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Abstract

(Ko.50Nag.50)0.97Big.01(Nb;_,Zr, )O3 (KNBNZ) lead-free ceramics were prepared by the conventional solid-state sintering process. Their phase
structure is dependent on the Zr content in the investigated range, and the ceramics endure a phase transition from pseudocubic to orthorhombic
with increasing Zr content. Improved piezoelectric properties have been observed when the poling temperature is located at ~ 100 °C because of
the coexistence of orthorhombic and tetragonal phases. Their dielectric and piezoelectric properties were enhanced by doping Zr, the ceramic with
x=0.02 showing optimal electrical properties, i.e., d33~ 161 pC/N, k,~0.41, Q;,~81, T.~370 °C, and T,_~ 130 °C. These results show that

the KNBNZ ceramic is a promising lead-free piezoelectric material.
© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

Pb(Zr,Ti)O5-based ceramics are conventional piezoelectric
materials and have been widely used in sensors and actuators
[1]. However, these lead-based ceramics result in serious
environmental pollution and human health problem during
processing and a waste of products. As a result, it is urgent to
develop lead-free piezoceramics with excellent electrical proper-
ties for replacing these lead-based ceramics [2—10]. Over the past
few years, considerable attention has been given to perovskite
lead-free piezoceramics because of their good electrical proper-
ties, such as (K, Na)NbOs, (BigsNag 5)TiOs, and BaTiO5; [2-11].
Among these perovskite lead-free ceramics, (K, Na)NbO; (KNN)
ceramics intrigue the enthusiasm of the researchers because of
their good piezoelectric properties, high Curie temperature, and
environmental friendliness [2,3,6—11].

As reported in the previous work, piezoelectric properties
of pure KNN ceramic could be greatly improved by some
methods [2,3,6-18], such as ion substitution, new preparation
technique, the introduction of other compositions, and so on.

*Corresponding author. Tel./fax: +86 28 8541 2202.
E-mail addresses: wujiagang0208 @ 163.com,
meswujg@scu.edu.cn (J. Wu).

Among these methods, the ion substitution becomes an effective
way to enhance the piezoelectric behavior of KNN-based
ceramics [6-11,13,17,18]. It has been reported that the densifica-
tion of KNN-based ceramics could be improved by doping ZrO,
[17]. Malic et al. has reported that the microstructure of pure
KNN ceramic with ZrO, becomes fine and uniform, and then
their dielectric and piezoelectric properties are also improved
[18]. However, the improvement in its piezoelectric constant
(d33~100 pC/N) is limited by the addition of Zr to KNN [18].

In this work, the Bi and Zr were simultaneously used
to modify the KNN ceramic for further improving its d33, and
(K0_50N30'50)0'97Bi001(Nbl_ ZI'X)O:; (KNBNZ) lead-free pieZO-
electric ceramics were prepared by the ordinary sintering. The
compositional dependence of the phase structure and electrical
properties of these ceramics have been studied, the effect of the
poling temperature on its piezoelectric properties has been also
investigated, and the underlying physical mechanism has been
described.

2. Experimental procedure

(Ko.50Na0.50)0.97B10.01(Nb; _Zr,)O3 (x=0, 0.01, 0.02, 0.04,
and 0.05) lead-free piezoelectric ceramics were prepared by the
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conventional mixed oxide method. Na,CO3 (99.8%), K,CO3
(99.0%), Nb,Os (99.5%), ZrO, (99.0%), and Bi,O3 (99.0%)
were used as starting raw materials, and they were ball milled
for 24 h with agate ball media and ethanol. After calcination at
850 °C for 6 h, these calcined powders were again milled for
12 h, and then pressed into disks of ~1.5 cm in diameter and
~ 1.0 mm in thickness at 10 MPa using PVA as a binder. After
burning off PVA, the pellets were sintered at 1110-1130 °C
for 3h in air. Silver paste was fired on both sides of the
samples at 700 °C for 10 min to form the electrodes for
electrical measurements. These samples were polarized in a
silicon oil bath under different temperatures by applying a
direct current electric field of 3—-5 kV/mm for 20 min.

