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Abstract
Phase transition temperature and electrical properties of divalent ions (Ca2+, Sr2+ and Ba2+) substituted (Bi1/2Na1/2)TiO3 (BNT)-based ceramics

were studied to investigate the relationship between the substituted ion and the effect on various characteristics. These ceramics were prepared by a

conventional ceramic fabrication process. The behavior of the depolarization temperature, Td, slope depends on the substituted ionic radius before

correspondence of the Td to the rhombohedral–tetragonal phase transition temperature, TR–T (0–3 at% for Ba2+-substituted BNT). The

piezoelectric constant, d33, of Ca2+ and Sr2+ increased because of the increase of their free permittivity, eT
33=e0, accompanying a decrease of

Td. On the other hand, the d33 of Ba2+-substituted BNT increased with increasing amount of Ba2+ below 7 at% because Ba2+-substituted BNT has a

MPB composition. Therefore, the d33 of Ba2+ 7 at% substituted BNT had a maximum of 152 pC/N. Td has a trade-off relationship with d33.
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1. Introduction

Recently, there has been greater concern about environ-

mental protection for the piezoceramics, because of the concern

regarding the detrimental effect of lead on the environment and

the human body, the research and development of a high-

performance lead-free piezoelectric material is urgently

required. It is necessary that the operating temperature is

more than 200 8C and the dielectric constant, d33, is more than

300 pC/N for actuators. Bismuth sodium titanate (Bi1/2Na1/

2)TiO3 (BNT) has attracted attention as one of the candidates

for a lead-free actuator material. For BNT, it has been reported

that excess-Bi BNT (BNT + Bi2O30.3 wt%) has a piezoelectric

constant of d33 = 93.4 pC/N, and for La 2.0 at% substituted

BNT, d33 = 91 pC/N [1,2]. BNT ceramics with compositions

around the morphotropic phase boundary (MPB) were

investigated [3,4]. Also, it was reported that phase transition

temperatures such as the second-phase transition temperature

of the rhombohedral–tetragonal phase transition, TR–T, and the

Curie temperature of the tetragonal–cubic phase transition, TT–

C, are about 300 and 540 8C, respectively [5,6]. Moreover,
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divalent-ion substituted BNT solid solutions have also been

investigated [7–11]. On the other hand, the BNT ceramic has

the disadvantage of its narrow operating temperature range,

because of its depolarization temperature, Td, of 183 8C at

which piezoelectricity disappears. However, there are few

reports on this disadvantage, even though this characteristic is

very important for practical use.

In this study, we investigated the electrical properties and

phase transition temperatures such as the depolarization

temperature, Td, the rhombohedral–tetragonal phase transition

temperature, TR–T, and the maximum permittivity temperature,

Tm, of BNT and divalent-ion (Ca2+, Sr2+ and Ba2+)-substituted

BNT ceramics. The evaluation of Td, TR–Tand Tm was carried out

by determining the temperature dependence of the dielectric and

piezoelectric properties [12]. These divalent elements were

chosen to find out the effect of the substituted ionic radius; the

ionic radii of six coordinates for Ca2+, Sr2+ and Ba2+ are 1.00,

1.18 and 1.35 Å, respectively, from the work of Shannon [13].

2. Experimental procedure

In this paper, the compositions of the prepared samples with

the formula (Bi1/2Na1/2)1�xAxTiO3 [A = Ca2+, Sr2+ and Ba2+]

are denoted by BNCT100x, BNST100x and BNBT100x,

respectively. The values of x in the prepared compositions of
d.
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Fig. 2. Temperature dependences of poled dielectric constant, es, and tan d for

BNST100x: (a) x = 0.04, (b) x = 0.08, (c) x = 0.14, (d) x = 0.20 and (e) x = 0.24.
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divalent-ion (Ca2+, Sr2+ and Ba2+)-substituted BNT are 0–0.08,

0.28 and 0.20, respectively. These ceramics were prepared by a

conventional ceramic fabrication process. The starting materi-

als were Bi2O3, Na2CO3, TiO2, CaCO3, SrCO3 and BaCO3 with

purities of 3–4N. They were weighed at a stoichiometry ratio

and milled with zirconia balls in ethanol for 10 h. The mixed

powders were calcined at 800 8C for 2 h in a zirconia crucible

and ball-milled again for 20 h after grinding. After pressing by

cold isostatic pressing (CIP) at 150 MPa, the powders were

sintered at 1100–1150 8C for 2 h in air. Sintered samples were

cut to a predetermined measurement shape and fired-on silver

paste was used as the electrodes for electrical measurements.

