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a b s t r a c t

The ternary system (1 − x − y)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3–yBi0.5Li0.5TiO3 (abbreviated to BNKLT-x/y) was
synthesized by conventional oxide-mixed method. The phase structure, microstructure, and dielectric,
ferroelectric and piezoelectric properties of the ceramics were investigated. The X-ray diffraction patterns
showed that pure perovskite phase with rhombohedral structure can be obtained in all the ceramics.
The grain size varied with x and y. The temperature dependence of dielectric constant and dielectric loss
revealed there were two phase transitions which were from ferroelectric (tetragonal) to anti-ferroelectric
(rhombohedral) and anti-ferroelectric to paraelectric (cubic). Either increasing x or y content can make
icrostructure
ielectric properties
erroelectrics
iezoelectricity

Tm (the temperature at which dielectric constant εr reaches the maximum) increase. With the addition of
Bi0.5K0.5TiO3, the remanent polarization Pr increased but the coercive field Ec decreased. With the addition
of Bi0.5Li0.5TiO3, Pr increased obviously and Ec increased slightly. Due to the stronger ferroelectricity
by modifying Bi0.5K0.5TiO3 and Bi0.5Li0.5TiO3, the piezoelectric properties were enhanced at x = 0.22 and
y = 0.10, which were as follows: Pr = 31.92 �C/cm2, Ec = 32.40 kV/cm, εr = 1118, tan ı = 0.041, d33 = 203 pC/N
and Kp = 0.31. The results show that the BNKLT-x/y ceramics are promising candidates for the lead-free

materials.

. Introduction

It is well known that piezoelectric materials markets are domi-
ated by Pb(ZrxTi1−x)O3 (abbreviated to PZT) based ceramics due to
heir excellent electrical properties. However, because of the tox-
city of PbO and its high vapor pressure during sintering process,
sing lead-based ceramics causes not only serious environmental
roblems but also produces unstability of composition. So it is very
rgent to develop lead-free piezoelectric ceramics with excellent
roperties to replace PZT based ceramics.

Bi0.5Na0.5TiO3 (abbreviate to BNT), discovered by Smolenskii
t al. [1], is an ABO3 type ferroelectric with perovskite phase.
NT is considered to be a promising candidate of lead-free piezo-

lectric ceramics with a relatively large remanent polarization
Pr = 38 �C/cm2) and a high Curie temperature (Tc = 320 ◦C) [2–4].
owever, the pure BNT ceramics have the drawbacks of high con-
uctivity and high coercive field, which can induce problems in
oling process and limit their applications. In order to get BNT-
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based ceramics with optimum properties, new BNT-based systems
have been investigated, such as BNT–BaTiO3 [5], BNT–Bi0.5K0.5TiO3
[6], BNT–BaTiO3–Ba(Ti,Zr)O3 [7], BNT–BaTiO3–K0.5Na0.5NbO3 [8],
BNT–K0.5Na0.5NbO3 [9] and so on. According to our previous work
[6], introducing Bi0.5K0.5TiO3 (abbreviate to BKT) could enhance the
electrical properties of BNT ceramics. Lin et al. [10] found that intro-
duction of Bi0.5Li0.5TiO3 (abbreviate to BLT) could decrease sintering
temperature and improve the densification of the BNT–BaTiO3
ceramics.

In this work, y was fixed at 0.10. Then x was changed from 0.16
to 0.26 when y = 0.10. The optimum value of x was found. Then x
was fixed at its optimum value 0.22, and y was changed from 0.03
to 0.12. The optimum value of y was found. BNT-based lead-free
piezoelectric ceramics BNKLT-x/y were synthesized by conven-
tional mixed-oxide method and the effects of Bi0.5K0.5TiO3 and
Bi0.5Li0.5TiO3 contents on the structure, microstructure, dielectric,
ferroelectric and piezoelectric properties was investigated system-
atically.
2. Experimental

Conventional mixed-oxide method was adopted to prepare
(1 − x − y)Bi0.5Na0.5TiO3–xBi0.5K0.5TiO3–yBi0.5Li0.5TiO3 with x = 16–22 mol% and
y = 3–12 mol%. Reagent grade Bi2O3 (99%), Na2CO3 (99.8%), K2CO3 (99%), Li2CO3

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yangzp@snnu.edu.cn
dx.doi.org/10.1016/j.jallcom.2009.02.030
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Fig. 1. XRD patterns

98%) and TiO2 (99.1%) were used as starting materials. First, these oxides or
arbonate powders were weighed in appropriate stoichiometry according to the
eaction (1), and mixed in ethanol with zirconium balls by ball-milling for 12 h.