X-ray diffraction (XRD) characterization of these sintered
samples was performed using Cu k, radiation in the 6—26 scan
mode (Bruker D8 Advanced XRD, Bruker AXS Inc., Madison,
WI, CuKa). Scanning electron microscopy (SEM) (Philips, XL30)
was employed to study the surface morphology of these ceramics.
The temperature dependence of the dielectric constant and the loss
of these sintered samples were examined using a programmable
furnace with an LCR analyzer (HP 4980, Agilent, USA). The. d33.
value was measured using a piezo-ds3 meter (ZJ-3A, China). The
mechanical quality factor Q,, and the planar electromechanical
coupling factor k, were measured by using an impedance analyzer
(HP 4294A).

3. Results and discussion

Fig. 1(a) shows the XRD patterns of KNBNZ ceramics as a
function of Zr content, measured at room temperature. All the
ceramics exhibit a typical perovskite structure, and no secondary
phases are detected, indicating that Zr has completely diffused
into the KNBN ceramic to form a new solid solution. In order to
further analyze the effect of the Zr addition on the phase
structure of KNBNZ ceramics, the expanded XRD analysis has
been performed in the range of 20=21-23° and 44-47°. Fig. 1
(b) and (c) shows the corresponding XRD patterns of KNBNZ
ceramics in the range of 20=21-24° and 44-47°, respectively.
As shown in Fig. 1(b) and (c), the pure KNBN ceramic has a
pseudocubic phase at room temperature, and the orthorhombic
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structure appears and increases continuously with increasing
Zr content. Moreover, the peak position is shifted to a higher
angle with increasing Zr content. This phenomenon should be
attributed to a larger ionic radius of Zr’*, compared with that
of Nb°*.

Fig. 2(a)—(c) shows the SEM patterns of KNBNZ ceramics as a
function of Zr content with x=0, 0.02, and 0.04, respectively.
Their grain size increases dramatically with increasing Zr content,
reaching a maximum value at x=0.02, and decrease quickly with
further increasing Zr content. This result indicates that a low
concentration of Zr has entered the lattice of KNBN ceramics,
promoting the grain growth. However, their grain size reduces
rapidly with further increasing Zr content because the excessive
Zr segregates at the grain boundary and prohibits the grain
growth. Moreover, a denser microstructure is also observed in the
ceramic with x=0.02. As a result, the introduction of optimal Zr
content promotes the grain growth and the density of KNN
ceramics.

The temperature dependence of the dielectric constant
for KNBNZ ceramics with x=0, 0.02, and 0.04 has been
measured at 10 kHz, as shown in Fig. 3(a). The pure KNBN
ceramic undergoes two phase transitions, i.e., orthorhombic to
tetragonal phase (7,..~206 °C) and tetragonal to cubic phase
(T.~383 °C) [19,20]. Their T,_, value is gradually shifted to a
lower temperature, while the 7, value decreases slightly with
increasing Zr content [17]. Fig. 3(b) shows the temperature
dependence of the dielectric loss for KNBNZ ceramics with
x=0, 0.02, and 0.04, measured at 10 kHz. The KNBNZ
ceramic with x=0.02 has a lower dielectric loss in the
temperature range of room temperature ~250 °C [18].

Fig. 4 plots the dielectric constant (¢;) and dielectric loss
(tan §) of KNBNZ ceramics as a function of x, measured at
room temperature and 100 kHz. Their &, value almost drops
gradually with increasing x. Their tan 6 value firstly decreases,
reaching minimum at x=0.02, and increases dramatically with
further rising x. As a result, the ceramic with x=0.02 has
a lower tan 6 of ~2.46% because of a dense microstructure.

Fig. 5 shows the piezoelectric constant (ds3), the planar
electromechanical coupling factor (k,), and the mechanical quality
factor (Q,,) of KNBNZ ceramics as a function of x. As shown
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Fig. 1. (a) XRD patterns as well as (b) and (c) expanded XRD patterns of KNBNZ ceramics.
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Fig. 2. SEM patterns of KNBNZ ceramics as a function of Zr content: (a) x=0, (b) x=0.02, and (c) x=0.04.
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Fig. 3. Temperature dependence of (a) dielectric constant and (b) dielectric
loss of KNBNZ ceramics.
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Fig. 4. Dielectric constant and dielectric loss of KNBNZ ceramics as a
function of Zr content.
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Fig. 5. Piezoelectric properties and mechanical quality factor of KNBNZ
ceramics as a function of Zr content.
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Fig. 6. Effect of the poling temperature on the piezoelectric properties of
KNBNZ ceramics with x=0.02.

