have 2. Bxperimental

Ceramic samples were prepared by a conventional sinter-
* Corresponding author. Fax: +81 4 7123 0856. ing technique (ordinarily fired, OF samples). Reagent-grade
E-mail addresstadashi@ee.noda.tus.ac.jp (T. Takenaka). powders of oxides or carbonates with 99+% purity were used

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
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as the starting materials. These materials were mixed by ball- w 8000 FRTBK100x ]
milling and calcined at 60085 for 12 h. After calcining, = 3 BTB}I;(T%K?; BK30
the ground and ball-milled powders were pressed into disks of £ 6000
20 mmin diameter and about 10 mm in thickness. These disks 5 i BTBK?75
were sintered at 900-135C for 24 h in air. Grain-oriented o 4000F prpys
samples were prepared by the hot-forging (HF) mettod. & BTBKI0
The grain orientation factor), was calculated using the S 20004
Lotgering method8 a 3 1 MHz
The crystal structure was confirmed by X-ray diffraction 0 —
analysis using Cu K radiation at a scanning speed 6frhin. 12 ¢
Samples for observations of the microstructure were polished 10 ¢
and thermally etched. Finally, the microstructures were ob- —_ 8
served by scanning electron microscopy (SEM, HITACH S- of, 6
2400). The weight loss during the sintering process was an- ‘g 4
alyzed by TG—-DTA spectrometer (Rigaku, Thermo Plus 2). 3 2t
Electrodes made of fired-on Ag—Pd pastes were formed 0

for electrical measurements, such as dielectric, ferroelectric 0 100 200 300 400

and piezoelectric properties. The temperature dependence of o

dielectric constantst), and dielectric loss tangent (t&h Temperature, 7 (C)

were measured at 1 MHz using an automatic dielectric mea-ig 1. temperature dependence of dielectric constanagd loss tangent

surement system with a multi-frequency LCR meter (YHP (tans) for the BTBK ceramics measured at 1 MHz.

4275A) in the temperature range from RT to 9@ The

D-E hysteresis loop was observed at RT using a standard3.1.1. BaTiQ-based ceramics

Sawyer—Tower circuit at 50 Hz. The temperature dependence Barium titanate, BaTi@ (BIT), is the first ferroelectric

of resistivity (o), was measured using a high-resistance meter oxide with perovskite structure. This ceramic has a relatively

(YHP 4329A and 4339B). high electromechanical coupling factde§), and has been
Specimens for piezoelectric measurements were poled inpartially used for piezoelectric applications such as sonar.

stirred silicone oil under applied fields Bf = 7-12 kV/mm However, BT has a low Curie temperatufie £ 120°C).45

attemperatures df, = RT-300°C for times oft, = 7—10 min. Thus, the working temperature range of this ceramic is nar-

Piezoelectric properties were measured by a resonancerow for actual piezoelectric applications. To expand of the

antiresonance method on the basis of IEEE standards, usingvorking temperature range, that is, to elevate Theof

an impedance analyzer (YHP 4192A and 4194A). A longitu- BaTiOz-based ceramics, dielectric and piezoelectric prop-

dinal vibration of the (33)-mode was measured using a rect- erties of (1-x)BaTiO3 — X(Big s5Kq.5)TiO3 solid solution

angular specimen of 4mm2 mmx 2mm. The electrome-  (BTBK-100x) system were investigated because Theof

chanical coupling factorkgs), was calculated from the res-  (Big sKo 5)TiO3 (BKT) was reported to be about 38G.

onance and antiresonance frequencies. The free permittivity X-ray diffraction patterns of BTBK ceramics with

(s?i-), was determined from the capacitance at 1kHz of the 0 < x< 1 showthe single phase of perovskite structkig. 1

poled specimen. The elastic constants),(was calculated  shows the temperature dependence of dielectric congtant (

from the frequency constantl{), and the measured density and loss tangent (ta) for the BTBK-10& ceramics. Thé,

