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Abstract

(1�x)K0.50Na0.50NbO3–xBa0.80Ca0.20ZrO3 [(1�x)KNN–xBCZ] lead-free ceramics were prepared by the conventional solid-state

method, and the effect of BCZ content on their phase structure and piezoelectric properties was studied. A coexistence of

rhombohedral–orthorhombic phases was identified in the range 0.04oxo0.08. With increasing the BCZ content, their grain size

becomes smaller, and their Curie temperature gradually decreases. An optimum piezoelectric behavior of d33�197 pC/N and kp�40.6%

was demonstrated in the ceramic with x¼0.06 because of the coexistence of two phases. As a result, the introduction of BCZ could

further improve piezoelectric properties of KNN ceramics.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead-based piezoelectric ceramics have been extensively
applied in actuators, sensors, transducers, and surface
acoustic wave devices [1,2]. However, it is an urgent task
to replace lead-based materials by using lead-free ones
because of the toxicity of lead oxide during the preparation
process [3–19]. (K, Na)NbO3 (KNN) materials have been
recently given considerable attention because of their good
piezoelectric constant (d33), a high Curie temperature (Tc),
and environmental friendliness [3,4,7–17], which are con-
sidered as a promising candidate in the field of lead-free
piezoelectric ceramics. However, it is difficult to obtain
dense KNN ceramics with a high d33 value by using the
conventional sintering method [3,4]. Some attempts have
been used to improve the density and piezoelectric proper-
ties of KNN-based ceramics, such as preparation method
[7], ion substitution [8–17], and so on. Among these, it is an
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effective way to improve their density and electrical proper-
ties by forming the phase boundary using various ABO3

compounds, such as KNN–LiSbO3 [9], KNN–LiNbO3 [10],
KNN–(Bi0.5Na0.5)TiO3 [14], and KNN–BaTiO3 [17].
The phase boundary in functional materials is generally

associated with a narrow composition region [20]. In
order to construct the phase boundary in KNN ceramics,
their rhombohedral–orthorhombic transition temperature
(TR–O) could be tailored to be near room temperature by
doping other compositions [21]. BaZrO3 (BZ) has a para-
electric phase, which can stabilize the rhombohedral phase
of KNN [21]. It has been recently reported that the TR–O

near room temperature could be induced by introducing
BZ into KNN ceramics [22]. Moreover, the addition of
CaZrO3 could also shift the TR–O to be above room
temperature [23]. However, there are few reports on the
effect of BaZrO3 and CaZrO3 on the phase structure and
electrical properties of KNN ceramics.
In the present work, (1�x)K0.50Na0.50NbO3–xBa0.80

Ca0.20ZrO3 [(1�x)KNN–xBCZ] ceramics were prepared
by the conventional solid-state method, and the effect of
BCZ content on their phase structure and piezoelectric
ll rights reserved.
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properties was investigated. An enhanced piezoelectric
behavior was demonstrated in such a ceramic by con-
structing the phase boundary, and the underlying physical
mechanism was also illuminated.

2. Experimental procedure

(1�x)KNN–xBCZ ceramics with x¼0, 0.02, 0.04, 0.06,
0.08, and 0.10 were prepared by a conventional ceramic
fabrication technique. K2CO3 (99.0%), Na2CO3 (99.8%),
Nb2O5 (99.5%), BaCO3 (99.0%), CaCO3 (99.0%), and ZrO2

(99%) were used as raw powders, and were weighed according
to their stoichiometric ratio. These weighed powders were
mixed in a polyethylene jar with ZrO2 for 24 h using alcohol as
a medium, then dried, and calcined at 850 1C for 4 h. Calcined
powders were re-mixed, ground with PVA solution as a
binder, and pressed into pellets of 10 mm in diameter and
sintered at a sintering temperature of �1110–1170 1C for 3 h
in air. Silver pastes were fired at �650 1C for 10 min on both
sides of these samples as electrodes for electrical measure-
ments. All samples were poled at a temperature of 150 1C in a
silicone oil bath under a dc field of �4.0 kV/mm for 20 min.

X-ray diffraction with a CuKa radiation (XRD; D8
Advance, BrukerInc., Karlsruhe, Germany) was used to
identify their phase structure. Scanning electron microscopy
(SEM) was employed to study their surface microstructure.
Their dielectric behavior as a function of the measurement
temperature was obtained by using an LCR meter (HP 4980,
Agilent, USA), and their d33 was measured by using a piezo-
d33 meter (ZJ-3A, China).

