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Abstract (1 - x)BaTiO3–x(Bi0.5Na0.5)TiO3 (x ranged from

0.01 to 0.96) ceramics were fabricated by the conventional

ceramic technique. The crystal structure, as well as dielectric

and piezoelectric properties of the ceramics were studied. All

the ceramics formed single-phase solid solutions with perov-

skite structure after sintering in air at 1150–1250 �C for 2–4 h.

The crystal structure and microstructure varied gradually with

the increase of (Bi0.5Na0.5)TiO3 (BNT) content. The Curie

temperature, Tc, shifted monotonously to high temperature as

BNT increased. The ceramics with 20–90 mol% BNT had

relatively low and stable dielectric loss characteristics. The

piezoelectric constant, d33, enhanced with the increase of BNT

content through a maximum value in a composition of

93 mol% BNT and then tended to decrease. The maximum

value, 148 pC/N, of piezoelectric constant d33 together with the

electromechanical coupling factors, kt, 19.8% and kp, 15.8%,

were obtained when BNT was 93 mol%.

Introduction

Piezoelectric ceramics are important materials that are widely

used for piezoelectric actuators, sensors, and transducers.

The most present widely used piezoelectric ceramics are

lead-based materials such as lead zirconate titanate (PZT),

which will cause environmental pollution by volatilization of

toxic PbO during high-temperature sintering. Therefore, it is

necessary to develop lead-free piezoelectric ceramics to

replace the lead-based ones.

In recent years, several lead-free piezoelectric ceramic

systems such as BaTiO3-based oxides [1–3], Bi0.5Na0.5

TiO3-based oxides [4, 5], bismuth layer structure oxides

[6–8], and potassium sodium niobate based ceramics [9, 10]

have been studied. Among these systems, (Bi0.5Na0.5)TiO3–

BaTiO3 (abbreviated to BNT–BT) system has been found to

be a promising lead-free piezoelectric material, for (1 - x)

Bi0.5Na0.5TiO3–xBaTiO3 system has a rhombohedral (Fa)–

tetragonal (Fb) morphotropic phase boundary (MPB) at

x = 0.06–0.07, where the system shows outstanding pie-

zoelectric and dielectric properties [11]. Many researches

have been focused on the systems near the MPB composi-

tion [11–16]. Only a few reports are involved with the

compositions close to BaTiO3 (BT) [17, 18], and there is

little information about the BT–BNT solid solution ceramics

with the composition from MPB to BT-rich zone. In this

work, the (1 - x)BT–xBNT systems with different content

of BNT were fabricated, and the crystal structure, phase

transition, and dielectric and piezoelectric properties of the

solid solutions were studied.

Experimental

The (1 - x)BaTiO3–x(Bi0.5Na0.5)TiO3 (x ranged from 0.01

to 0.96) (abbreviated as BT–BNT100x) ceramics were

prepared by the conventional ceramic technique. The start-

ing raw materials were reagent grade TiO2, Bi2O3, BaCO3,

and Na2CO3. After mixing in stoichiometric proportions, the
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starting materials were milled in ethanol for 10 h, then dried

and calcined at 850 �C for 4 h. The calcined powders were

reground, and then pressed into discs with 20-mm diameter

and about 1-mm thickness. The green discs were sintered in

air atmosphere at 1150–1250 �C for 2–4 h. Silver paste was

fired on the surfaces of the discs as electrodes.

The crystal structure of the ceramics was determined by

X-ray powder diffraction (XRD). The microstructure of the

ceramics was studied by a scanning electron microscope

(SEM). Dielectric measurements were carried out by a

TH2819 Precision LCR Meter at a frequency of 1 kHz. The

electromechanical coupling coefficients (kp and kt) were

determined using the impedance analyzer according to the

resonance method. The piezoelectric constant d33 was

measured by a ZJ-3A quasi-static piezoelectric d33 meter.

Results and discussion

Figure 1 shows the XRD patterns of the (1 - x)BaTiO3–

x(Bi0.5Na0.5)TiO3 ceramics with 1, 10, 20, 40, 60, 80, 90,

93, and 96 mol% BNT. It indicates that all the ceramics

formed single-phase solid solutions with pervoskite struc-

ture. The solid solutions are of tetragonal symmetry when

BNT content is 1 to 90 mol%. The peaks of (001), (100),

(002), and (200) significantly reduce and shift slightly to

high degree as BNT content increases. When BNT content

is 93 mol%, a broadening peak appears between 46 and

48�, suggesting that tetragonal phase coexists with rhom-

bohedral phase. However, when BNT content is 96 mol%,

the solid solutions are of rhombohedral symmetry, which is

characterized by a (003)/(021) peak splitting at 2h between

38 and 42� and a single peak of (202) between 45 and 48�
[19]. The peak of (202) is sharp, which implies that no

tetragonal phase coexists with rhombohedral phase. This

differs from previous results, where rhombohedral and

tetragonal phases coexist when BNT content is 92–96

mol% (BT content is 4–8 mol%) [11, 19].

Figure 2 shows the SEM micrographs of the ceramics

with different content of BNT. It is found that the shape of

the crystal grains changes obviously as BNT increases. The

grain size is about 1–2 lm, changing a little with the

increase of BNT. All the ceramics have a dense micro-

structure. In addition, the ceramics with high BNT content

have a few micropores. These characteristics indicate a

gradual change in crystalline structure and microstructure

with BNT concentration.

