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Abstract (1 - x)(K0.498Na0.498Li0.04)NbO3–x(Bi0.5Na0.5)0.9

Ba0.1(Zr0.0055Ti0.9945)O3 (KNLN–BNBZT100x, x = 0, 0.01,

0.02, 0.03, 0.05, 0.1) lead-free ceramics were prepared by

conventional solid-state reaction technique. The influences

of the BNBZT on the crystal structure, dielectric, and

piezoelectric properties of the ceramics were investigated.

The ceramics formed single-phase solid solutions with

perovskite structure after sintering in air at 1050–1100 �C

for 3–4 h. Morphotropic phase boundary (MPB) between

orthorhombic and tetragonal phase was found in the com-

position range of 0.01 B x B 0.02. The Curie temperature,

Tc, and the orthorhombic–tetragonal transition temperature,

TO–T, shifted to low temperature as BNBZT increased. The

dielectric and piezoelectric properties of ceramics were

enhanced for the composition near the MPB. The maxi-

mum value, 194 pC/N, of piezoelectric constant d33 toge-

ther with the mechanical quality factor Qm, 20, were

obtained when BNBZT content was 2 mol%.

Introduction

Potassium sodium niobate (K0.5Na0.5)NbO3 (KNN) is an

attractive lead-free material, which is considered to be the

candidate to replace the widely used lead-containing

perovskite materials because of its high piezoelectric

properties, high Curie temperature, and environmental

friendliness [1, 2]. However, it is very difficult to obtain

dense KNN ceramics by using an ordinary sintering process

because of the high volatility of alkaline elements at high

temperature [3, 4]. In order to obtain well-sintered and dense

KNN ceramics with good performance, some special sin-

tering methods such as hot pressing and spark plasma sin-

tering techniques [4, 5] and some sintering aids such as CuO,

K5.4Cu1.3Ta10O29, K4CuNb8O23, and GeO2 [6–9] were used.

Some other ABO3 perovskites were also used to form solid

solutions with KNN [10–13]. Previous studies showed that

the modified KNN ceramics, obtained by using Li, Ta, and

Sb to replace the A and/or the B site cation of the ABO3

perovskite structure, exhibited good piezoelectric properties

[2, 14, 15]. The solid solution ceramics of KNN with

BaTiO3 (BT), (Bi0.5Na0.5)TiO3 (BNT), or Ba(Ti,Zr)O3

(BZT) also exhibited good dielectric and piezoelectric prop-

erties [13, 16, 17]. However, few reports are involved with

the solid solutions formed in (K0.5Na0.5)NbO3–LiNbO3–

(Bi0.5Na0.5)TiO3–Ba(Ti,Zr)O3 system.

The purposes of the present study are to investigate the

effect of BNT–BZT content on the properties of KNN-

based solid solution ceramics. In this work, (1 - x)

(K0.498Na0.498Li0.04)NbO3–x(Bi0.5Na0.5)0.9Ba0.1(Zr0.0055

Ti0.9945)O3 (abbreviated as KNLN–BNBZT100x) solid

solution ceramics were prepared by normal sintering. The

effects of the (Bi0.5Na0.5)0.9Ba0.1(Zr0.0055Ti0.9945)O3 (BNBZT)

on the phase structure, dielectric, ferroelectric, and piezo-

electric properties of the ceramics were investigated.

Experiment

The KNLN–BNBZT100x (x = 0, 0.01, 0.02, 0.03, 0.05,

0.1) ceramics were prepared by conventional solid-state
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reaction technique. The starting raw materials were reagent

grade K2CO3, Na2CO3, Li2CO3, BaCO3, Bi2O3, TiO2,

Nb2O5, and Zr(NO3)4�5H2O. The powders were mixed in

stoichiometric proportions and milled in ethanol for 12 h,

then dried and calcined at 850 �C for 5 h. The calcined

powders were reground and then pressed into discs with

20 mm in diameter and about 1–1.5 mm in thickness. The

green discs were finally sintered in air at 1050–1100 �C for

3–4 h. Electrodes were made on the surfaces of the discs by

firing silver paste at 600 �C for 10 min. The electric poling

was performed under a dc field of 2 kV/mm at 110 �C in a

silicone oil bath for 15 min.

The crystal structure of the sintered samples was

determined by using an X-ray diffractometer (X0 Pert PRO)

with a Cu Ka radiation. Dielectric measurements were

carried out by a TH2819 Precision LCR Meter at 10 kHz

from room temperature to 450 �C. The coercive field, Ec,

and remanent polarization, Pr, were determined from the

hysteresis loops obtained by the modified Sawyer-Tower

circuit. The piezoelectric constant d33 was measured by a

ZJ-A3 quasi-static piezoelectric d33 meter. The electro-

mechanical coupling factors, kp and kt, were determined by

a resonance–antiresonance method with an impedance

analyzer (HP4294A).

Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of the

KNLN–BNBZT100x ceramics with 0, 1, 2, 3, and 5 mol%

BNBZT. It is found that all the ceramics form single-phase

solid solutions with perovskite structure. The solid solutions

are of orthorhombic symmetry when BNBZT content is

0–1 mol% (the corresponding XRD patterns can be indexed

in JCPDS-ICDD 71-2171). As BNBZT content increases, a

tetragonal phase appears. When BNBZT content reaches

2 mol%, the ceramic possesses the tetragonal phase only

(the corresponding XRD patterns can be indexed in JCPDS-

ICDD 71-0945). These suggest that the system has an

orthorhombic–tetragonal morphotropic phase boundary

(MPB) at x = 0.01–0.02.

