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bstract

s a candidate for lead-free piezoelectric materials, Na2O excess 95(Na0.5K0.5)NbO3–5LiTaO3 (NKN–5LT) ceramics were developed by conven-
ional sintering process. Sintering temperature was lowered by adding Na2O as a sintering aid. Abnormal grain growth in NKN–5LT ceramics was
bserved with varying Na O contents. This grain growth behavior was explained in terms of interface reaction-controlled nucleation and growth.
2

he electrical properties of NKN–5LT ceramics were investigated as a function of Na2O concentration. In the 1 mol% Na2O excess NKN–5LT
amples sintered at 1050 ◦C for 4 h in air, electromechanical coupling factor and piezoelectric constant of NKN–5LT ceramics were found to reach
he highest values of 0.43 and 230 pC/N, respectively.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Lead-based piezoelectric ceramics such as Pb(ZrxTi1−x)O3
PZT) have excellent piezoelectric properties and are applied to
any piezoelectric devices today.1,2 Though these ceramics pos-

ess high properties, they cause serious environmental problems
ue to containing lead to over 60 wt%. Therefore, to develop
ead-free piezoelectrics with superior piezoelectric properties
as been urged by the practical usage. Among several candidates
or lead-free materials, alkali niobate-based materials, such as
a0.5K0.5NbO3 (NKN), are well-known harmless materials and
romising candidates for PZT alternative materials because of
heir excellent piezoelectric properties.3–11 Because potassium
iobate-based ceramics are difficult to sinter, many researches
ave been done on hot press and spark plasma sintering of
KN based ceramics.3–5 The hot pressed NKN ceramics have
een reported to possess high Curie temperature (420 ◦C), large
iezoelectric longitudinal response (160 pC/N) and high planar
lectromechanical coupling factor (0.45).3,4 In addition, syn-
hesizing by spark plasma sintering has been found to produce

ead-free materials suitable for industrial applications.5

NKN ceramics fabricated by ordinary sintering show rela-
ively lower electrical properties (d33 ∼ 80 pC/N, kP ∼ 0.36).6 In
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rder to improve the sinterability of the NKN ceramics, many
tudies have been carried out.7–10 However, it was found that sin-
ering of NKN ceramics under atmospheric pressure is difficult,
n general, and the piezoelectric properties of NKN ceramics
re not sufficient for applications. The volatility of the potas-
ium component and its high reactivity with moisture make it
ifficult to carry out the conventional sintering of NKN ceram-
cs. From the industrial point of view, atmospheric sintering
s required for mass production. Recently, Guo et al. reported
hat was able to obtain excellent piezoelectric and electrome-
hanical response with the composition near the morphotropic
hase boundary [0.95Na0.5K0.5NbO3–0.5LiTaO3] (NKN–5LT)
hrough the conventional sintering.11 However, the sintering
rocess of this system is still inefficient because the sintering
emperature is too high (1110 ◦C) to inhibit the volatilization of
ations.

In this study, synthesis process was confined to the ordi-
ary sintering process. In order to achieve higher density and
lso lower sintering temperature of NKN–5LT ceramics, Na2O
dditions were used as a sintering aid. The effect of Na2O addi-
ions on the microstructures and piezoelectric properties of the
KN–5LT ceramics was investigated.
. Experimental procedure

The material compositions used in this study are x mol%
a2O excess NKN–5LT. NKN–5LT powders were prepared

mailto:minsoo@keri.re.kr
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.194
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ig. 1. Microstructures of Na2O excess NKN–5LT samples sintered for 4 h in a

rom the constituent oxides and carbonates by a conventional
olid-state reaction. Reagent grade metal oxide or carbonate
owders, Na2CO3, K2CO3, Li2CO3, Nb2O5 and Ta2O5, were
sed as starting raw materials. After weighing to the corre-
ponding composition the powders were mixed by ball milling in
thanol for 24 h with stabilized ZrO2 media. In order to enhance
he uniformity of the composition, the mixture was twice cal-
ined at 850 ◦C for 5 h and ground. The calcined powder and
a2CO3 additions were ball milled again for 24 h. After milling,

he slurry was again dried, crushed and passed through a 100 �m
ieve. Na2CO3 and particularly K2CO3 are hygroscopic and so
ad to be given extra care to avoid water. These powders were
ranulated by adding PVA as a binder and subsequently pressed
nto disks under 300 MPa.

