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Abstract

(Na0.52K0.44Li0.04)Nb1�x�ySbxTayO3 (NKLNST-x/y) lead-free piezoelectric ceramics were prepared by conventional solid-state

reaction method. Their crystal structure was determined by X-ray diffraction, and the temperature dependence of dielectric constants

was measured. It is found that Sb5þ and Ta5þ diffuse into the (Na0.52K0.44Li0.04)NbO3 lattice to form a solid solution with a perovskite

structure. The co-substitution of Sb5þ and Ta5þ for B-site Nb5þ decreases both the paraelectric cubic-tetragonal phase transition

temperature (TC) and the tetragonal-orthorhombic phase transition temperature (TO-T) of the (Na0.52K0.44Li0.04)NbO3 ceramics, and

results in significant improvements in piezoelectric properties. Enhanced electrical and electromechanical responses of d33¼335 pC/N

and kp¼0.46 are obtained in the ceramics with x/y¼0.08/0.05. Meanwhile, piezoelectric properties of the NKLNST-0.08/0.05 ceramic

show no obvious reduction and dielectric loss increases slightly when exposed in air for 30 day. The results indicate that NKLNST-x/y

ceramic is a promising lead-free piezoelectric candidate material.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-based piezoelectric ceramics, represented by lead
zirconate titanate (PZT) for example, are widely used for
piezoelectric actuators, sensors and transducers due to their
excellent piezoelectric properties. However, the use of lead-
based piezoelectric materials may pollute the environment and
is harmful to human body, which is opposite to the needs of
the sustainable development and the environmental protection
of the world. Therefore, extensive research has been directed
at replacing lead-based ceramics with lead-free piezoelectric
materials [1–3].

(K, Na)NbO3 (KNN)-based piezoelectric ceramics are
considered to be excellent candidates for lead-free piezo-
electric materials due to their excellent piezoelectric and
electromechanical properties at room temperature [4–6].
Nevertheless, pure KNN ceramics are difficult to densify
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by ordinary sintering method since their phase stability is
limited to 1140 1C [7]. KNN modified by other compound
has been studied in order to improve its piezoelectric pro-
perties [8,9]. It is generally accepted that the addition of Ta
can significantly improve the piezoelectric performance of the
KNN ceramics and the addition of Sb can enhance stability
and compactness of the KNN ceramics [10,11]. Excellent
piezoelectric and electromechanical properties have been
achieved in Li, Sb and Ta co-modified KNN ceramics since
Saito developed KNN-based non-textured ceramics (LF4)
with a d33 value of 300 pC/N [12], which was comparable to
those of unmodified PZT ceramics. Therefore, a number of
studies have been focused on Li, Sb and Ta co-modified
KNN systems, confirming that they have the potential of
practical application as substitutes for lead-based piezo-
ceramics [13,14]. However, there are few reports on the
effects of the simultaneous change of Sb and Ta contents on
the properties of (K, Na, Li)NbO3 ceramics. Therefore, in
this paper, (Na0.52K0.44Li0.04)Nb1�x�ySbxTayO3 ceramics
were chosen as the objects, and further compositional
modifications were performed.
ll rights reserved.
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2. Experimental

(Na0.52K0.44Li0.04)Nb1�x�ySbxTayO3 (NKLNST-x/y)
ceramics (x/y=0/0, 0.04/0.025, 0.08/0.05, 0.12/0.075 and
0.16/0.1) were prepared by the conventional fabrication
technique. Powders of K2CO3 (99%), Li2CO3 (99.99%),
Na2CO3 (99.8%), Sb2O3 (99%), Ta2O5 (99.99%) and Nb2O5

(99.5%) were used as raw materials. The above chemicals
were mixed by ball-milling in ethanol for 12 h and dried.
Two calcinations at temperature 890 1C for 4.5 h were
performed. The calcined powders were milled for a further
12 h. The dried powders were subsequently pressed into
disks of 15 mm in diameter and 1.5 mm in thickness under
200 MPa. Sintering was carried out in ambience at their
optimum sintering temperatures between 1090 and 1125 1C
for 3 h, which were determined by measuring the maximum
mass densities. During sintering, specimens were muffled
with the same compositions powders to restrain alkaline
elements evaporation. Silver paste was fired on both sides of
the samples at 575 1C for 30 min as the electrodes for
dielectric and piezoelectric measurements. The sintered
samples were poled under a dc field of 4 kV/mm at room
temperature in a silicone oil bath for 20 min.