(po). Finally, the piezoelectric constanty;§, was calculated  increased lineally with increasingn BTBK-100x, as shown

from thek;, ] andst by the relation offj = kj(e]s5) ">, in Fig. 2 The Tc of BTBK-20 shows higher than 20C.
400 -
) BTBK 100
3. Results and discussion g 3or ) °
& 300
3.1. Perovskite-structured ferroelectrics g o o0 Ref. (6]
5 200 P
o
The perovskite-type ferroelectrics such as Bal{BT), E, 150g i
(Bi12Nayg2)TiO3 and KNbG are well known lead-free o 100~ FIMHz
piezoelectric materials. These ceramics show the relative S SOF
large piezoelectric constand)( among lead-free piezo- 5 0"2 0"4 OFG 0_'8 To

electrics, and are expected for actuator and high power appli-
cations. However, there are some problems such as low Curie

temperatures_T_Q), difficulties in poling treatments and/orlow iy 2. curie temperatureT(), of BTBK ceramics as a function of the
relative densities and so on. amount of (B sKo.5)TiOs measured at 1 MHz.

(Bi K, TiO, (x)

127712
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Fig. 3. Resistivity p), of BTBK ceramics as a function of the doped Mn
content (wt.%).
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Fig. 4. Frequency dependence of impedange(magnitude |Z|, and
phase) of the (33)-mode for the BTBK20 + Mn (0.1 wt.%).

However, both the, at RT and afl; decrease with increas-
ing X in BTBK-100x.

Fig. 3 shows the resistivity ), of BTBK ceramics as
a function of the doped Mn content. Thereaches maxi-
mum atx=0.1. Fig. 4 shows the frequency dependence of
impedanceZ (magnitudgZ|, and phasé) of the (33)-mode
for the BTBK20+Mn (0.1 wt.%).

Table 1 summarizes the Curie temperaturé:;)( and
piezoelectric properties of BTBK ceramics. Electromechan-
ical coupling factor K33), and piezoelectric constantsg),
of BTBK20+MnCQ; (0.1wt.%) ({T.=223°C) were 0.35
and 59 pC/N, respectively. On the other hand, the of
BTBK5+MnCO;z (0.1 wt.%) (T, =174°C) was 117 pC/N.

3.1.2. (Biy2Nay)TiOz-based ceramics

Bismuth sodium titanate, (BbNay)TiO3 (BNT),”8
shows strong ferroelectric properties of a large remanent
polarization,P; = 38uC/cn?, and has a Curie temperature,
T.=320°C. However, data on piezoelectric properties of the
BNT ceramic are scarce in still works, because of difficulties

Table 1

Curie temperaturel), and piezoelectric properties of BTBK ceramics
Tc(°C)  kaa(%)  elz/eo a3 (PC/N)

BTBK20M 223 35 467 58

BTBK5M 170 28 849 710

BTBK5M (reduced) 174 27 2300 117
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to pole this ceramic. On the other hand, the BNT ceramic
needs to a high sintering temperature more than 2200
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 113C. So, the BNT ceramic was
sintered at 1100C. The high density-ratio of 95% was ob-
tained for this ceramic by keeping the long soaking time of
100 h at 1100C. Theksz andds3 of this ceramic displayed

for 0.47 and 91 pC/N, respectively, and these values were al-
mostthe same to above results. In view of these facts, the large
piezoelectricitykss anddss, 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 studi€dt? Especially, the
large piezoelectricity is expected on the BNT-based solid
solutions with a morphotropic phase boundary (MPB).
BaTiOs and bismuth potassium titanate, {BK1/2)TiO3,
are well known lead-free piezoelectric materials with the
tetragonal symmetry. Two solid solution systems, that
is, (1—X)(Bi12Nay2) TiO3—xBaTiOs; (BNBT-10x) and
(1—y)(Bi12Nay2) TiO3—y(Bi12K1/2) TiO3  (BNKT-100y)
had been already reported by Takenaka et!3ahnd
Sasaki et. al'# respectively. It is reported that MPB
compositions existed ox=0.06—0.07 for BNBT-10% and
y=0.16-0.20 for BNKT-109, respectively. Then, dielectric
and piezoelectric properties of the three-component system,
(Bi12Nay/2) TiO3 — BaTiOz — (Bi12K1/2)TiO3  (BNBK),
were investigated, focusing on the MPB compositions.