1 − x − y)/4Na2CO3 + x/4K2CO3 + y/4Li2CO3 + 0.25Bi2O3 + TiO2

= (1 − x − y)Bi0.5Na0.5TiO3–x Bi0.5K0.5TiO3–yBi0.5Li0.5TiO3 + 0.25CO2↑ (1)

After being dried, the powders were calcined at 850 ◦C for 2 h in air. The cal-
ined powders were detected by X-ray diffraction and all samples exhibited pure
erovskite phase. Then the calcined powders were mixed with polyvinyl alcohol
nd pressed into discs with a diameter of 15 mm under 100 MPa. The green pellets
ere sintered at 1130 ◦C in air. The sintered ceramics were detected by X-ray diffrac-

ion and all samples exhibited pure perovskite phase. Silver pastes were fired on
oth sides of the discs as electrodes. The specimens were poled in silicon oil at 80 ◦C
nder 3–4 kV/mm for 15 min.

The crystalline phase structure of the ceramics was analyzed by X-ray diffraction
XRD, Model DMX-2550/PC, Rigaku, Japan) using Cu K� radiation. The microstruc-
ure of the sintered ceramics was observed by using scanning electron microscopy
SEM Model Quanta 200, FEI Company). The bulk densities were measured by
rchimedes method.

Dielectric properties of the ceramics were obtained by measuring capacitance C
nd dielectric loss tan ı using a LCR meter (HP 4294A) at room temperature. Temper-
ture dependence of dielectric constant εr and dielectric loss tan ı were measured by
LCR meter (Agilent 4294A) from room temperature to 450 ◦C at 1, 10 and 100 kHz.

he piezoelectric constant d33 was measured by a quasi-static piezoelectric d33

eter (Model ZJ-3d, Institute of Acoustics Academic Sinica, China). The electrome-
hanical coupling factor Kp was calculated from the resonance and anti-resonance
requencies based on the IEEE standards using an impedance analyzer (HP 4294A).
he polarization versus electric (P–E) hysteresis loops were observed by a Radiant
recision Workstation (USA) at 100 Hz.

Fig. 2. XRD patterns of BN
KLT-x/0.10 ceramics.

3. Results and discussion

Figs. 1 and 2 show the X-ray diffraction patterns of the BNKLT-x/y
ceramics. It can be seen that all the samples present pure perovskite
phase and no secondary phase can be detected, which means that
K+ and Li+ have diffused into the lattice to form a solid solution.
The diffraction peaks are indexed according to JCPDS card NO. 36-
0340. According to the reports that one peak near 47◦ indicates
all samples have rhombohedral symmetry structure and a splitting
peak near 47◦ indicates the tetragonality of the samples [11–13].
Figs. 1(b) and 2(b) are the magnifications of Figs. 1(a) and 2(a) in
the range from 45◦ to 50◦ respectively. The feature peak at about 47◦

does not split in the two figures, which indicates that all ceramics
have rhombohedral symmetry structure.

The SEM micrographs of BNKLT-x/0.10 and BNKLT-0.22/y ceram-
ics are exhibited in Figs. 3 and 4. All ceramics show a quasi-cubic
morphology with clear grain boundaries. The morphology of the
ceramics is similar to result of other investigations [14–16]. In Fig. 3,
with increasing x from 0.16 to 0.22, the average grain size decreases
from 3.0 to 2.0 �m. Then further increasing x, the change of the grain
size is not obvious. It can also be seen that the ceramics with rela-

tively homogenous microstructure and fewer pores can be obtained
at x = 0.22. Besides, when y = 0.03, the average grain size is about
1.0 �m. With increasing y, the grain size increases obviously. When
y reaches 0.10, the average grain size is 2.0 �m and the ceramics
are compact with fewer pores (Fig. 4). Results of Figs. 3 and 4 have

KLT-0.22/y ceramics.



248 Z. Yang et al. / Journal of Alloys and Compounds 480 (2009) 246–253

0.16; (

s
c

x
0
5
p
o
f
t
5
i
i
F

s
c

Fig. 3. SEM micrographs of BNKLT-x/0.10 ceramics: (a) x =

hown that the relatively compact and homogenous microstructure
an be obtained at x = 0.22 and y = 0.1.

