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bstract

ead-free (Ba1−xCax)(Ti0.94Sn0.06)O3 (BCST) (x = 0.01–0.04) ceramics were prepared using a solid-state reaction technique. The effects of Ca

ontent on the phase structure and electrical properties of the BCST ceramics were investigated. High piezoelectric coefficient of d33 = 440 pC/N,
lanar electromechanical coupling factor of kp = 45% and dielectric constant εr = 6900 were obtained for the samples at x = 0.03. At room temperature,
polymorphic phase transition (PPT) from orthorhombic phase to tetragonal phase was identified in the composition range of 0.02 < x < 0.04.
rown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PZT) ceramics are the most widely
sed piezoelectric materials due to their superior piezoelectric
roperties close to the morphotropic phase boundary (MPB)
etween rhombohedral and tetragonal phases. Nevertheless,
ZTs are not environmental friendly for their lead oxide tox-

city. With the recent growing demand of global environmental
rotection, many researchers have greatly focused on lead-free
eramics to replace the lead-based ceramics.1–3

In lead-free ceramics, the enhanced piezoelectric properties
re generally accompanied by the occurrence of polymorphic
hase transition around room temperature,3–7 and they are
hus considered to be closely associated with the phenomenon
f phase coexistence. However, these piezoelectric ceram-
cs generally have inferior piezo-coefficients (d33 < 300 pC/N
n most cases) compared to that of the most-desired PZTs
d33 = 300–600 pC/N).1,8,9 Measures have been taken to improve
he piezoelectric properties of lead-free ceramics.10–12 Recently,
igh d33 > 300–600 pC/N in (Ca, Zr) co-doped BaTiO3(BT)-

7,13
ased ceramics was obtained successfully using a traditional
olid-state reaction technique in optimal composition, suggest-
ng that they might be promising candidates for lead-based
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iezoelectric materials. Besides being a high-piezoelectric coef-
cient material, BT-based ceramics have been used for Y5V-type
ultilayer ceramic capacitor (MLCC) due to their high dielectric

onstant and low loss.14,15 Prior researches have shown that Sn
oping not only results in lowering of the Curie temperature but
lso induces diffusion of the phase transition. Both these char-
cteristics can be exploited in tailoring the dielectric response of
eramics suitable for MLCC.16–18 However, the research of high
iezoelectric properties in (Ba1−xCax)(Ti0.94Sn0.06)O3 ceramics
ith high dielectric constant has not been reported so far. In this
aper, we report our achievement in (Ba1−xCax)(Ti0.94Sn0.06)O3
ead-free ceramics with enhanced piezoelectric properties and
ielectric properties.

. Experimental procedure

(Ba1−xCax)(Ti0.94Sn0.06)O3 (BCST) ceramics were prepared
y conventional solid-state reaction technique. Raw materials
f BaCO3 (99.0%), CaCO3 (99.0%), SnO2 (99.0%) and TiO2
99.5%) were mixed with addition of alcohol, which were then
ried and calcined at 1200 ◦C for 4 h. Thereafter, calcined pow-
ers were remixed and pressed into 12 mm-diameter pellets and

◦
intered at 1500 C for 4 h in air. Crystal structure was exam-
ned by using an X-ray diffraction meter with a Cu K� radiation
λ = 1.54178 Å) (XRD, D8 Advance, Bruker Inc., Germany).
ielectric properties were measured by using the precision
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Table 1
Lattice parameters obtained from the structural refinement using X-ray diffrac-
tion data at room temperature.

Samples a (Å) b (Å) c (Å)

x = 0.01 4.01907 4.04534 4.01912
x = 0.02 4.01844 4.03279 4.01972
x = 0.03 4.01497 4.02121 4.01999
x
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ig. 1. X-ray diffraction patterns of the (Ba1−xCax)(Ti0.94Sn0.06)O3 ceramics at
= 0.01, 0.02, 0.03 and 0.04.

mpedance analyzer (4294A Agilent Inc., Malaysia) at 100 kHz.
erroelectric hysteresis loops were measured at room temper-
ture by using an aix-ACCT TF2000FE-HV ferroelectric test
nit (aix-ACCT Inc., Germany). The ceramics were poled under
dc field of 1–2 kV/mm at RT in a silicon oil bath for 20 min.
iezoelectric constant d33 was measured using a quasi-static d33
eter (YE2730 SINOCERA, China). Planar electromechanical

oupling factor kp was calculated following IEEE standards by
sing the impedance analyzer.

. Results and discussion
Fig. 1 shows XRD patterns of the BCST ceramics with differ-
nt Ca content. As can be seen, all the BCST ceramics show pure

a
i
r

Fig. 2. SEM micrographs of the (Ba1−xCax)(Ti0.94Sn0.06)O3 ceramics sinte
= 0.04 4.01184 4.01184 4.02025

erovskite structure, suggesting that Ca and Sn diffuse into the
aTiO3 lattice to form a solid solution. Orthorhombic phase16–18