Fig. 5 shows the phase relation of the BNBK system
around the MPB area. The MPBs of both BNBT-6 and BNKT-
16 exist on the rhombohedral side, and the MPBs of both
BNBT-7 and BNKT-20 exist on the tetragonal side around
the MPB region, respectively. Prepared compositions in this
experiment are expressed as follows:

a(BNBT6) — (1 — a)(BNKT16)(BNBK1 — )

a(BNBT7) — (1 — a)(BNKT20)(BNBK2 — a),
where,a=0, 0.2, 0.4, 0.6, 0.8, and 1, for each system.

BKT  80BNT-20BKT
N [BNKT20]

:::!\
Al
PRy D .
ﬁg;g; .(FO) £) Rhomb.
f—g Tetr.
T (Bi, Na, TiO,)
— a=1)
BT ( [BNT]
93BNT-7BT 94BNT-6BT
[BNBT7] [BNBT6]

Fig. 5. Phase relation of the (BiNay;)TiO3—BaTiO;—(Bi1/2K1/2)TiO3
(BNBK) system around the MPBs.
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Fig. 7. Resonance-antiresonance characteristic @Ry 0sNap5)NbOs3

Fig. 6. Piezoelectric constardys), of BNBK1 and BNBK2 as a function ceramic fired at 1170C for 40 h22

of the amount4) of BNBT-6 for BNBK1 and BNBT-7 for BNBK2.

Qm=152. The resonance-antiresonance characteristic of this
It was found by X-ray diffraction that the MPB between ceramic is shown itrig. 7.

the rhombohedral and tetragonal phases exists between the
two systems of BNBK1 and BNBK2. Curie temperaturg)(
of BNBK1 and BNBK2 are almost constant at about 300
Fig. 6shows compositional dependence of the piezoelec-  The family of bismuth layer-structured ferroelectrics
tric constantdss), for BNBK1 and BNBK2 ceramics. All of (BLSFY3-26 s very attractive from the viewpoint of their
dssvalues of the BNBK2 are larger than those of the BNBK1. gppjications as electronic materials such as dielectrics,
Theds value showed the maximurdgs=191pC/N, atthe  piezoelectrics and/or pyroelectrics, because BLSF are
BNBK2-0.4. The maximum value afz was obtainedonthe  characterized by their low dielectric constang,high Curie
tetragonal region around the MPB composition. Itis thought {emperature T,), and large anisotropy in the electrome-
that th.e 0.852BNT 0.12BKT—0.028BT (BNBKZ— 04) chanical coupling factak/k; or kaa/ka1.2328 Therefore, the
ceramic seems to be one of the candidate material forg| SF ceramics are seen as superior candidates for lead-free
lead-free actuator applications with the relatively ladge  piezoelectric applications for highe piezoelectric sensors,
(=191 pC/N) and higff¢ (= 301°C). filters, resonators and/or pyroelectric sensors with large
figures of merit.

