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Abstract

The temperature dependence of the piezoelectric properties of vanadium substituted strontium bismuth niobate, SrBi2Nb1.95V0.05O9 (SBNV)

ceramics, were investigated in various vibration modes. The effects of grain orientation in SBNV ceramics on the piezoelectric properties were also

studied by the hot-forging (HF) method. The anisotropy of the piezoelectric properties of each vibration mode was confirmed by observing the

grain orientation. In particular, HF-SBNV ceramics of the (33) and (15) modes showed excellent piezoelectric properties with relatively high

mechanical quality factors, Qm (2200, 4600), and high electrical quality factors, Qe max (66.0, 21.6), respectively. In addition, HF-SBNV ceramics

showed low temperature coefficients of resonance frequency TC-f r (�16.5, �27.0). HF-SBNV ceramics are considered to be superior candidates

for the lead-free piezoelectric application of ceramic resonators.
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1. Introduction

Bismuth layer-structured ferroelectrics (BLSFs) have

attracted much attention as candidate lead-free piezoelectric

materials because of their attractive dielectric and ferroelectric

properties. BLSFs have the general formula (Bi2O2)2+-(Am�1

BmO3m+1)2�, in which pseudoperovskite (Am�1BmO3m+1)2�

layers are interleaved with (Bi2O2)2+ layers, where m is the

number of BO6 octahedra in the pseudo-perovskite layers

(m = 1–5). Fig. 1 shows the crystal structure of BLSFs (m = 2).

Recently, among many BLSF materials, SrBi2Nb2O9

(SBN)-based materials have been studied as piezoelectric

materials for resonator and filter applications because of their

low temperature coefficients of resonance frequency TC-f r [1–

3]. Our group reported that the ferroelectric and piezoelectric

properties were improved by V substitution at Nb site in SBNV

ceramics [4].

In addition, it is well known that the anisotropy of the crystal

structure is large and the direction of spontaneous polarization

is restricted to two dimensions for BLSF. Therefore, a grain

orientation technique is effective in fulfilling potential of good

ferroelectric and piezoelectric properties in BLSFs, without

losing the anisotropy of the single crystal as much as possible.

There are several reports on the piezoelectric properties of

grain-oriented BLSFs [5–7]. It has been reported that the

coupling factors and piezoelectric constants are improved by

grain orientation. However, there are many unknown facts

about the temperature dependences of piezoelectric properties

in grain orientation ceramics.

In this study, we investigated the effects of the

grain orientation in vanadium substituted SBN ceramics,

SrBi2Nb1.95V0.05O9 (SBNV), focusing on the temperature

dependences of the piezoelectric properties in various vibration

modes. A grain-oriented sample was prepared by the hot-

forging (HF) method.

2. Experimental procedure

Ceramic samples of SBNV were prepared by a conventional

sintering technique (ordinary firing, OF sample). Mixtures of

SrCO3, Bi2O3, Nb2O5 and V2O5 of purity higher than 99.9%

were used as the starting materials. These mixtures were

calcined at 800 8C for 2 h, then ground. The calcined powders

were pressed into a cylinder 20 mm in diameter and 10 mm in

thickness by uniaxial pressing followed by cold isostatic
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pressing (CIP) at 150 MPa. The SBNV cylinders were sintered

at 950 8C for 2 h in air. Grain-oriented samples were prepared

by the hot-forging (HF) method [5]. The grain-oriented factor,

F, was calculated by Lotgering method [7]. The phases of the

ceramic samples were identified by X-ray diffraction (XRD)

analysis.

