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Microstructure and properties of lithium and antimony modified 
potassium sodium niobate lead-free piezoelectric ceramics
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(K0.52Na0.48)1–xLix (Nb1–xSbx)O3 lead-free ceramics were prepared by solid state reaction and the electrical properties of the
ceramics were characterized. The crystalline phases and microstructure of the ceramics exhibit much dependence on the con-
tent of x, and the orthorhombic and tetragonal phases of the samples coexisted in the composition range of 0.04 ≤ x ≤ 0.05 at
room temperature. The ceramics with x = 0.05 show the better die-, piezo- and ferroelectric properties: piezoelectric constant
d33 = 303 pC/N, planar electromechanical coupling coefficient kp = 0.50, the relative dielectric constant K = 1228, syntonic
impedance Rr = 66.1Ω, remnant polarization Pr = 31.2 μC/cm2, and coercive field Ec = 0.770 kV/mm.
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1. Introduction
The most successful piezoelectric ceramics are based on lead

zirconate and lead titanate. Environmental concerns over their
lead content could disappear with the advent of a new ceramic
that is lead-free.1) Potassium-sodium niobium (KNN)-based
lead-free piezoelectric ceramics, the promising candidates for
PZT counterparts, has been paid much attention by many spe-
cialists in the world especially since 2004.2) However, pure KNN
(K0.5Na0.5NbO3) ceramics show relatively lower electrical prop-
erties (the piezoelectric constant d33 ~ 80 pC/N, and the planar
electromechanical coupling factor kp ~ 36%) due to difficulty in
the processing of dense ceramics by ordinary sintering.3),4) For
the sake of obtaining better electrical performance of the ceram-
ics, lots of routine and unfamiliar approaches have been
attempted.5)–8) However, the electrical properties of ceramics
were not significantly improved by routine approaches, and that
unfamiliar ones suffered from the high cost of equipment and
from low yield.

Recently with the development of processing techniques, pref-
erable properties, for instance9),10) d33 ~ 314–328 pC/N, and kp ~
48%, of KNN-based piezoelectric ceramics have been prepared
by conventional methods in the labs. It was noticeable that most
researchers2),5),11)–15) focused their attention on preparing KNN-
based ceramics with 0.5/0.5 K/Na ratio and Na rich composi-
tions. Nevertheless, there were few studies on the preparation of
lithium and antimony modified KNN lead-free piezoelectric
ceramics with K rich compositions. It is well known that the loss
of potassium were much higher than sodium’s at high tempera-
ture, K rich compositions could compensate this kind of loss. It
was also intrigued by the phase diagram16) of NaNbO3-KNbO3

system. Therefore, in this work the K/Na ratio was changed from
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Fig. 1. XRD patterns of (K0.52Na0.48)1–xLix (Nb1–xSbx)O3 ceramics in the
range of 2θ (a) from 20° to 60° and (b) from 40° to 68°.
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0.5/0.5 to 0.52/0.48, and Li and Sb were used as substitutes for
(K, Na) and Nb, respectively. The effects of various amount of
Li, Sb modified K0.52Na0.48NbO3 lead-free piezoelectric ceramics
were prepared by a conventional solid-state sintering process and
their microstructure and electrical properties were investigated
systematically.

2. Experimental procedure
K2CO3 (98%), Na2CO3 (99.8%), Li2CO3 (97%), Nb2O5

(99.5%), and Sb2O3 (99%) were used as raw materials to prepare
(K0.52Na0.48)1–xLix (Nb1–xSbx)O3 ceramics (x = 0, 0.01, 0.02, 0.04,
0.05, 0.06, 0.07, 0.08, and 0.10 respectively) by ordinary sinter-
ing. The stoichiometric mixture was ball milled for 24 h with zir-
conium ball media and alcohol, then dried and calcined at 850°C
for 5 h. After that, the calcined powder was milled again for 12
h and pressed into disk of 13 mm in diameter and 1 mm in thick-
ness under 6–8 MPa using PVA (10 mass%) as a binder. The green
pellets, depending on their x, were sintered at 1040–1100°C for

3 h in air. Silver electrodes were fired on the top and bottom sur-
faces of the samples. The ceramics were poled under a DC field
of 3–4 kV/mm at 100°C in a silicone oil bath for 30 min.

X-ray diffract meter (DX-1000, Dandong, China) with Cu Kα

radiation (λ = 1.54184 × 10–10 m) was utilized to identify the
crystalline structure of the sintered samples. The microstructure
of ceramics was observed by a scanning electron microscope
(SEM) (S-450, Hitachi, Japan). The piezoelectric constant was
measured using a piezo-d33 meter (ZJ-3A, China). The planar
electromechanical coupling factor (kp) was got by a resonance-
anti resonance method through an impedance analyzer (HP
4194A) on the basis of IEEE standards. The polarization hyster-
esis loops were obtained with a Radiant Precision Workstation
(USA) at room temperature.