3. Results and discussion

Fig. 1(a) shows the XRD patterns of (1�x)KNN–xBCZ
ceramics in the 2y range of 20–601, measured at room
Fig. 1. (a) XRD patterns of (1�x)KNN–xBCZ ceramics, and (
temperature. All the ceramics have a pure perovskite phase
without any secondary phases. Fig. 1(b) shows their
expanded XRD patterns in the 2y range of 42–481. These
ceramics with xr0.04 have an orthorhombic phase, while
a rhombohedral structure is observed in these ceramics
with xZ0.08. Therefore, a coexistence of rhombohedral
and orthorhombic phases was identified in the composi-
tional range of 0.04oxo0.08.
To study the influence of BCZ content on the microstruc-

ture of KNN ceramics, their surface morphologies were
characterized by the SEM. Fig. 2(a)–(d) shows the correspond-
ing SEM patterns of (1�x)KNN–xBCZ ceramics with x¼0,
0.04, 0.06, and 0.08. All the ceramics have a dense micro-
structure regardless of BCZ content. Their grain size gradually
decreases with increasing the BCZ content because the
introduction of BCZ prohibits the grain growth of KNN
ceramics, where BCZ may partly exist near the grain boundary
[23].
Subsequently, we investigated the influence of BCZ content

on the Curie temperature of KNN ceramics. Fig. 3 shows the
temperature dependence of the dielectric constant of (1-
x)KNN–xBCZ in the temperature range of room temperature
�500 1C. As shown in Fig. 3, excessive BCZ results in a
relaxor behavior of KNN ceramics [22,23]. The inset in Fig. 3
plots their Tc and To–t values as a function of BCZ content.
These Tc and To–t values decrease with increasing the BCZ
content [22,23]. Their Tc value almost linearly decreases with
increasing x, while it is still above room temperature,
confirming that these ceramics with xZ0.08 belong to a
ferroelectric rhombohedral phase rather than a paraelectric
cubic phase (Fig. 1).
Fig. 4 plots the kp, d33, and Qm values of (1�x)KNN–

xBCZ ceramics as a function of BCZ content. An improved
piezoelectric behavior of d33�197 pC/N and kp�40.6% was
observed in the ceramic with x¼0.06, and their Qm value
b) expanded XRD patterns of (1�x)KNN–xBCZ ceramics.



Fig. 2. SEM patterns of (1�x)KNN–xBCZ ceramics with (a) x¼0, (b) x¼0.04, (c) x¼0.06, and (d) x¼0.08.

Fig. 3. Temperature dependence of the dielectric constant of (1�x)KNN–

xBCZ ceramics, the inset is their Tc and To-t as a function of BCZ content

Fig. 4. Piezoelectric properties and mechanical coupling factor of

(1�x)KNN–xBCZ ceramics as a function of BCZ content.
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gradually decreases with increasing the BCZ content. In this
work, the d33 value of �197 pC/N is much higher than those
of pure KNN ceramics prepared by a hot pressing or a spark
plasma sintering [4,24], and is also higher than that of KNN–
CaZrO3–LiNbO3 ceramics with TR–O [25], as shown in
Table 1. It is well known that the phase boundary strongly
affects piezoelectric properties of KNN-based ceramics
[9,10,14,17,20,22,23], such as an orthorhombic–tetragonal
phase transition [9,10,13], a rhombohedral–tetragonal phase
transition [22,23], and a rhombohedral and orthorhombic
phase transition [21,25]. In this work, a TR–O was involved
in (1–x)KNN–xBCZ with x¼0.06. As a result, an enhanced
d33 value of �197 pC/N could be largely due to the involve-
ment of such a TR–O in the ceramic with x¼0.06 because of
the involvement of more possible polarization states.
Moreover, a dense microstructure may partly improve its
piezoelectric properties.
4. Conclusions

(1�x)KNN–xBCZ ceramics were prepared by the con-
ventional solid-state method. A coexistence of rhombohe-
dral and orthorhombic phases was detected in the range of
0.04oxo0.08. The introduction of BCZ results in the
decrease of the grain size and a denser microstructure.
Moreover, their Curie temperature also decreases with
increasing the BCZ content. The ceramic with x¼0.06 has
an enhanced piezoelectric behavior of d33�197 pC/N and
kp�40.6% because of the coexistence of two phases at
room temperature.



Table 1

Properties of KNN-based piezoelectric ceramics.

Material systems d33 (pC/N) kp Tc (1C) Reference

KNN 80 0.360 — [4]

KNN (SPS) 148 0.390 — [24]

KNN–CaZrO3–LiNbO3 145 0.332 �320 [25]

0.94KNN–0.06BCZ 197 0.406 �281 In this work
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