in Fig. 5, the d3; value increases with increasing x, reaches
maximum (~161 pC/N) at x=0.02, and then decreases with
further increasing x. Similarly to the change of ds3 values, the &,
value also reaches maximum (~0.40) at x=0.02. A low Q,, value
is demonstrated in the range of 22—-126. These results indicate that
the KNBNZ ceramic (x=0.02) possesses better piezoelectric
properties at room temperature, which is twice that of pure KNN
ceramic [19,20]. As a result, the phase transition from pseudocubic
to orthorhombic plays an important role in improving the piezo-
electric properties of KNBNZ ceramics, together with a dense
microstructure induced by the introduction of optimal Zr content
[18]. Moreover, the larger grain results in the reduction of the grain
boundary of KNBNZ ceramic with x=0.02, which makes the
domain easily switch and results in a high piezoelectricity [21].

Fig. 6 plots the effect of the poling temperature on the ds;
and k, values of KNBNZ ceramics with x=0.02. Both d33 and
k, almost increase with increasing poling temperature, and
reach maximum (d33~ 161 pC/N and k,~0.41) when polar-
ized at 100 °C In order to illuminate its underlying physical
mechanism, the temperature of the ¢, of KNBNZ ceramics with
x=0.02 was also shown in Fig. 6. Similarity to the change
of ds3 and k, values, a similar phenomenon has also been
observed in the curve of ¢, vs. T, and the poling temperature is
close to the T, of KNBNZ ceramics. As a result, improved
piezoelectric properties were obtained when the poling tempera-
ture is ~ 100 °C because of the coexistence of orthorhombic and
tetragonal phases.

4. Conclusions

(Ko.s0Nag 50)0.97Bi0.01(Nb; _Zr,)O3 (KNBNZ) lead-free piezo-
electric ceramics with improved electrical properties were



8024 X. Wang et al. / Ceramics International 39 (2013) 8021-8024

synthesized by the conventional solid-state reaction. Their compo-
sitional dependence of phase structure and electrical properties has
been studied, and the poling temperature significantly affects the
piezoelectric properties of KNBNZ ceramics. Enhanced electrical
properties have been observed in the ceramic with x=0.02,
showing that the introduction of Zr is an effective way to improve
the piezoelectric properties of KNN-based ceramics.

Acknowledgments

Authors gratefully acknowledge the supports of the National
Science Foundation of China (NSFC nos. 51102173 and
51272164), the introduction of talent start funds of Sichuan
University (2082204144033), and the Fundamental Research
Funds for the Central Universities (2012SCU04A01).

References

[1] B. Jaffe, Piezoelectric Ceramics, Academic Press, India, 1971 (Chapter 7).
[2] Y. Saito, H. Takao, T. Tani, T. Nonoyama, K. Takatori, T. Homma,
T. Nagaya, M. Nakamura, Lead-free piezoceramics, Nature 432 (2004) 84-87.

[3] J. Rodel, W. Jo, K.T.P. Seifert, E.M. Anton, T. Granzow, D. Damjanovic,
Perspective on the development of lead-free piezoceramics, Journal of the
American Ceramic Society 92 (2009) 1153-1177.

[4] J. Wu, D. Xiao, W. Wu, Q. Chen, J. Zhu, Z. Yang, J. Wang, Role of
room-temperature phase transition in the electrical properties of (Ba, Ca)
(Ti, Zr)O5 ceramics, Scripta Materialia 65 (2011) 771-774.

[5S] W.F. Liu, X.B. Ren, Large piezoelectric effect in Pb-Free ceramics,
Physical Review Letters 103 (2009) 257602.

[6] S.J. Zhang, R. Xia, T.R. Shrout, Modified (K, sNajs)NbO; based lead-
free piezoelectrics with broad temperature usage range, Applied Physics
Letters 91 (2007) 132913.

[7]1 J.G. Wu, Y.Y. Wang, D.Q. Xiao, J.G. Zhu, P. Yu, L. Wu, WJ. Wu,
Piezoelectric properties of LiSbO;-modified (K4gNagsp)NbO; lead-free
ceramics, Japanese Journal of Applied Physics 46 (2007) 7375-7377.