Fig. 5 shows the density of the BNKLT ceramics with different
and y. It can be seen from Fig. 5(a) that with increasing x from
.16 to 0.22, the density increases and reaches maximum value of
.76 g/cm3 at 0.22. The ceramics have higher density than that of our
revious work [6]. Further increasing x to 0.26 causes the decrease
f it to 5.45 g/cm3. It can also be seen from Fig. 5(b) that as y varies
rom 0.03 to 0.12, the density of the ceramics increases from 5.35
o the maximum value (5.76 g/cm3) at y = 0.10, and then drops to
.48 g/cm3 with further increasing y to 0.12. The result of Fig. 5

ndicates that the ceramics with x = 0.22 and y = 0.10 show the max-

mum value of the density, which is in accordance with those of
igs. 3 and 4.

Figs. 6 and 7 show the temperature dependence of dielectric con-
tant εr and dielectric loss tan ı of BNKLT-x/0.10 and BNKLT-0.22/y
eramics. There are two anomalies (Td and Tm) in the curves. Td is
b) x = 0.18; (c) x = 0.20; (d) x = 0.22; (e) x = 0.24; (f) x = 0.26.

the temperature at which the phase transition from ferroelectric
(rhombohedral) to anti-ferroelectric phase (tetragonal). Tm corre-
sponds to the temperature at which the εr reaches its maximum
value. It can be observed that on the one hand, εr show pronounced
dependence on frequency. With increasing the frequency, εr for all
ceramics decreases. In the BNKLT system, Na+, K+, Li+, Bi+ are ran-
domly distributed at A-sites, leading to random local electric fields
and elastic distortions. As a result, the ferroelectric ordering of the
ceramics as a whole is inhibited and unit diploes are divided into
superparaelectric clusters. The reorientation of the cluster polariza-
tion in the applied electric field is governed by the relaxation time
required for the redistribution of the charge carriers (probably Na+,

K+, Li+, Bi+) around the cluster. Accordingly, the cluster polarization
is ‘frozen’ under a high-frequency electric field, whereas the ori-
entation of the cluster polarization under a low-frequency electric
field is allowed, leading to a large dielectric constant value [17]. On
the other hand, both Td and Tm exhibit obvious dependence on the
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Fig. 4. SEM micrographs of BNKLT-0.22/y ceramics: (a) y = 0.03; (b) y = 0.05; (c) y = 0.08; (d) y = 0.10; (e) y = 0.12.

Fig. 5. Density of BNKLT-x/y ceramics: (a) BNKLT-x/0.10; (b) BNKLT-0.22/y.
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Fig. 6. The temperature dependence o

requency. With increasing frequency, Td moves to lower temper-
ture regions and Tm moves to higher temperature regions. When
emperature T is below Td, εr shows strong frequency dependence
The dependence become weaker with T between Td and Tm, and
t becomes obvious again above Tm. The broad εr peaks and the
haracter of the temperature dependence of εr shows typical relax-
tion characteristic. The relaxation behavior can be concluded by
he compositional fluctuation [18]. For the BNKLT-x/y ceramics, Na+,
+, Li+, Bi+ ions are randomly distributed at A-site, the coexistence of
a+, K+, Li+ and Bi+ disordering at A-site may result in the relaxation

ehavior.

A similar temperature dependence behavior of dielectric loss is
lso shown in Figs. 6 and 7. tan ı reaches the maximum value around
d, which is caused by the improvement of the domain wall during
he phase transition from ferroelectrics to anti-ferroelectrics. But
d tan ı of the BNKLT-x/0.10 ceramics.

there is no second dielectric loss peaks occurring. The reason may
be that above Tm, tan ı increases sharply, which results from the
high conductivity of the ceramics at high temperature.

The dielectric behavior of complex ferroelectrics with diffuse
phase transition can be explained by the modified Curie–Weiss law
εm/ε = 1 + (T − Tm)�/(2�2) [19–21], where εm is the maximum value
of the dielectric constant. Tm is the temperature at which ε reaches
the maximum � (1 < � < 2) is a constant which is used to express the
diffuseness degree of the phase transition. When � = 1, the materials
with this type of phase transition belong to normal ferroelectrics;

when 1 < � < 2, the materials belongs to relaxor ferroelectrics; when
� = 2, the materials belongs to ideal relaxor ferroelectrics. Fig. 8
shows ln[(εm − ε)/ε] as a function of ln(T − Tm) for BNKLT − x/0.10
and BNKLT − 0.22/y ceramics at 1 kHz. It can be observed that a
linear relationship is obtained by linear fitting the experimental
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Fig. 7. The temperature dependence o

ata. The diffuseness exponent � of all ceramics is between 1 and 2,
hich means the phase transition of all ceramics shows the diffuse

haracteristic. This is in accordance with results of Figs. 6 and 7.
Fig. 9 shows Td and Tm as a function of x for BNKLT-x/0.10 and

for BNKLT-0.22/y ceramics. It can be seen for BNKLT-x/0.10 and
NKLT-0.22/y ceramics, either increasing x or increasing y has little
ffect on Td, which means the crystalline structure does not trans-
orm. And all ceramics have of rhombohedral symmetry structure.
t agrees with the results of Figs. 1 and 2. In addition, either increas-
ng x or y can increase Tm, which favors the application of BNT-based
eramics.