f BCST at room temperature is characterized by single peak at
round 2θ of 46◦, when x = 0.01 and 0.02. The BCST ceram-
cs become tetragonal structures, featured with splitting of the
0 0 2)/(2 0 0) peaks at around 2θ of 46◦ with further increase
f Ca content.18,19 The BCST ceramics possess pure tetrago-
al phase, when x = 0.04. Therefore, it can be suggested that
rthorhombic phase and tetragonal phase coexist in the compo-
ition range of 0.02 < x < 0.04 for the BCST ceramics at room
emperature. The changing of the lattice parameter with increas-
ng of Sn content in BCST ceramics confirms the discussion
bove. Lattice parameters calculated from the diffraction data
re presented in Table 1. Fig. 2 shows SEM micrographs of the
CST ceramics at x = 0.01, 0.02, 0.03 and 0.04, respectively.
he microstructure of BCST ceramics at x = 0.01 is inhomo-
eneous and some pores exist in the grain boundary. For the
amples at x = 0.02 and 0.03, the microstructure is homogeneous
nd no pore exists in the grain boundary, while the grain size is

bout 10 �m. For the sample at x = 0.04, the microstructure is
nhomogeneous and the grain size becomes small (5 �m). The
elative density are 96%, 98%, 99% and 97% for the BCST

red at 1500 ◦C: (a) x = 0.01, (b) x = 0.02, (c) x = 0.03 and (d) x = 0.04.
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Fig. 3. Temperature dependence of dielectric constant and dielectric loss of the
(Ba1−xCax)(Ti0.94Sn0.06)O3 ceramics at x = 0.01, 0.02, 0.03 and 0.04 measured
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phase coexistence causes instability of the polarization state, so
that the polarization direction can be easily rotated by external
stress or electric field, resulting in a high piezoelectricity.21–23

0.01 0.02 0.03 0.04

300

320

340

360

380

400

420

440 d33

kp

25

30

35

40

45

50

Ca content x

k p
(%

)

d 3
3(p

C
/N

)
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eramics at x = 0.01, 0.02, 0.03 and 0.04, respectively. It is shown
hat clear grain boundary and uniformly distributed grain size
ould enhance the density of the BCST ceramics and may be
dvantageous to the electric properties.

Temperature dependence of dielectric constant and dielectric
oss for the BCST ceramics is shown in Fig. 3. As can be seen,
wo obvious phase transitions above 20 ◦C corresponding to the
rthorhombic–tetragonal (TO–T) and tetragonal-cubic (TC),16–19

espectively, are observed for the samples of x = 0.01. The
rthorhombic–tetragonal transition peaks, which become weak
nd broad, slightly shift towards lower temperature with increas-
ng Ca content (x = 0.02 and 0.03). With further increasing of Ca
ontent (x = 0.04), the orthorhombic to tetragonal phase transi-
ion cannot be observed above room temperature. It is interesting
o note that phase transition temperature TO–T decrease obvi-
usly, and the Curie temperature TC for each sample is above
0 ◦C. This result indicates that Ca addition does not strongly
ffect the TC, but pushes the TO–T to lower temperatures in
CST system.4,20 On the other hand, the dielectric constants are

ound to be on the order of 5200, 5800, 6900 and 6300 for BCST
eramics at x = 0.01, x = 0.02, x = 0.03 and x = 0.04, respectively.
he dielectric loss is found to be on the order of 0.021, 0.018,
.015 and 0.016 for the BCST ceramics at x = 0.01, x = 0.02,
= 0.03 and x = 0.04, respectively. The BCST ceramic at x = 0.03

s found to exhibit a high dielectric constant of 6900 and low
ielectric loss of 0.015 at room temperature. The values show

uitability of the composition for Y5V type of multilayer chip
apacitors.

F
c

ig. 4. Polarization versus electric field of the (Ba1−xCax)(Ti0.94Sn0.06)O3

eramics at x = 0.01, 0.02, 0.03 and 0.04 at room temperature.

Hysteresis loops of polarization versus electric field for the
CST ceramics are shown in Fig. 4. Values of remnant polar-

zation are 8.3, 9.8, 12.2 and 8.9 �C/cm2 for the BCST ceramics
t x = 0.01, x = 0.02, x = 0.03 and x = 0.04, respectively. It can
e seen that with the increase of Ca content, remnant polar-
zations of the BCST ceramics increase to a maximum value
2.2 �C/cm2 at x = 0.03 and then decrease. Fig. 5 shows piezo-
lectric coefficient and planar mode electromechanical coupling
oefficient of the BCST ceramics as a function of Ca content. It
an be observed that both the d33 and kp curves possess a peak
ith increasing Ca content. At x = 0.03, the d33 and kp of BCZT

eramics reach their maximum values of 440 pC/N and 45%,
espectively. It is believed that the observed high piezoelectric
roperties should be ascribed to the phase coexistence, as case
or other BT and KNN systems,2,3,5–7,12,13 and polymorphic
hase transition occurring near room temperature should be the
rigin of this phase coexistence. The orthorhombic–tetragonal
ig. 5. Piezoelectric coefficient and planar mode electromechanical coupling
oefficient of the (Ba1−xCax)(Ti0.94Sn0.06)O3 ceramics as a function of x.
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. Conclusion

A PPT from orthorhombic to tetragonal phase around room
emperature was identified in the (Ba1−xCax)(Ti0.94Sn0.06)O3
eramics at 0.02 < x < 0.04. BCST ceramics at PPT com-
osition exhibit extremely high piezoelectric coefficient of
33 = 440 pC/N and dielectric constants of εr = 6900. Our work
rovides a new way for designing lead-free materials with both
f high piezoelectric properties and dielectric properties.
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