[8] Y. Guo, K. Kakimoto, H. Ohsato, Phase transitional behavior and
piezoelectric properties of (Nag ;Ko s)NbO;—LiNbO; ceramics, Applied
Physics Letters 85 (2004) 4121-4213.

[9] J.G. Wu, D.Q. Xiao, Y.Y. Wang, J.G. Zhu, L. Wu, Y.H. Jiang, Effects of
K/Na ratio on the phase structure and electrical properties of (K,Nag o6

_Lin.04)(Nbg.91Tag 05Sbg 04)O3 lead-free ceramics, Applied Physics
Letters 91 (2007) 252907.

[10] E.Z. Li, H. Kakemoto, S. Wada, T. Tsurumi, Enhancement of Qm by co-
doping of Li and Cu to potassium sodium niobate lead-free ceramics,
IEEE Transactions on Ultrasonics Ferroelectrics and Frequency Control
55 (2008) 980-987.

[11] J. Du, X. Yi, C. Ban, Z. Xu, P. Zhao, C. Wang, Piezoelectric properties
and time stability of lead-free (Nag s5,Kq.44Lig 04)Nb;_,_,Sb,Ta, 03 cera-
mics, Ceramics International 39 (2013) 2135-2139.

[12] J.G. Wu, D.Q. Xiao, Y.Y. Wang, W.J. Wu, B. Zhang, J. Li, J.G.
Zhu, CaTiOs-modified [(KgsNag 5)o.94Li0.06](NDg.04Sbg 06)O3 lead-free
piezoelectric ceramics with improved temperature stability, Scripta
Materialia 59 (2008) 750-752.

[13] M. Matsubara, T. Yamaguchi, W. Sakamoto, K. Kikuta, T. Yogo, S. Hirano,
Processing and piezoelectric properties of lead-free (K,Na)(Nb,Ta)Os
ceramics, Journal of the American Ceramic Society 88 (2005) 1190-1196.

[14] R.Z. Zuo, X.S. Fang, C. Ye, Phase structures and electrical properties of
new lead-free (Nag sKo5)NbO3;—(Bij sNag 5)TiO5 ceramics, Applied Phy-
sics Letters 90 (2007) 092904.

[15] H.L. Du, W.C. Zhou, F. Luo, D.M. Zhu, S.B. Qu, Z.B. Pei, Perovskite
lithium and bismuth modified potassium-sodium niobium lead-free
ceramics for high temperature applications, Applied Physics Letters 91
(2007) 182909.

[16] J.F.Li, K. Wang, B.P. Zhang, L.M. Zhang, Ferroelectric and piezoelectric
properties of fine-grained Nag 5K sNbOj3 lead-free piezoelectric ceramics
prepared by spark plasma sintering, Journal of the American Ceramic
Society 89 (2) (2006) 706-709.

[17] G. Lévéque, P. Marchet, F. Levassort, L.P. Tran-Huu-Hue, J.R. Duclere,
Lead free (Li,Na,K)(Nb,Ta,Sb)O; piezoelectric ceramics: influence of
sintering atmosphere and ZrO, doping on densification, microstructure
and piezoelectric properties, Journal of the European Ceramic Society 31
(2011) 577-588.

[18] B. Malic, J. Bernard, A. Bencan, M. Kosec, Influence of zirconia addition on
the microstructure of KgsNagsNbO; ceramics, Journal of the European
Ceramic Society 28 (2008) 1191-1196.

[19] G. Shirane, R. Newnham, R. Pepinsky, Dielectric properties and phase
transitions of NaNbO3 and (Na,K)NbO;, Physical Review 96 (1954) 581-588.

[20] R.E. Jaeger, L. Egerton, Hot pressing of potassium-sodium niobates,
Journal of the American Ceramic Society 45 (1962) 209-213.

[21] H. Du, D. Liu, F. Tang, D. Zhu, W. Zhou, Microstructure, piezoelectric, and
ferroelectric properties of Bi,Oz-added (KqsNags)NbO; lead-free ceramics,
Journal of the American Ceramic Society 90 (9) (2007) 2824-2829.



	Compositional dependence of phase structure and electrical properties in (K0.50Na0.50)0.97Bi0.01(Nb1−xZrx)O3 lead-free...
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	Acknowledgments
	References