3.2. Bismuth layer-structured ferroelectrics

3.1.3. KNbQ@-based ceramics

Potassium niobate, KN O(KN), has an orthorhom-  3.2.1. BjTizO12-based system
bic symmetry at room temperature, and has phase Bismuth titanate, BjTizO12, is a typical well-known
transition at —10, 225 and 425C for rhombohe- BLSF24-27 Concerning the anisotropy, Cummins and Cross
dral— orthorhombic— tetragonal> cubic, respectively.  reported that spontaneous polarizations of a BIT single
KN single crystals are known to have high piezoelectric crystal along thea- and c-axes are 50 and gClcn?,
activities>~17 However, it is difficult to obtain a dense respectively’’ Therefore, it is thought that the BIT single
ceramic body of KN by the ordinary firing process. To crystal has good piezoelectricity. However, it is difficult to
obtain the dense KN-based ceramic, the hot-press (HP)measure piezoelectric properties on the BIT single crystal
method or liquid phase sintering by additive dopants were because the shape of prepared BIT single crystals is always
investigated819 At present, the dense KN-based ceramic platelet and usually very thin. On the other hand, fully reli-
can be obtained, however, good piezoelectric propertiesable piezoelectric properties of BIT ceramics have not been
cannot be displayed due to the difficulties in poling reported because of some problems such as the low resis-
treatments. tivity and the large coercive fielf—32To solve these prob-

On the other hand, electrical properties of potassium- lems, NI+ and \P* ions were doped into BIT ceramic to ob-
sodium niobates, KNb©-NaNbQ system, were reported by  tain higher resistivities®37 In this paper, BjTiz_ yNb,O12
Egerton and co-worker®:21 Their works on ceramics in the [BITN —x] and BiyTiz_xVxO12 [BITV —X] ceramics are
system indicated that relatively low dielectric constants and studied regarding on their dielectric, ferroelectric and piezo-
high electromechanical coupling factors could be obtained electric properties. Furthermore, the grain orientation effects
over a wide compositional range. However, it is difficult to of BITN and BITV ceramics on their piezoelectric properties
realize the desired structure in a ceramic form because theare discussed using the grain-oriented ceramics prepared by
sintering of these materials in an air requires long soaking the hot-forging method.
periods to achieve sufficient densification. Tashiro et? a- X-ray diffraction patterns for BITN and BITV ceramics
ported that (k§.47Pkp.03Nag 5)NbOs ceramic fired at 1170C (OF) show single phase of bismuth layer-structured com-
for 40 h showed high density, coupling factkgs,=0.44 and pounds with the layer numbem=3. No peaks of N§Os
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Fig. 8. Curie temperaturd§), of BITN and BITV ceramics as a function
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and W,Os were observed withix<0.12.
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Fig. 10. X-ray diffraction patterns of BITN-0.08 and BITV-0.04 ceramics

BITV ceramics have high relative density ratios more than for the perpendicular plane (polished) of the HE and the OF.

95 % to the theoretical density.
Fig. 8 shows the Curie temperaturéf
Nb and V concentration. THE. of the BIT

, as a function of

(x=0) ceramic is

Fig. 9 shows the compositional dependences of the elec-
tromechanical coupling factok{z), on the dopant Nb and

683°C and gradually becomes lower with increasing Nb and v concentrationX). Thekssz of BITN reaches the saturated
V concentration. Therefore, it is thought that Nb and V ions  value (0.20) for the composition of=0.08 while, thekas

occupy the B-site of the pseudo-perovskite cell in the bismuth of BITV-0.02 is 0.25, which is the relatively high value for
layer-structure. However, thie of BITV has the tendency to

saturate with increasing théconcentration comparing to the
BITN ceramics. Therefore, it is thought that V ions are diffi-

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)

cult to substitute Ti ions. Excess V ions seem to exist on the of the HF ceramics and the OF ones. It is very clear that
grain boudary and/or the triple point when the V concentra- grains in the HF ceramics were oriented along thexis

tion increases. This consideration is estimated by the ionic because intensities of the (D)@lanes of the HF samples are
radii of Ti, Nb and Vions. The ionic radii of ff (IV coodina-

tion), Nb>* (IV coodination) and V* (IV coodination) ions
reported by Shanndf are 0.605, 0.64 and 0.34% respec-
tively. It is thought that the ionic radius of the V ion is too  Z (magnitude|Z|, and phas®), of HF BITN-0.08 and HF

small to substitute to B-site of the pseudo-perovskite cell in BITV-0.04 ceramics. Good profiles were obtained and their
the bismuth layer-structure. The resistivip) (of BIT (x=0)

is about 18°-10'1 Q cm, and, those of BITN and BITV ce-

ramics are about #8-10"Qcm. It is cl

ear that thep is

very high. The grain orientation factdf), of BITN-0.08 and
BITV-0.04 were 0.91 and 0.75, respectively.
Fig. 11shows the frequency dependence of the impedance,

ks3 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

enhanced by some donor-dopings. The optimum charge neuthan reported valuggs = 0.27)** of HF BIT ceramics. In this
trality was observed for the each composition of BITN-0.08 investigation, a saturatdds value of the BIT ceramic was

and BITV-0.01, respectively.