Figure 2 shows the temperature dependence of the rela-

tive permittivity, er, and loss tangent, tand, of the KNLN–

BNBZT100x ceramics at 10 kHz. The phase transitions for

the KNLN ceramic are observed at 441 and 146 �C, cor-

responding to the transition temperatures (Tc and TO–T)

from the tetragonal phase to the cubic phase and from the

orthorhombic phase to the tetragonal phase, respectively.

The Curie temperature (Tc) is a little higher than that of the

pure KNN, but the orthorhombic–tetragonal transition

temperature (TO–T) is obviously lower than that of the pure

KNN. As BNBZT increases, both Tc and TO–T shift to lower

temperature. When BNBZT content is C2 mol%, only the

cubic–tetragonal phase transition is observed, indicating

that the structure of the solid solutions had changed from

orthorhombic to tetragonal at room temperature. This result

is consistent with XRD analysis as discussed in Fig. 1.

When BNBZT content is C5 mol%, the dielectric peaks of

the ceramics at Tc become much lower and broad. These

phenomena may be attributed to the more complex occu-

pation of the A and B sites in an ABO3 perovskite structure

and heterogeneous compositions [18, 19]. For all samples, a

broad peak near the room temperature can be observed in

both the er–T curves and the tand–T curves. The peak
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Fig. 1 XRD patterns of

KNLN–BNBZT100x ceramics

of a KNLN, b KNLN–

BNBZT1, c KNLN–BNBZT2,

d KNLN–BNBZT3, e KNLN–

BNBZT5. a Wide range and

b selected portions
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becomes strong as BNBZT content increases, especially

when BNBZT content is 5 mol%. These characteristics

indicate that an intermediate phase transition took place

near the room temperature, and BNBZT can affect the phase

transition to some extent.

Figure 3 shows the tendency of the dielectric constant

e33
T /e0 and the dissipation factor tand of the poled ceramics

with the content of BNBZT. The e33
T /e0 of ceramics with

1–3 mol% BNBZT increases obviously from 460 to 1630,

indicating that the dielectric properties may be enhanced

for compositions near the MPB. When BNBZT content is

higher than 3 mol%, the e33
T /e0 of the ceramics decreases

slightly with further increasing BNBZT. The tand of the

ceramics decreases with the increase of BNBZT when

BNBZT content is 0–3 mol%, but increases rapidly

thereafter with further increase in BNBZT.

Figure 4 shows the P–E hysteresis loops of the KNLN–

BNBZT100x (x = 0.01, 0.02, 0.03) ceramics at room

temperature. The shape of the loops and the value of

polarization are influenced significantly by BNBZT content.

The values of the remanent polarization, Pr, are 10.3, 8.7,

7.1 lC/cm2 when BNBZT content is 1, 2, 3 mol%, respec-

tively. Whereas the coercive field, Ec, of the ceramics with

1, 2, 3 mol% BNBZT is 9.3, 12, 13.3 kV/cm, respectively,

increasing monotonously as BNBZT increases. These

characteristics indicate that the domain reorientation and

rotation will be gradually hindered as BNBZT increases.

Figure 5 shows the piezoelectric constant, d33, and the

mechanical quality factor, Qm, of the ceramics as a func-

tion of the BNBZT content. It is found that the d33

enhances for compositions near the MPB. The maximum

value, 194 pC/N, of the d33 is obtained in the composition

of 2 mol% BNBZT. As the BNBZT content increases

further, the d33 decreases gradually. The unique properties

of the ceramics are that the mechanical quality factor Qm is
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Fig. 2 Temperature dependence of a permittivity and b loss tangent

of the ceramics with different BNBZT content at 10 kHz
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Fig. 3 Dielectric constant, e33
T /e0, and the dissipation factor, tand

versus the BNBZT content for the KNLN–BNBZT100x ceramics
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very low (Qm B 26). As BNBZT content increases, the Qm

decreases. The lowest value, 17.7, of Qm is obtained when

BNBZT content is 5 mol%. These properties correspond to

that of PbNb2O6-based piezoelectric ceramics, which were

found to have a very low Qm and were considered to be

used for wide band ultrasonic transducers [20, 21].

Figure 6 shows the electromechanical coupling factors,

kp and kt, of the ceramics as a function of BNBZT content. It

can be found that both of kp and kt reach a maximum value

when the composition is near the MPB. When BNBZT

content is higher than 2 mol%, both of kp and kt decrease

with the increase of BNBZT. These characteristics indicate

that the MPB plays an important role in improving piezo-

electric properties of KNLN–BNBZT ceramics.

Conclusion

The influences of the BNBZT on the crystal structure,

dielectric, ferroelectric, and piezoelectric properties of the

KNLN–BNBZT100x (x = 0, 0.01, 0.02, 0.03, 0.05, 0.1)

ceramics have been studied. XRD analysis revealed that

there was a MPB between orthorhombic and tetragonal

phases at x = 0.01–0.02. The Curie temperature, Tc, and

the orthorhombic–tetragonal transition temperature, TO–T,

decreased as BNBZT increased. The ceramics had a very

low mechanical quality factor Qm, which decreased as

BNBZT increased. The dielectric and piezoelectric prop-

erties of ceramics were enhanced for the composition near

the MPB. The maximum value, 194 pC/N, of piezoelectric

constant d33 together with the mechanical quality factor

Qm, 20, were obtained when BNBZT content was 2 mol%.
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