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a b s t r a c t

A/B-site complex perovskite (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 (also can be written: (1 − 2x)Na0.5Bi0.5TiO3–
xK0.5Bi0.5TiO3–xNaNbO3) (x = 0–0.08) lead-free piezoelectric ceramics were fabricated by mechanical
alloying technique from their oxide/carbonate mixture. Phase evolvements of the mixture and the influ-
vailable online 30 July 2010
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ence of x value on crystal structure and microstructure were investigated. The perovskite Na0.5Bi0.5TiO3

phase was progressively formed with passing through the intermediate Bi4Ti3O12 phases with increas-
ing degree of mechanical activation. The Curie–Weiss law and a modified empirical expression were
employed to describe the ferroelectric phase transition of (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics. The
results showed that (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics became more relaxor ferroelectric characteris-
tic with the increase in value of x. The enhancement of relaxor characteristic may arise from structural

al flu
echanical alloying technique disorder and composition

. Introduction

There is an increasing demand for the environment friendly
aterials like lead-free ceramics for different piezoelectric applica-

ion fields. Sodium bismuth titanate, Bi0.5Na0.5TiO3 (BNT), is a kind
f perovskite (ABO3-type) ferroelectric discovered by Smlenskii
t al. [1]. The dielectric constant of BNT shows a flat, frequency-
ependent hump assigned to ferroelectric– anti-ferroelectric phase
ransition at ∼230 ◦C; as well as the symmetry of BNT changes to
ubic symmetry at ∼520 ◦C [2]. Therefore, BNT is considered as
n excellent candidate of lead-free piezoelectric ceramics because
t is ferroelectric with a relatively large remanent polarization,
r = 38 �C/cm2, and a relatively large coercive field, Ec = 7.3 kV/mm
1].

Very recently, a novel mechanical alloying technique has been
uccessfully devised to synthesize a variety of lead-based functional
eramics [3–5]. The intrinsic advantage of mechanical alloying lies
n its ability to effect a solid state reaction through mechanical acti-
ation, instead of by the calcination at a high enough temperature.
t can also lead to an improvement in the reactivity of starting
aterials and therefore the desired ceramic phase is formed at a
owered calcination temperature. Therefore, mechanical alloying
echnique may minimize or avoid volatilization of alkaline oxides
t high temperatures

∗ Corresponding author. Tel.: +86 773 5893395.
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ctuation in the crystal structure.
© 2010 Elsevier B.V. All rights reserved.

Potassium bismuth titanate, Bi0.5K0.5TiO3 (BKT), first discov-
ered by Smolenskii [6], also has a perovskite-type ferroelectric
structure belonging to tetragonal crystal system at room tem-
perature. It undergoes a phase transition around 380 ◦C (Curie
point). Ivanova et al. [7] reported the lattice parameters of
BKT as a = 3.913 Å and c = 3.990 Å at room temperature. Much
work has been done to modify and improve the piezoelectric
properties of BNT ceramics by cation substitution [8–16], such
as Bi0.5Na0.5TiO3–SrTiO3–Bi0.5Li0.5TiO3 [8], Bi0.5Na0.5TiO3–SrTiO3
[9] and Bi0.5Na0.5TiO3–BaTiO3 [12]. Meanwhile, BNT–BKT solid
solutions have been reported to be superior piezoelectric in high-
frequency ultrasonic applications with a low dielectric constant
and a high electromechanical coupling factor along with a high
mechanical strength [17–20]. Niobium doped BNT–BKT is A/B-site
complex perovskite compound. Therefore, the structure evolve-
ment and relaxor characteristic of BNT–BKT–niobate solid solutions
are very interesting.

In this study, A/B-site complex perovskite ferroelectric,
(NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 solid solutions were prepared by
mechanical alloying technique from their oxide/carbonate mixture.
The purpose of this work is to illustrate the phase evolvement of
the mixture and the effects of ion substitution on crystal structure
evolvement in BNT, as well as to understand the relaxor character-
istic of the ternary system.
2. Experimental procedures

Mechanical alloying technique was used to prepare (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3,
(x = 0, 0.02, 0.04, 0.06, 0.08) solid solutions. Reagent grade oxide or carbonate pow-
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Fig. 1. (a) XRD patterns of Na2CO3, K2CO3 and TiO2 and their mixture mechanically
activated for 0 h and 2 h; (b) XRD pattern of the mixture mechanically activated for
2–8 h and pure BNT ceramics, indexed based on ICSD-043769.

Fig. 3. SEM micrographs of (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 cer
Fig. 2. XRD patterns of (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics, inset, (1 1 0) peak
evolves with the increase in the value of x.

ders of Na2CO3, K2CO3·1.5H2O, Bi2O3, TiO2 and Nb2O5 were used as raw materials.
The oxides and carbonates were mixed in a planetary mill by ball milling for 0–8 h.
After being mixed, the mixture was pressed at 150 MPa into pellets with 20 mm
in diameter and about 1.5 mm in thickness. The green compacts were sintered at
1080 ◦C for 2 h in air atmosphere. Gold had been sputtered on the surfaces of sample
as electrodes.

