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Abstract

Lead-free piezoelectric single crystal of [Bi0.5(Na1�xKx)0.5]TiO3 (BNTKx) with size of 10� 10� 5mm3 has been

successfully grown by the self-flux method. The temperature dependence of dielectric constant was measured and the

peak temperature of dielectric constant was found to be 451 higher than that of pure (Bi0.5Na0.5)TiO3 crystal. X-ray

diffraction pattern indicated that the BNTK50 crystal is tetragonal (symmetry group 4mm) with a ¼ b ¼ 0:3917 nm

and c ¼ 0:4011 nm, respectively. Differential scanning calorimetry showed that the crystal was congruent melting

during growth. Superior piezoelectric and electromechanical properties were found in these lead-free crystals.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, lead-free piezoelectric materials have
attracted a lot of attention from the viewpoint of
e front matter r 2005 Elsevier B.V. All rights reserve
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environmental protection. The development of
lead-free piezoelectric materials is aiming to
Pb(Zr,Ti)O3 piezoceramics, which has been dom-
inating in electromechanical devices for more than
40 years. Sodium bismuth titanate, (Na0.5Bi0.5)-
TiO3 (NBT)-based solid solutions were considered
to be an excellent candidate as lead-free piezo-
electric materials because NBT is a strongly
d.

www.elsevier.com/locate/jcrysgro


ARTICLE IN PRESS

0 20 40 60 80 100 120 140 160 180

0

200

400

600

800

1000

1200

5°C/h

T1

T
em

pe
ra

tu
re

 (
°C

)

Times(Hour)

950

2°C/h

3°C/h
900

700

Tmax

Fig. 1. The temperature profile for BNTK crystals growth with

a gradually increasing and cooling rates.
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ferroelectric material with a high Curie tempera-
ture, Tc ¼ 320 1C, a high remnant polarization
Pr ¼ 38mC=cm2, and a large coercive field Ec ¼

73 kV=cm at room temperature [1–3]. However,
NBT crystals are very difficult to be poled because
of the high coercive field. (K0.5Bi0.5)TiO3 (KBT) is
also known to be a ferroelectric material with
a higher Curie temperature, T c ¼ 380 1C. The
solid solutions of (1�x)NBT-xKBT (abbreviated
as BNTKx) have excellent piezoelectric and ferro-
electric properties. Thus, the solid solutions of
NBT–KBT ceramics have been extensively studied
[5–10]. Most studies of NBT–KBT materials
were concentrated on the ceramic form, which
NBT–KBT single crystals had not been reported.
The difficulty is the high volatility of the bismuth
and potassium components at melting tempera-
tures. The purpose of this paper is to grow BNTK
single crystals by different flux methods than those
reported. We used Bi2O3+Na2CO3+K2CO3 as
self-flux [11]. The thermal behavior of the crystals
and the their perovskite structure have been
studied using DSC and XRD and the dielectric
properties have been measured from room tem-
perature to a temperature much higher than the
phase transition temperature.
Fig. 2. BNTK50 grown by spontaneous multiple-site nuclea-

tion.
2. Crystal growth

Single crystals of BNTK were grown using
conventional high temperature flux method. High
purity chemical powders of Bi2O3, TiO2, Na2CO3

and K2CO3 were used as raw materials, with
Bi2O3, Na2CO3 and K2CO3 as self-flux. These
powders were weighed according to the composi-
tional formula of [Bi0.5(Na1�xKx)0.5]TiO3. The raw
materials were mixed by ball-milling for 12 h then
dried for later use.

The growth of BNTK crystals was though
spontaneous nucleation at the critical temperature.
Fig. 1 shows the temperature profiles for the
growth of BNTK crystals. (1) Heating from room
temperature to 950 1C at a rate of 100 1C/h and
dwelling for 4 h; (2) Heating at 100 1C/h to the
soaking temperature Tmax (1100 1C) and dwelling
for 24 h; (3) Slow cooling from Tmax to T1

(1000 1C) at 2 1C/h, then from T1 to 900 1C at
3 1C/h, then from 900 to 700 1C at 5 1C/h, and
finally from 700 1C down to room temperature at
100 1C/h. The crystals obtained were dark brown
in color and small in size. Fig. 2 shows the photo
of BNTK50 crystal. In order to grow larger
crystals, it is necessary to control and restrain the
multi-site nucleation. This has been achieved by
top-solution growth. The top-cooled solution
growth (TCSG) technique [8] was developed based
on the optimized flux growth conditions for
BNTK crystals. The experimental set-up is shown
in Fig. 3(a). By carefully adjusting the airflow and
growth conditions, a large BNTK50 single crystal
was successfully obtained (Fig. 3(b)).
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Fig. 3. (a) Schematic of the crystal growth set-up for the top-cooled solution growth method (TCSG); (b) Top-view of an as-cooled

crucible showing the growth of large BNTK50 crystal by the TCGS method, and a crystal obtained inside the solution.
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The modified top-seed solution growth (M-
TSSG) of piezocrystals was recently developed
based on the high temperature phase diagram and
the results of the flux growth. A BNTK seed crystal
obtained by the TCSG method was introduced at
the top of the solution system. Fig. 4(a) shows a
schematic section view of the furnace and the
growth set-up designed for M-TSSG. A seed crystal
was attached to one end of an alumina rod via Pt
wire, and the cooling airflow was along the alumina
rod. The crystals were pulled at the rate of 0.5mm/h
and rotated 10 rpm; A dark brown BNTK50 crystal
boule with the size of 10� 10� 5mm3 was success-
fully grown as shown in Fig. 4(b).
3. Characterization of the grown crystals