The sintered ceramics were cut and polished into appropriate

shapes to determine the piezoelectric properties in various

vibration modes as shown in Fig. 1. Specimens undergoing

piezoelectric measurements were poled in a silicone oil bath at an

applied field of 7–10 kV/mm and a temperature of 150–200 8C
for 5 min. The piezoelectric properties of the poled ceramics

were investigated by a resonance–antiresonance method using a

precision impedance analyzer (HP 4294A). The electromecha-

nical coupling factors, kij, were calculated on the basis of Onoe’s

equation using series and parallel resonance frequencies, fs and

fp. The temperature coefficient of the resonance frequency, TC-f r,

was measured in the temperature range from�25 to 125 8C using

a temperature controller (TABAI-ESPEC SU-240). The tem-

perature coefficient of resonance frequency (TC-f r) was

calculated by the following equation:

TC� f r ¼
f r½125 �C� � f r½�25 �C�

f r½20 �C� � T

where, f r [�25 8C], f r [125 8C] and f r [20 8C] are the resonance

frequencies at �25, 125 and 20 8C, respectively. T is the

measurement temperature range (150 8C).

3. Results and discussion

SBNV ceramics with a relative density of more than 97%

were obtained. XRD patterns for OF-SBNV ceramics show

single-phase bismuth layer-structured compounds with the

layer number m = 2. The grain orientation factors, F, of SBNV

ceramics determined by the Lotgering method [7] were

approximately �100%.

Fig. 2 shows the frequency dependence of impedance, Z

(magnitude jZj, and phase u), for the (33) mode of HF-SBNV

ceramics. Fine profiles were obtained. Comparatively fine

profiles were confirmed in other modes. Table 1 summarizes the

piezoelectric properties of each vibration mode for OF- and

HF-SBNV ceramics. The electromechanical coupling coeffi-

cients k33 and k15 of HF-SBNVare about 1.5–2 times larger than

those of OF-SBNV. The electrical quality factor, Qe max

(=tan umax), of the HF sample is improved in the (33) and (15)

modes. The Qm of the HF samples are lower than those of the

OF samples in the (33) and (15) modes, but are still higher than

2000. These results, which agree with those of other BLSFs, are

due to the grain orientation [5,6]. On the other hand, k24 is about

the half value of k15 for the OF ceramics. The Qm of the (32) and

(24) modes are higher than those of the OF samples. These

differences can be explained by the anisotropy of the crystal

structure [8]. As a result, the anisotropy of the piezoelectric

properties of each vibration mode is confirmed. In particular,

HF-SBNV ceramics in the (33) and (15) modes showed

excellent piezoelectric properties of k33 = 31.0, k15 = 15.7,

Qm = 2200 and 4600, and Qe max = 66.0 and 21.6, respectively.

Fig. 3 shows the temperature dependence of the resonance

frequency and TC-f r value for each vibration mode. The TC-f r

of the (33), (31) and (15) modes for the HF samples were

�16.5, �5.0 and �27.0, respectively. These values are lower

than those of OF samples. On the other hand, the jTC-f rj of the

(32) and (24) modes were larger than those of the (31) and (15)

Fig. 1. Crystal structure of SBN and (33), (31), (15), (32) and (24) vibration

mode specimens.

Fig. 2. Frequency characteristics of impedance, Z, of HF-SBNV ceramics.

Table 1

Piezoelectric properties of each vibration mode for OF- and HF-SBNV cera-

mics

Mode F (%) k (%) Qm Qe TC-fr (ppm/8C) sE
��

33 (OF) – 17.5 5500 27.7 �42.1 8.44 (sE
33)

33 (HF) 100 31.0 2200 66.0 �16.5 7.44 (sE
33)

31 (OF) – 4.5 7100 2.9 �46.0 8.08 (sE
11)

31 (HF) 100 1.3 – – �5.0 7.03 (sE
11)

32 (HF) 90.5 5.4 9300 5.7 �73.0 12.1 (sE
22)

15 (OF) – 10.6 5700 15.3 �67.8 21.2 (sE
55)

15 (HF) 91.5 15.7 4600 21.6 �27.0 16.7 (sE
55)

24 (HF) 98.1 10.0 7200 14.7 �93.8 21.6 (sE
44)
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