X-ray powder diffraction measurements of sintered samples

were performed using X-ray diffractometer (Rigaku, RINT2000)

using Cu Ka radiation. In the electrical measurements, dielectric

and piezoelectric properties were measured. Dielectric proper-

ties were measured for samples both before and after poling by

means of a multi frequency LCR meter (Wayne Kerr 6440B). To

determine piezoelectric properties, samples were poled with a dc

field of 5–6 kV/mm for 4–7 min in a silicone oil bath at R.T. and

were measured using an impedance analyzer (HP 4294A). The

longitudinal vibration in the (33)-mode was measured using a

solid rectangular specimen of 2 mm � 2 mm � 5 mm, then the

piezoelectric constant, d33, was calculated using a resonance and

anti resonance method. Also, the value of dynamic d33 was

measured by means of a strain meter (Millitron 1240).

3. Results and discussion

All samples studied here were solid solutions with a

perovskite structure, as shown by X-ray powder diffraction

measurements at R.T. The relative densities of all the samples

were higher than 95% of the theoretical densities. The

resistivity of all samples ware higher than 1 � 1012 V�cm.

Fig. 1 shows the lattice constants, a and c, and rhombohedral

distortion, 908 � a, as a function of x for BNCT100x and

BNST100x. It is shown that the lattice distortion of both

specimens decreases with increasing x, although lattice

constants have different tendencies. It is thought that the

lattice constant decreased after Ca2+ substitution because its

ionic radius is smaller than the average A-site ionic radius of

BNT. Also, the lattice constant increased after Sr2+ substitution

for the opposite reason.
Fig. 1. Dependences of lattice constant and lattice distortion as a function of x

in BNCT100x and BNST100x.
The temperature dependence of the dielectric constant of

BNST100x at 10 kHz after poling is shown in Fig. 2. The peak

loss tangent, tan d, gives Td at that composition. Td and Tm shift

to lower temperature with increasing x. Td for BNST24 was

42 8C. Also, the maximum permittivity increased with

increasing x. It is found that after poling at R.T, es increased

with increasing x. This figure indicates that increasing

permittivity is accompanied by a decrease in Td, which

eventually decreases below R.T. Slightly different behavior

could be observed for the other kinds of compositions. In the

case of Ca2+ substitution, Tm shifts to a higher temperature with

increasing x. For Ba2+ substitution, the behaviors of phase

transition temperatures did not show a monotonic tendency

because of morphotoropic phase boundary (MPB) composition.

Fig. 3 shows Td, TR–T and Tm for (a) BNCT100x, (b)

BNST100x and (c) BNBT100x. Phase diagrams of these

prepared samples obtained by dielectric measurement are

indicated in this figure. For Ca2+ substitution, Td and TR–T

decreased and Tm increased with increasing x. However, Tm for

Sr2+ and Ba2+ substitution decreased with increasing x. Td and

TR–T for Sr2+ substitution decreased with increasing x, as shown

in Fig. 2. Decrease of rhombohedral distortion seems to relate

to Td as shown in Fig. 1. In terms of Td, the piezoelectricity

of BNCT100x will disappears at about x = 0.11 and that of

BNST100x disappears at about x = 0.26 from the extension of

the Td curves. Ba2+ substitution results in a different phase

diagram compared with the two other systems. Td increased up

to x = 0.04, at which Td corresponds to TR–T. Because the slopes

of Td and TR–T are dominated by the TR–T transition, both

temperatures decreased with increasing x for higher values of x,

as for Ca2+ and Sr2+ substitution. However, at x = 0.07, TR–T

decreased intact and Td increased. The Td slopes are closely

related to the substituted ionic radius in the study of lanthanoid-

substituted BNT [14]. In the case of divalent-ion substitution,

the Td slopes of the specimens depend on the substituted ionic

radius until x = 0.04.