30
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N -
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&0 H [ =N y ]
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0 002 004 006 008 0.1 0.12
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Fig. 9. Electromechanical coupling factde§) of BITN (OF) and BITV

(OF) as a function of the dopant concentratigh (

not observed because of an electrical breakdown during the
poling process.

Fig. 12shows thekzs of the HF BITN-0.08 and the BITV-
0.04 as a function of the orientation factdt)( AccurateF
was obtained using the X-ray diffraction patterns for kbge
specimen, that is, XRD was performed directly on Kae
specimen shown iRig. 13 From this measurement, the rela-
tionship betweeksz andF is clear. Theékszincreases linearly
with increasing the orientation factd¥), From this figure, the
k33 value for the specimen with a perfect orientatiéie(1)
could be extrapolated to be almost 0.42.

Fig. 14shows the temperature dependence oktaeand
a ratio of impedance peak/dedpD), obtained from the res-
onance and antiresonance curve on the HF BITN-0.08 ce-
ramic. Thekss higher than 0.35 was maintained from RT to
650°C. However, theP/D decrease rapidly at temperatures
higher than 350C. In other words, sharp resonance and an-
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tiresonance peaks with highPlD more than 1000 was kept
up to 35C°C. It is clear that HF BITN-0.08 ceramic main-
tains high piezoelectric properties from RT to 3%0 The
donor doped-BIT ceramics seem to be a superier candidate
for lead-free high-temperature piezoelectric materials.

3.2.2. BiTiTaOg-based system

The high mechanical quality facto®f,), was obtained
for BLSF ceramics in some previous reports. For example,
Nanao et af® and Shibata et 4fl reported that th®, shows
9000 in (t)-mode for BiTiNbOg—BaBiNb,Og solid solution
and 11000 in (p)-mode for Sria,Og-CaBhTapyOg solid
solution, respectively. The common features of these reports
are that the end members of these systemsliBbOg and
CaBiTapOg, have the very highi; above 800C. These data
suggest the possibility of the highy, is able to be obtained
by BLSF materials with highT.. By this concept, dielec-
tric, ferroelectric and piezoelectric properties ogBilaOg
(BTT) (m=2)-based solid solution system with a high Curie
temperatureTc) were investigated. Three ceramic systems
were selected as follows.

e Bi3TiTaOg (BTT)-SrBbTapOg (SBTa) system:
Sry_1Big_,Tio—,Ta,Og [SBTT2(x)] (1 <x < 2)

e La or Nd-modified BTiTaOg (BTT) system:
Biz_,La,TiTaxOg [BLTT2(x)] (0 <x < 1)

Biz_.Nd, TiTaz0g [BNTT2(x)] (0 <x< 1)

About the SBTT2 system, thE. of the SBTa ceramic is
280°C and becomes higher with increasing the amount of
modified BTT thatT; is higher than 900C. The Q, and
ko were enhanced the maximum value of 9000 and 0.12, re-
spectively, on the SBTT2 (1.375) with poling conditions of
Ep=7-10kV/mm,T, =250°C andtp, =7 min. On the other
hands, SBTT2 (1.25) with the poling conditionigf= 300°C
shows the maximun®@p, of 13500 in the planar (p) mode.
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Fig. 15. Frequency dependence of impeda@dgagnitudeZ|, and phasé), of (p)-, (33)- and (15)-modes for the SBTT2 (1.25) ceramic.
Table 2

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