Fig. 5 shows the XRD pattern of the BNTK50
single crystal, which indicated that the crystal has
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Fig. 4. (a) Schematic of the crystal growth set-up for the modified top-seed solution growth (M-TSSG); (b) BNTK50 grown by the M-

TSSG method along [0 0 1].
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tetragonal 4mm symmetry at room temperature
and their lattice parameters are a ¼ b ¼ 0:3917 nm
and c ¼ 0:4011 nm, respectively.
Fig. 6 shows the DSC results of the BNTK
crystals. A strong endothermic DSC peak has been
detected at 1279.7 1C, which indicates the melting
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Fig. 5. XRD of BNTK50 single crystal.
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Fig. 6. DSC curves of stoichiometric BNTK50. Heating rate of

the experiment is 10 1C/min.
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point of the BNTK crystals. It also shows that the
crystals have a congruent melting behavior, in
agreement with previous investigations of pure
NBT by other researchers [12–15].

The temperature dependence of the dielectric
constant of BNTK50 single crystal was measured
using a multi-frequency LCR meter (HP 4284A).
Platelets of about 50 mm thick were cut parallel to
the /0 0 1S face. They were polished with
diamond paste and then electroded with silver
paste. Fig. 7 shows the temperature dependence of
the dielectric constant of /0 0 1S oriented
BNTK50 single crystal, and the measuring fre-
quency was 10 kHz. From the DSC data, Tc value
was determined to be 365 1C, which is consistent
with the peak temperature of the dielectric
constant. This peak temperature of dielectric
constant of the BNTK50 crystals is 45 1C higher
than that of the pure NBT crystal and 15 1C lower
than that of KBT crystal at the same frequency.
There is one obscure bump around 220 1C on
the dielectric constant vs. temperature curves. This
bump was also reported in pure NBT [16],
NBT–NN [4], NBT–PbTiO3 [17] samples. It can
be regarded as the manifestation of the phase
transition between ferroelectric and antiferroelec-
tric phases. The crystal is not easy to pole.
Our preliminary piezoelectric measurement on
BNTK30 showed that the piezoelectric d33 coeffi-
cient is one of the best among known lead-free
piezoelectric crystals. For convenience, we have
listed the d33 values and the electromechanical
coupling coefficient k33 and kt of several lead-free
crystals in Table 1. The properties of BNTK are
obviously superior to other crystals. Because the
Tc value of the NBT–KBT system is rather high,
the crystal can be used for high temperature
piezoelectric applications.
4. Conclusions

[Bi0.5(Na1�xKx)0.5]TiO3 single crystals with per-
ovskite structure were successfully grown by the
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Table 1

Comparison of piezoelectric coefficient d33 and electromechanical coupling coefficients k33 and kt among several lead-free piezoelectric

single crystals

Perovskite Family Tungsten bronze Family

Constant BNTK30 LiNbO3
a KNbO3

b LiTaO3
a BaTiO3

c BSNN70d SBNe

d33(10
�12m2/N) 160 6 29.3 8 85.6 68 130

k33(%) 52 16 57 19 56 51 47.5

kt(%) 49 16 43 18 27 52 44

aAfter Warner et al. [18].
bAfter Zgonik et al. [19].
cCrystal [20].
dAfter Jiang et al. [21].
eCeramic, after Shrout et al. [22].

X. Yi et al. / Journal of Crystal Growth 281 (2005) 364–369 369
top-cooled solution method and the modified top-
seed solution growth method, using Bi2O3 and
Na2CO3+K2CO3 as self-flux. XRD data shows
that the BNTK50 single crystal has tetragonal
symmetry (4mm) with a ¼ b ¼ 0:3917 nm and
c ¼ 0:4011 nm. The BNTK50 crystals are congru-
ent melting as shown in the DSC curve. The
/0 0 1S oriented BNTK50 single crystals show a
high Curie temperature of T c ¼ 365 1C, which is
higher than that of the NBT crystals
(Tc ¼ 320 1C). The d33 value of [0 0 1] poled
BNTK30 is as high as 160 pC/N, which is higher
than other known lead-free piezoelectric crystals.
The high transition temperature of BNTK system
makes it a good candidate for high temperature
piezoelectric applications.
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