Figure 3 shows the temperature dependence of the rela-

tive permittivity, er, and loss tangent, tan d, of the ceramics

with different BNT content. It is found that the curves of

er–T and tan d–T vary obviously with the content of BNT.

The shape of the er–T curves near the Curie point becomes

broad as BNT increases, indicating that diffuse phase

transition took place. When BNT content is higher than

60 mol%, the three phases of ferroelectric, anti-ferroelectric,

and paraelectric, which exist in a wide temperature range,
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(a) (b)Fig. 1 XRD patterns of

BT–BNT100x ceramics of

a, BT–BNT1; b, BT–BNT10;

c, BT–BNT20; d, BT–BNT40;

e, BT–BNT60; f, BT–BNT80;

g, BT–BNT90; h, BT–BNT93;

i, BT–BNT96. (a) Wide range

and (b) selected portions
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can be recognized by anomalies of the dielectric constant and

loss tangent. These characteristics are similar to the result

obtained by Takenaka et al., who researched the BNT–BT

system near the MPB composition [11]. The Curie temper-

ature, Tc, shifts monotonously from 118 to 246 �C when

BNT content increases from 1 to 90 mol%. These variation

characteristics are summarized in Fig. 4.

The permittivity and dielectric loss were affected obvi-

ously by BNT content. Figure 5 shows the variation of the

permittivity and the dielectric loss at the room temperature

with different BNT contents. The permittivity of the

ceramics with 1 to 40 mol% BNT decreases from 3000 to

about 600, whereas the permittivity of the ceramics with

40–90 mol% BNT increases monotonously from 600 up to

2180. The minimum value of the permittivity at room

temperature was obtained when BNT content is 40 mol%.

All the ceramics have relatively low dielectric loss, which

fluctuates between 0.03 and 0.058 except that of the cera-

mic with 10 mol% BNT. The curve of tan d–T of the

ceramic with 10 mol% BNT displays a peak at about

32 �C. At the same position, a broad peak appears in the

er–T curve. This phenomenon implies that an intermediate

phase transition took place at about 32 �C for the sample

with 10 mol% BNT. The tan d of the ceramics with 20–

90 mol% BNT almost keep constant through a wide tem-

perature range, indicating that the ceramics have stable

dielectric loss characteristics.

Figure 6 shows piezoelectric constant, d33, of the

ceramics with different content of BNT. It is found that the

d33 enhances with the increase of BNT content through a

maximum value (d33 = 148 pC/N) in a composition of

93 mol% BNT and then tends to decrease. This is generally

in agreement with previous results, where the maximum

value of d33 of the BNT–BT ceramics was obtained in a

composition near the MPB [12, 14, 15, 19].

Figure 7 shows the electromechanical coupling factors,

kt and kp, with BNT content. The thickness electrome-

chanical coupling factor, kt, varies between 15.6 and

26.8%, with a trend to increase with increasing BNT. The

planar electromechanical coupling factor, kp, varies

between 13.9 and 18.8%, with a trend similar to kt as BNT

increases. The tendency of dielectric constant e33
T /e0 and the

dissipation factor tan d of the poled ceramics with the

content of BNT are shown in Fig. 8. In a wide range of

BNT content, the e33
T /e0 of ceramics varies between 419 and

613, but increases obviously when BNT content is

93 mol%. All the poled ceramics have relatively low tan d,

which varies between 0.024 and 0.038.

Figure 9 shows the mechanical quality factor Qm and

frequency constant Np of the ceramics with BNT content. It

can be seen that most of the samples have Qm value in the

range of 50–80, except that of the sample with 30 mol%

BNT, which has the lowest value of Qm. When the content
Fig. 2 SEM micrographs for BT–BNT100x ceramics. (a) BT–BNT30,

(b) BT–BNT60 and (c) BT–BNT90
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with different BNT content at
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Fig. 4 Curie temperature, Tc, versus the BNT content for the BT–
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of BNT is lower than 30 mol%, the Qm increases as BNT

increases. When the content of BNT is higher than

30 mol%, Qm increases initially and then decreases with

the increase when BNT, but increases obviously as BNT

content is 93 mol%. The frequency constant Np shows a

similar tendency as the Qm. The maximum value of Np is

obtained when BNT content is 20 mol%.

Conclusions

The crystal structure, microstructure, and dielectric and

piezoelectric properties of the (1 - x)BaTiO3–x(Bi0.5Na0.5)

TiO3 (x ranged from 0.01 up to 0.96) ceramics have been

investigated. All the ceramics formed single-phase solid

solutions with a pervoskite structure. The crystal structure

and microstructure varied with the increase of BNT content.

Diffuse phase transition occurred as BNT increased. The

Curie temperature, Tc, shifted monotonously from 118 to

246 �C when BNT content increased from 1 to 90 mol%.

The ceramics with 20 to 90 mol% BNT had relatively low

and stable dielectric loss characteristics. The piezoelectric

constant, d33, enhanced with the increase of BNT content

through a maximum value in a composition of 93 mol%

BNT and then tended to decrease. The maximum value, 148

pC/N, of piezoelectric constant d33 together with the elec-

tromechanical coupling factors, kt, 19.8% and kp, 15.8%,

were obtained when BNT was 93 mol%.
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