The dependence of eT
33=e0 and k33 on x in BNCT100x,

BNST100x and BNBT100x are shown in Figs. 4 and 5,



Fig. 3. Phase transition temperatures, Td, TR–T and Tm, as a function of x in (a)

BNCT100x, (b) BNST100x and (c) BNBT100x.

Fig. 5. Coupling factor, k33, as a function of x in BNCT100x, BNST100x and

BNBT100x.

Fig. 6. Piezoelectric constants, d33, as a function of x in BNCT100x, BNST100x

and BNBT100x.
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respectively. eT
33=e0 generally increased with increasing x. For

Sr2+ substitution, the wave pattern of es was shifted to lower

temperatures with increasing x, as shown in Fig. 2; therefore,

the increase of eT
33=e0 can be understood. The values of k33 for

Ca2+ and Sr2+ substitution initially increase with x, and then

decrease accompanying a decrease of Td to R.T. For Ba2+, both

characteristics increase rapidly and showed high values at MPB

composition. k33 decreased at BNBT10. k33 and eT
33=e0 had

maximum values of 0.447 and 369 for BNCT2, 0.509 and 836

for BNST20, 0.535 and 865 for BNBT7, respectively.

The piezoelectric constants, d33, calculated using the

resonance and anti resonance method for BNCT100x,

BNST100x and BNBT100x are shown in Fig. 6. Each value
Fig. 4. Free permittivity, eT
33=e0, as a function of x in BNCT100x, BNST100x

and BNBT100x.
increased initially, then exhibited the maximum at x = 0.02 for

Ca2+, at x = 0.20 for Sr2+ and at x = 0.07 for Ba2+. Before the

maximum, the increase of the k33 and eT
33=e0 brings the

enhancement of d33. In contrary, after the maximum, d33 value

decreased with proportional to the decrease of the k33 value. That

is because the Td was shifted closely to R.T. But in the case of

Ba2+ substitution, there is one composition at which d33 showed a

relative maximum because of the MPB composition at about

x = 0.06–0.07. Then, d33 decreased in the tetragonal phase. The

d33 of BNT ceramics is 71 pC/N. On the other hand, the d33 of

BNBT7 had a maximum of 152 pC/N. The maximum values of

d33 for BNCT2 and BNST20 were 75 and 133 pC/N,

respectively. These values are high compared with that for BNT.
Fig. 7. Dynamic d33 as a function of x in BNCT100x and BNST100x at 70 kV/

cm and 0.1 Hz.
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Another d33 measurement was also carried out. The results of

piezoelectric strain measurements for Ca2+- and Sr2+-substituted

BNT are shown in Fig. 7 and exhibited similar tendencies to the

results obtained by the resonance and antiresonance method.

These values increase until slightly before disappearance of Td

because the permittivity increased, and are generally higher than

the values obtained by the resonance and anti resonance methods.

In particular, it is difficult to pole samples of BNCT8; thus, its d33

did not have a high value.

4. Conclusions

In this study, the phase transition temperatures and electrical

properties of divalent-ion (Ca2+, Sr2+ and Ba2+)-substituted

BNT ceramics were investigated. The results are summarized

as follows.
(1) T
d was associated with a decrease of rhombohedral

distortion, except for Ba2+ substitution.
(2) T
he Td slopes of the specimens depend on the substituted

ionic radius until x = 0.04.
(3) d
33 tends to increase with decreasing Td, because eT
33=e0

increased simultaneously.
(4) T
he maximum values of d33 for BNCT2, BNST20 and

BNBT7 were 75, 133 and 152 pC/N, respectively.
(5) T
he dynamic d33 increased with d33. These values were

calculated using the resonance and anti resonance method.

The measured values of dynamic d33 were higher than those

calculated by resonance and anti resonance method.
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