X-ray powder diffraction (XRD) patterns were taken on a PANalytical X’Pert-
PRO powder X-ray diffractometer with Cu K� radiation. Microstructure evolution
was studied by scanning electron microscopy (SEM) (JSM-6380LV, JEOL). Relative
dielectric constant and loss factor at room temperature and elevated temperature
were measured using Agilent 4294A impedance analyzer.
3. Results and discussion

For the sample (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 with x = 0, XRD
patterns of initial mixture (Na2CO3, Bi2O3 and TiO2) and the mix-
ture after milled for 0 h and 2 h are shown in Fig. 1a. After milled

amics, (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08.
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or 2 h, the peaks corresponding to Na2CO3 and Bi2O3 gradually
isappear, whereas those to TiO2 are still visible. A new broadened
eak is observed at 2� ≈ 30◦ after milled 2 h, which is assigned
o the strongest bismuth titanate (Bi4Ti3O12) peak (1 1 7) [21].
urthermore, peaks of TiO2 disappear gradually with the increase
n milling time up to 6 h (Fig. 1b). It is noted that the peak near
0◦ splits into two peaks (Fig. 1b); the first one is attributed by
he formation of Bi4Ti3O12, while the second one, corresponding
o the strongest BNT (1 1 0) peak, becomes more and more visible.
fter milled for 8 h, clear BNT peaks are present without any peaks
f secondary phase, which are indexed based on ICSD-043769.
imilar results were also found in different x value compounds. It is
onsidered that Bi3Ti4O12 is obtained firstly in Bi2O3–TiO2–Na2CO3
ystem during mechanical activation, and then sodium ions and

itanium diffuse into Bi3Ti4O12 lattice to become BNT with the
ncrease in milling time. Therefore, the mechanical alloying

ethod is an effective method to yield BNT based compounds
tarting with oxides and carbonates at room temperature.

ig. 4. Dielectric constant and the dielectric loss factor of
NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics as a function of temperatures at 1 kHz,
0 kHz, 100 kHz and 1 MHz. (a) x = 0.00, (b) x = 0.04, (c) x = 0.08.
pounds 507 (2010) 196–200

XRD patterns of (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics are
shown in Fig. 2. All samples belong to pure perovskite structure,
yet showing a changing symmetry with the increase in substitution
content. No KNbO3 or NaNbO3 peaks are present in XRD patterns.
For pure BNT, it displays a typical rhombohedral symmetry at room
temperature. However, the crystal structure changes rapidly with
the increase in the value of x. The (1 1 0) diffraction peaks of rhom-
bohedral symmetry gradually combine into one broaden peak (not
a single peak) of tetragonal symmetry as the amount of the sub-
stitution increases. However, the structure transition dependence
of x value for (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 solid solutions cannot be
identified reliably. Morphtropic phase boundary (MPB) between
rhombohedral and tetragonal phase can be found near x = 0.4 from
XRD patterns. These results are consistent with that of BNT ternary
solid solutions [18–20].

Microstructures of (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics are
compared in Fig. 3. It is noticeable that the average grain size of
(NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics changes greatly with vary-
ing substitution content. For x = 0.02, the average grain size is
∼3 �m (Fig. 3a), while grain size decreases to ∼0.5 �m for the
sample with x = 0.08 (Fig. 3d). It is difficult to catch the role of
sodium/potassium and niobium playing in grain growth; however,
one can take note of that not only grain size but also grain mor-
phology was changed significantly. Since titanium is substituted by
niobium in (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 system, the differences of
ionic radius and valence and electronegativity will worsen the dif-
fusion coefficient of B-site ions in perovskite lattice. Consequently,
the grain growth is inhibited with the increase in niobium concen-
tration, which results in the decrease in average grain size and the

development of a homogeneous microstructure.

The temperature dependence of the dielectric constant and the
dielectric loss factor of (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 between 100 K
and 700 K at 1 kHz, 10 kHz, 100 kHz and 1 MHz are shown in Fig. 4.

Table 1
Curie–Weiss temperature (T0), Curie–Weiss constant (C), temperatures above the
dielectric constant follows Curie–Weiss law (Tcw), and diffuseness coefficients (�)
for (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics at 1 MHz.

Composition x = 0.00 x = 0.02 x = 0.04 x = 0.06 x = 0.08

Tmax (K) 561.6 537.2 513.2 489.2 468.2
Td (K) 417.5 411.1 390.1 378.1 347.0
εmax 2254.3 3001.8 2945.3 2859.3 2652.6
T0 (K) 431.4 445.4 429.7 430.7 438.5
C × 105 (K) 4.0 4.5 4.5 4.3 3.9
Tcw (K) 665.1 654.2 654.2 663.2 699.2
�Tm = Tcw − Tmax (K) 103.5 117.0 141.3 174.2 231.0
� 1.77 1.91 1.92 1.96 1.97

Fig. 5. Inverse dielectric constant (1000/εr) as a function of temperature at 1 MHz
for (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics.
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t can be evidently seen that there are two dielectric peaks at the
emperature range. The two dielectric abnormal peaks can attribute
o the reason caused by the phase transitions from ferroelectric
o anti-ferroelectric (corresponding to dielectric loss peak) and
nti-ferroelectric to paraelectric phase (corresponding to dielectric
onstant peak), which is consistent with the previous reports of
NT, BNT–SrTiO3, BNT–BKT, BNT–BKT–KNbO3 lead-free ceramics
ystems [9,12,22,23]. Here, the low transition temperature is called

s depolarization temperature (Td) and the high temperature cor-
esponding to relatively high dielectric constant named as Tm. Both
d and Tm decrease with the increasing amount of dopants (Table 1).