These powder compacts were fired in air. The microstructure
as observed with a scanning electron microscopy and crystal

tructure was determined by using X-ray diffraction. For elec-
rical characterization, samples were polished and painted with
ilver paste on the sample surfaces. Samples were immersed in
ilicon oil and poled in a 30 kV/cm field. The electric field was
pplied at a temperature of 150 ◦C for 30 min. The piezoelectric
onstant was measured by a quasi-static meter of Berlincourt
ype. The electromechanical coupling coefficients were deter-

ined from resonance–antiresonance methods by using an
mpedance analyzer. Ferroelectric measurement was carried out
maximum electric field of 30 kV/cm applied using an amplified
ipolar waveform at 60 Hz.
. Results and discussion

As reported, it is difficult to form a complete solid solution
ith NKN and LT.11 A phase with pure perovskite structure

g
i
w
w

00, 950, 1000, 1050 and 1100 ◦C, respectively, as a function of Na2O contents.

an be obtained only for composition NKN–5LT. In this study,
RD analysis for the as-used NKN–5LT powder and sintered
KN–5LT samples showed that a single NKN–5LT phase with

he perovskite structure had formed but other phases could not
e detected in all of the samples.

Fig. 1 shows microstructures of the samples sintered for 4 h
n air. Higher density of NKN–5LT ceramics were achieved
y adding Na2O and increasing heat-treatment temperature as
hown in Fig. 1. In addition, the optimum sintering temperature
as lowered by Na2O addition. However, when the sintering

emperature was 1100 ◦C, the relative densities were lowered as
hown in Fig. 1. These densification behaviors may be affected
y volatility of the cations at high temperatures.

The effect of Na2O additions on grain growth in NKN–5LT
eramics was observed in Fig. 1. The samples with 0 mol%
a2O sintered at 900, 950 and 1000 ◦C, respectively, consisted
f mostly equiaxed grains with submicron-size. The microstruc-
ure of the sample with 0 mol% Na2O sintered at 1050 ◦C showed
ostly equiaxed matrix grains and some large abnormal grains,

quare or rectangular in appearance. As the sintering temper-
ture increases up to 1100 ◦C, the number of abnormal grains
ncreases. As the Na2O was added to 0.5 mol%, grain growth
ehavior and microstructures were similar to 0 mol% Na2O
xcess samples but the number and the size of abnormal grains
ere increased. Addition of 0.5 mol% Na2O causes an increase

n the number of abnormal grains. All the grains (the abnormal
nd the matrix grains) have faceted interfaces. At 1100 ◦C, all
f the large grains impinged upon each other, limiting further

rowth, in the samples. As the Na2O was added up to a max-
mum of 1 mol%, the number and the size of abnormal grains
ere increased much. At 950 ◦C, there was some grain growth
ith a few grains apparently beginning to grow abnormally. At
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ig. 2. Electrical properties of Na2O excess NKN–5LT ceramics: (a) piezoelectr

000 ◦C some large grains appeared, and at 1050 ◦C the large
rains impinged on each other deterring further growth and con-
equently decreasing abnormal grain size. The sample sintered
t 1100 ◦C consisted mostly of equiaxed grains and no abnor-
al grains are present. When more Na2O was added, grain

rowth behavior and microstructures were similar to 1 mol%
a2O excess samples but the large grain impinged on each other

ven at 1000 ◦C. In the samples with 2 mol% Na2O sintered at
050 ◦C, no abnormal grain growth takes place.

When the interfaces or boundaries are faceted, abnormal
rain growth can occur, while normal grain growth occurs only in
ystems with rounded interfaces or boundaries.12–18 The various
icrostructures can be shown according to the critical driving

orce for rapid grain growth–bimodal size distribution, impinge-
ent or suppression of growth.12–16 The observed abnormal

rain growth behavior shown in Fig. 1 appears to be qualita-
ively consistent with two-dimensional nucleation of steps as
roposed earlier.17,18 The small matrix grains undergo slow stag-
ant growth, and apparently some large grains grow rapidly to
orm the abnormally large grains. The observed dependence of
bnormal grain growth on heat-treatment temperature is shown
n Fig. 1. The series of microstructures at increasing tempera-
ures in Fig. 1 shows that the rates of formation of abnormal
rains and their growth increase with temperature as expected
rom the previous works and two-dimensional nucleation
heories.17,18