3. Results and discussion
3.1 Phase development and microstructure
Figure 1 (a) shows the XRD patterns of (K0.52Na0.48)1–xLix

Fig. 2. SEM images of (K0.52Na0.48)1–xLix (Nb1–xSbx)O3 ceramics: (a) x = 0, (b) x = 0.05, (c) x = 0.07, and (d) x = 0.08.
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(Nb1–xSbx)O3 ceramics with different x values. It is evident that
the ceramics are of single perovskite phase as 0 ≤ x ≤ 0.07. It is
considered that Li+ and Sb5+ have entered into the (K0.52Na0.48)+

and Nb5+ sites, respectively, to form a homogeneous solid solu-
tion. Nevertheless, some characteristic peaks of non-perovskite
structure appear as x = 0.08, and the new phase presents in the
system. Fig. 1 (b) is the magnified patterns of Fig. 1 (a) in the
range of 2θ from 40° to 68°. It can be seen that the ceramic struc-
ture gradually changes with increasing x contents. As 0 ≤ x ≤
0.02, the ceramics are orthorhombic phase, and the ones are tet-
ragonal phase as 0.06 ≤ x ≤ 0.08. The orthorhombic and tetrag-
onal phases of the samples coexisted in the composition range of
0.04 ≤ x ≤ 0.05 at room temperature. It is also noted that the dif-
fraction peak shifts slightly to lesser angle while 2θ ~ 46.5°, and
new phase peaks appear while 2θ ~ 32.5° as x = 0.08. This phe-
nomenon is probably due to the geometrical distortion of the
ceramics along with increasing the substitution of Li+ for
(K0.52Na0.48)+ and Sb5+ for Nb5+. 

Figure 2 shows SEM images of (K0.52Na0.48)1–xLix (Nb1–

xSbx)O3 ceramics as a function of x sintered at their optimum
temperature. It is clear that this kind of ceramics with x being in
the experimental range possess clear grain boundary and the
crystallites size exhibits relatively homogeneous. As a result,
dense microstructures of ceramics are formed.

3.2 Electrical properties
Figure 3 (a) and (b) show the dielectric and piezoelectric

properties of (K0.52Na0.48)1–xLix (Nb1–xSbx)O3 ceramics as a func-
tion of the x respectively. It is obvious that d33 and kp values
enhance while 0 ≤ x ≤ 0.05, and then the values slide down with

x increases continuously. It is well known that buzzers applica-
tion is one of the important applications of piezoelectric ceram-
ics, and syntonic impedance (Rr) is the key parameter of buzzers.
It is essential to reduce Rr values of KNN-based lead-free piezo-
electric ceramics efficiently to commercial use. Therefore the
value of syntonic impedance (Rr) of the ceramics were measured.
The maximum values of d33 (303 pC/N) and kp (0.50) of the
ceramics appear at x = 0.05 [see Fig. 3(a)], while the relative
dielectric constant (K) and syntonic impedance (Rr) give their
values of 1228 and 66.1 Ω at x = 0.05 measured at 1 KHz [see
Fig. 3(b)] respectively.

P–E hysteresis loops of the (K0.52Na0.48)1–xLix (Nb1–xSbx)O3

ceramics measured at 20 Hz at room temperature are showed in
Fig. 4. It can be observed that the ceramics behave relatively bet-
ter rectangle-like P–E loops. As shown in Fig. 4, the coercive
field (Ec) gives its value of 0.310 kV/mm while x = 0, and
increasing x value to 0.04 and 0.10, Ec value equals to 0.598 KV/
mm and 1.224 kV/mm, respectively. Therefore, the coercive field
(Ec) of the ceramics increases with x. Nevertheless, the remnant
polarization (Pr) gives its value of 32.2 μC/cm2, 31.8 μC/cm2 and
26.8 μC/cm2 while x value equals to 0, 0.04 and 0.10, respec-
tively. Clearly, the remnant polarizations (Pr) of the ceramics
show a bit reduce with x increasing. For the ceramics with the
maximum values of d33 (303 pC/N) and kp (0.50) when x = 0.05,
the remnant polarization (Pr = 31.2 μC/cm2) and coercive field
(Ec = 0.770 kV/mm) values of the ceramics are also excellent.

4. Conclusions
(K0.52Na0.48)1–xLix(Nb1–xSbx)O3 lead-free piezoelectric ceram-

ics have been prepared by a solid state reaction, their microstruc-
ture and electrical properties were characterized in detail.
Clearly, the ceramics are of single perovskite phase as 0 ≤ x ≤
0.07, and the crystalline phases and microstructure of this kind
of ceramics exhibited much dependence on the x content, and the
orthorhombic and tetragonal phases of the samples coexisted in
the composition range of 0.04 ≤ x ≤ 0.05 at room temperature.
The ceramic with x = 0.05 show the better die-, piezo- and fer-
roelectric properties: piezoelectric constant d33 = 303 pC/N, pla-
nar electromechanical coupling coefficient kp = 0.50, the relative
dielectric constant K = 1228, syntonic impedance Rr = 66.1 Ω,
remnant polarization Pr = 31.2 μC/cm2, and coercive field Ec =
0.770 kV/mm. All of these results indicate that (K0.52Na0.48)1–

xLix(Nb1–xSbx)O3 lead-free piezoelectric ceramics are promising
Fig. 3. Dielectric (a) and piezoelectric (b) properties of (K0.52Na0.48)1–

xLix (Nb1–xSbx)O3 ceramics as a function of the x.

Fig. 4. P–E hysteresis loops of the (K0.52Na0.48)1–xLix (Nb1–xSbx)O3

ceramics measured at 20 Hz at room temperature.
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to practical applications.
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