Density of samples was determined by the Archimedes
method. The phase structure and microstructure of ceramics
were examined by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The piezoelectric constant d33
was measured using a quasi-static d33 meter. Temperature
dependence of dielectric permittivity was measured with an
Agilent 4294A precision impedance analyzer. The planar
electromechanical coupling factor kp was calculated by the
resonance-antiresonance method using the precision impe-
dance analyzer on the basis of IEEE standards.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of (Na0.52K0.44

Li0.04)Nb1�x�ySbxTayO3 ceramics. All the ceramics show
perovskite structure and only a trace of the secondary phase
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Fig. 1. XRD patterns of (Na0.52K0.44Li0.04)Nb1�x�ySbxTayO3 ceramics.
can be detected as x/y is 0.16/0.1. The ceramic with x/y¼0/0
contains the orthorhombic phase only, while the ceramics
with x/y¼0.04/0.025, 0.08/0.05 and 0.12/0.075 display the
coexistence of orthorhombic and tetragonal phases. The
NKLNST-0.16/0.1 ceramic shows no evidence of peak
splitting at about 451 and is labeled as pseudo-cubic.
Fig. 2 shows the temperature dependence of er of (Na0.52

K0.44Li0.04)Nb1�x�ySbxTayO3 ceramics at 10 kHz. For the
sample with x/y¼0/0, two dielectric peaks are observed
at 463 and 157 1C, corresponding to the phase transitions
of cubic-tetragonal at TC and tetragonal-orthorhombic at
TT-O. The samples with x/y¼0.04/0.025, 0.08/0.05, and
0.12/0.075 undergo the same two phase transitions, and
their TO-T is close to room temperature, suggesting that the
orthorhombic and tetragonal phases coexist in the cera-
mics. For the sample with x/y¼0.16/0.1, only one er peak
is observed in the examined temperature range. These
results are consistent with the XRD results. As also seen in
Fig. 2, TC decreases gradually with increasing Ta and Sb,
accompanied by peak broadening, indicating that the
relaxor-like behavior becomes more obvious. The x/y¼
0.16/0.1 sample possesses pseudo-cubic phase and shows a
broader dielectric peak, which may be ascribed to the
coexistence of ferroelectric domains and nonpiezoactive
(paraelectric) regions in the vicinity of TC [15].
Fig. 3 shows variation of the 1/er as a function of

temperature at 10 kHz for the (Na0.52K0.44Li0.04)Nb0.935
Sb0.04Ta0.025O3 ceramic. The deviation degree from the
Curie-Weiss law can be defined by the following DTm:

DTm ¼ Tdev�Tm

in which Tdev is the temperature at which dielectric
permittivity starts to deviate from the Curie–Weiss law.
It can be seen from Fig. 3 that the dielectric permittivity of
the (Na0.52K0.44Li0.04)Nb0.935Sb0.04Ta0.025O3 ceramic obeys
the Curie–Weiss law at 8 1C higher than the Tm. The cal-
culated DTm increases linearly from 3 to 97 1C with
increasing Ta and Sb, indicating an enhanced diffuse phase
transition behavior. In order to effectively describe the
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Fig. 2. Temperature dependence of the dielectric constant er of (Na0.52K0.44

Li0.04)Nb1�x�ySbxTayO3 ceramics at 10 kHz.
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diffuseness of a phase transition, a modified Curie–Weiss
law has been proposed [16]:

1

e
�

1

em

¼
ðT�TmÞ

g

C

where C is the Curie constant, and g is the indicator of the
diffuseness degree, ranging between 1 corresponding to
normal ferroelectric behavior and 2 representing the so-
called complete diffuse phase transition. The g values can be
determined from the slopes of log(1/e�1/em) versus log
(T�Tm) lines which are shown in Fig. 4. The g value varies
from 1.105 to 1.723, indicating that the NKLNST-x/y
ceramics exhibit obvious diffuse phase transition behavior
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Fig. 3. Variation of the 1/er as a function of temperature at 10 kHz for the

(Na0.52K0.44Li0.04)Nb0.935Sb0.04Ta0.025O3 ceramic.
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Fig. 4. Log(1/e�1/em) as a function of log(T�Tm) at 10 k
at high concentrations of Ta and Sb. The relaxor-like
behavior in NKLNST-x/y ceramics should attribute to the
cationic disorder and compositional fluctuation induced by
B-site substitutions.
Fig. 5 presents the surface SEM pictures of (Na0.52K0.44-