These microstructural changes as Na2O contents show the
ypical grain growth behavior due to the change in critical driv-
ng force for rapid grain growth with the faceted interfaces or
oundaries.12–18 The results in Fig. 1 can be explained in terms
f a reduction of the critical driving force for rapid grain growth
y addition of Na2O. It can be seen that the number of abnormal
rains increases with Na2O addition. By adding Na2O the crit-
cal driving force for rapid grain growth is lowered. Therefore,
he number of grains that show abnormal growth is increased.
n increase in the sintering temperature also lowers the critical
riving force, resulting in an increase in the number of abnormal
rains. Further reduction in the critical driving force, the num-
er of abnormal grains increases more with increasing sintering
emperature. Reduce the critical driving force by Na2O addition
o the point where the majority of grains can grow, resulting in

mpingement, as shown in the case of the samples sintered at
100 ◦C with 1 mol% Na2O and at 1050 ◦C with 2 mol% Na2O.
imilar behavior has been observed in the alumina–anorthite
ystem with the addition of MgO.13

s
l
t

stant, (b) electromechanical coupling factor, and (c) relative dielectric constant.

The electrical properties of the samples were evaluated.
iezoelectric constants (d33) of the samples are shown in
ig. 2(a). The piezoelectric coefficients show strong depen-
ences for compositions and sintering temperatures. The d33
ncreases with sintering temperatures up to 1050 ◦C, and then
ecrease. At 1000 and 1050 ◦C, it can be seen that the d33
ncreases with increasing Na2O content of up to a 1 mol% addi-
ion, and then decreases. One mole percent of Na2O excess
KN–5LT samples sintered at 1050 ◦C show the largest val-
es of piezoelectric coefficients. This value of the sample is
remarkable result in comparison with the results reported in

revious studies.11 Fig. 2(b) shows the planar mode electrome-
hanical coupling factor (kP) of the samples. The figures shows
hat kP values of the samples sintered at 1050 ◦C did not change
ven when the Na2O content increased up to 1 mol%, and then
ecreased when Na2O was added to 2 mol%. Fig. 2(c) shows
he dielectric constant (εr) of NKN–5LT ceramics as functions of
emperatures and Na2O contents. The dielectric constant of pure
KN–5LT sintered at 1000 ◦C in this study was approximately
20, which is higher than that of pure NKN ceramics sintered
t 1110 ◦C.11 The high dielectric constant of pure NKN–5LT
eramics may be related to densified microstructures as shown
n Fig. 1. The εr decreased with Na2O addition. P-E hysteresis
oops were observed by a ferroelectric test unit. Na2O excess
KN–5LT shows a typical ferroelectric polarization hysteresis

oops. Of all the samples investigated, the 1 mol% Na2O excess
KN–5LT ceramics sintered at 1050 ◦C for 4 h demonstrated d33
f 230 pC/N, kP of 0.43 and εr of 470, with remnant polarization
r = 11.7 �C/cm2 and coercive electric field EC = 11.8 kV/cm.

These electrical properties may be related to the microstruc-
ures including densification, grain shape, grain size and size
istribution. One mole percent of Na2O excess NKN–5LT sam-
les sintered at 1050 ◦C which show the excellent electrical
roperties have high relative density and impinged angular large
rains with a few small matrix grains. These results show that
he electrical properties can be improved by control of the
icrostructures. Further investigation of the electrical properties

elated to microstructures will be carried out in future studies.

. Conclusions
Na2O excess NKN–5LT ceramics synthesized by ordinary
intering technique was investigated. Sintering temperature was
owered by Na2O additions and the phases with perovskite struc-
ure were observed. Doping with Na2O caused an increase in the
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umber of abnormal grains in the samples. The changes in grain
rowth behavior can be explained by lowering the critical driv-
ng force needed for rapid grain growth by addition of Na2O,
nd therefore an increase in the number of abnormal grains. In
he samples with further Na2O additions, the critical driving
orce becomes low enough to permit all the grains to grow so
bnormal grain growth is suppressed. Excellent piezoelectric
nd electromechanical responses, d33 ∼ 230 pC/N, kP ∼ 0.43,
ere obtained for the samples with 1 mol% Na2O addition sin-

ered at 1050 ◦C for 4 h in air. These excellent piezoelectric and
lectromechanical properties indicate that this system is poten-
ially good candidate as lead-free material for a wide range of
lectro-mechanical transducer applications.
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