Fig. 10 shows the P–E hysteresis loops of BNKLT-x/y ceramics.

t can be seen that BNKLT-x/0.10 ceramics with x = 0.18 is not well
aturated. As x increases, the loops become relatively saturated and
lmost rectangular due to the decrease of Ec in Fig. 10(a). It can also
e seen that Pr increases with increasing x. Besides, well saturated

oops can be observed in BNKLT-0.22/y ceramics [Fig. 10(b)]. With
d tan ı of the BNKLT-0.22/y ceramics.

increasing y to 0.10, Pr reaches the maximum value (31.92 �C/cm2).
Both Pr and Ec show the similar variation. But the variation of Ec

is not as distinct as that of Pr As y increases from 0.05 to 0.10, Ec

increases from 30.46 to 32.40 kV/cm slightly. The optimum ferro-
electric properties (Pr = 31.92 �C/cm2, Ec = 32.40 kV) of the ceramics
are obtained at x = 0.22 and y = 0.10.

Fig. 11 shows the piezoelectric and dielectric properties for
BNKLT-x/0.10 ceramics. When x = 0.16, dielectric constant d33 and
electromechanical factor Kp are 139 pC/N and 0.26, respectively.
With increasing x, d33 and Kp reach the maximum values of
203 pC/N and 0.31 at x = 0.22. Further increasing x to 0.26, d33
and Kp decrease to 166 pC/N and 0.18 [Fig. 11(a)]. It can be seen

from Fig. 11(b) that when x = 0.16, εr shows the value of 668. With
increasing x, the maximum values of εr (1118) can be obtained at
x = 0.22. As x increases, the variation of tan ı is not obvious. Fig. 12
shows the piezoelectric and dielectric properties for BNKLT-0.22/y
ceramics. The variation tendency of d33 is similar to that of Kp.
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Fig. 8. ln[(εm − ε)/ε] as a function of ln(T − Tc) for ceramics measured at 1 kHz.

Fig. 9. Variations of Td and Tm for the ceramics with different x and y.

Fig. 10. P–E hysteresis loops of BNKLT-x/y ceramics: (a) BNKLT-x/0.10; (b) BNKLT-
0.22/y.

Fig. 11. Piezoelectric (a) and dielectric (b) properties for BNKLT-x/0.10 ceramics.
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ig. 12. Piezoelectric (a) and dielectric (b) properties of BNKLT-0.22/y ceramics.

he relative low values (172 pC/N and 0.21) are located at y = 0.03.
ith increasing y to 0.10, d33 and Kp reaches the maximum values

f 203 pC/N and 0.31. Further increasing y to 0.12, d33 and Kp

ecrease to 178 pC/N and 0.24 sharply (Fig. 12(a)). With increasing
, εr and tan ı increases (Fig. 12(b)). It can be concluded that the
nhanced piezoelectric properties may be attributed to the strong
erroelectricity (low Ec and large Pr) and improvement in the
ensification. Low Ec makes the ceramics easily poled and large Pr

s beneficial to the piezoelectric properties.
. Conclusions

BNKLT-x/y lead-free piezoelectric ceramics have been prepared.
ll samples possessed pure perovskite phase, indicating that K+

[
[
[
[
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and Li+ have diffused into the lattice. The SEM images indicate
with increasing Bi0.5K0.5TiO3 content, the grain size decrease. But
with increasing Bi0.5Li0.5TiO3 content, the variation of the grain
size is opposite. All ceramics undergo two phase transitions from
ferroelectric to anti-ferroelectric and from anti-ferroelectric to
paraelectric. The ceramics show relaxor characteristics which is
due to disordering of A-site cations. Either increasing x or y can
increase Tm, but has little effect on the Td. Ferroelectric properties
are enhanced with increasing x. On the other hand, with increasing
y, both Pr and Ec increase. But the variation of Ec is not as distinct as
that of Pr. Introducing BKT and BLT into BNT can promote the fer-
roelectric properties, thus improving the piezoelectric properties.
The optimum electrical properties can be obtained at x = 0.22 and
y = 0.10, which are as follows: Pr = 31.92 �C/cm2, Ec = 32.40 kV/cm,
εr = 1118, tan � = 0.041, d33 = 203 pC/N and Kp = 0.31.
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