Li0.04)Nb1�x�ySbxTayO3 ceramics. As shown in Fig. 5(a)–(c),
highly dense microstructures without pores achieve as
x/y¼0/0, 0.04/0.025 and 0.08/0.05. It is observed that the
grains are slightly smaller for x/y¼0.08/0.05 (Fig. 5(c)),
suggesting that the growth of the grain could be depressed
by the addition of a proper amount of Sb and Ta. With
further increasing of the doping contents, the grains grow to
oversize themselves by consuming small ones near by and
the density begins to decline as shown in the case of samples
with x/y¼0.12/0.075 and 0.16/0.1 (Fig. 5(d) and (e)).
The (Na0.52K0.44Li0.04)Nb1�x�ySbxTayO3 ceramics were

sintered at different temperatures depending on their
compositions. Table 1 presents the optimum sintering
temperature and piezoelectric properties of (Na0.52K0.44-

Li0.04)Nb1�x�ySbxTayO3 ceramics. The optimum sintering
temperature determined by the maximum mass density for
each composition is found to increase with the Sb and Ta
contents. The ceramic with x/y¼0.08/0.05 shows the
optimum piezoelectric properties: d33¼335 pC/N and
kp¼0.46. The enhanced piezoelectricity should be ascribed
to the orthorhombic-tetragonal polymorphic phase transi-
tion near room temperature. Although the ceramics with
x/y¼0.04/0.025 and 0.12/0.075 also contain both the
orthorhombic and tetragonal phases, their piezoelectric
properties are poorer due to their lower densities. There-
fore, the phase coexistence and the high density contribute
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Fig. 5. Surface SEM micrographs of (Na0.52K0.44Li0.04)Nb1-x-ySbxTayO3 ceramics: (a) x/y¼0/0, (b) x/y¼0.04/0.025, (c) x/y¼0.08/0.05, (d) x/y¼0.12/

0.075, and (e) x/y¼0.16/0.1.

Table 1

Optimum sintering temperature and electrical properties of (Na0.52K0.44Li0.04)Nb1�x�ySbxTayO3 ceramics.

x¼0, y¼0 x¼0.04, y¼0.025 x¼0.08, y¼0.05 x¼0.12, y¼0.075 x¼0.16, y¼0.1

d33 (pC/N) 172 267 335 234 190

kp (%) 34 46 46 30 41

Tand (%) 2.4 4.7 4.1 5.4 5.5

r (g/cm3) 4.232 4.260 4.309 3.912 4.095

Sintering temperature (1C) 1090 1100 1108 1117 1125
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Fig. 6. Values of d33 and tand of the (Na0.52K0.44Li0.04)Nb1�x�y

SbxTayO3 ceramics determined 1 day after poling and 30 day later.
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to the improvement in electrical properties of the NKLNST
-0.08/0.05 ceramic.

To characterize the time stability of (Na0.52K0.44Li0.04)
Nb1�x�ySbxTayO3 ceramics, all samples were ageing about
30 day at room temperature. The piezoelectric constant d33
and dielectric loss tand of the one month aged samples are
shown in Fig. 6. The initial data determined 24 h after poling
are also provided for comparison. It can be observed that
the properties of the NKLNST-0.12/0.075 and NKLNST-
0.16/0.1 ceramics decrease more significantly than other
samples. The grain morphology of the ceramics is believed
to associate closely with domain configurations [17]. The
increased grain size will lead to a decreased grain boundary
area that results in reduced hindrance to domain re-orienta-
tion. However, the domain wall relaxation is eased when the
poling field is removed for the specimens with large grains. It
can be seen from Fig. 5 that the NKLNST-0.12/0.075 and
NKLNST-0.16/0.1 ceramics have coarse grain structure.
Therefore, their properties decrease obviously after keeping
30 day in air due to the domain wall relaxation. It is also
seen that the piezoelectric properties of the NKLNST-0.08/
0.05 ceramic show no obvious reduction when exposed in air
for 30 day, showing that the ceramic has better time stability.

4. Conclusions

In conclusion, pressureless sintering (Na0.52K0.44Li0.04)
Nb1�x�ySbxTayO3 ceramics were prepared by the conven-
tional mixed-oxide technique. The effects of varying quantity
of Sb and Ta on the electrical properties of (Na0.52K0.44-

Li0.04)NbO3 ceramics are examined. The NKLNST-x/y
ceramics have obvious diffuse phase transition character-
istics at high concentrations of Ta and Sb. Good piezo-
electric properties and enhanced time stability are obtained
for the sample of NKLNST-0.08/0.05. The present study
shows that dense NKLNST-x/y ceramics with enhanced per-
formances can be achieved by further optimizing Ta and Sb
contents.
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