The dielectric loss peak corresponds to Td while the dielectric
oss factor achieves the minimum value before the temperature Tm.

ig. 6. ln (1/ε − 1/εmax) as a function of ln(T − Tmax) at 1 MHz for (NaBi(1−x)Kx)0.5Ti(1−x)Nb
ymbols: experimental data; the solid line: fitting to Eq. (3)].
pounds 507 (2010) 196–200 199

In ferroelectric phase, the dielectric loss factor probably comes from
domain wall movement. When phase transition from ferroelectric
to anti-ferroelectric occurred at Td, the domain wall movement
enhancement brings to the dielectric loss factor peak. The rea-
son for the disappearance of second dielectric loss factor peak is
that the anti-ferroelectric macrodomain would soon break into
micro-domains. Above Tm, the sharp dielectric loss factor increase
was caused by the high conductivity of ceramics at high tempera-

tures.

It can be also found that all samples have relaxor ferroelec-
tric characteristics. The dielectric constant and dielectric loss factor
strongly depend on the measurement frequency. The value of the
relative dielectric constant decreases as the measuring frequency

xO3 ceramics for (a) x = 0.00, (b) x = 0.02, (c) x = 0.04, (d) x = 0.06, (e) x = 0.08. [The
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ncreases. Also, the fact that the dielectric peaks broadening shows
he evidence of a diffusion phase transition.

For a normal ferroelectric, dielectric constant above Curie tem-
erature follows the Curie–Weiss law described by:

= C

T − T0
(1)

here C is Curie–Weiss constant, and T0 is Curie–Weiss tempera-
ure. Fig. 5 shows the inverse of dielectric constant (1000/εr) as a
unction of temperature at 1 MHz. The fitting results obtained by
q. (1) are listed in Table 1. Deviation from the Curie–Weiss law
an be defined by �Tm as following:

Tm = Tcw − Tmax (2)

here Tcw is the temperature at which ε starts to follow the
urie–Weiss law, and Tmax is the temperature at which ε value
eaches the maximum.

Curie–Weiss constant C and εmax increase firstly and then
ecrease with the increase in the value of x, as well as the peaks of
hem present in x = 0.02. It also can be seen that dielectric constant
f (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics follows the Curie–Weiss
aw only at temperature much higher than Tmax. Deviation tem-
erature �Tm increases linearly with the increase in the value of
(Table 1). It is suggested that the stability of polar nanoregions

PNR) in (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics is enhanced with
ncreasing substitution.

A modified empirical expression was proposed by Uchino and
omura in order to describe the diffusion behavior of ferroelectric
hase transition [24]:

1
ε

− 1
εmax

= C(T − Tmax)� (3)

here C and � are assumed to be constant, with � value between
and 2. The limiting values � = 1 and � = 2 obey the equation of

urie–Weiss law which are the character for a normal ferroelectric
nd an ideal relaxor ferroelectric, respectively [25,26].

The values ln(1/ε − 1/εmax) were plotted against ln(T − Tmax) are
hown in Fig. 6. A linear relationship is observed for x = 0 (Fig. 5a),
= 0.02 (Fig. 5b), x = 0.04 (Fig. 5c), x = 0.06 (Fig. 5d) and x = 0.08

Fig. 5e). The slope of the fitting curves is used to determine � value,
nd the obtained � values vary from 1.77 to 1.97 (Table 1). It is
uggested that the (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 solid solutions are
ore relaxor ferroelectric characteristic with the increase in K+ and
b5+ concentration.

In (NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 solid solution, Na+, K+ and Bi3+

o-occupy A-site, and Ti4+ and Nb5+ ions co-occupy B-site of ABO3
erovskite structure. Therefore, cation disorder in perovskite unit
ell gives rise to the stability of PNR, which should be one of rea-

ons for an appearance of relaxor state. In addition, it is known that
NT is a rhombohedral structure and BKT is a tetragonal structure
nd NaNbO3 shows an orthorhombic structure (anti-ferroelectrics)
t room temperature. In this case, macrodomain in pure BNT may
e divided into micro-domains with increasing K+ and Nb5+ con-

[
[
[
[
[
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tent, which also may result in an appearance of more relaxor-like
behavior.

4. Conclusions

(NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 (0 ≤ x ≤ 0.08) ceramics have been
synthesized by using mechanical alloying technique. For x = 0
sample, the oxide/carbonate mixture passes through the interme-
diate Bi4Ti3O12 phase and then forms BNT with the increase in
triggering time. A morphtropic phase boundary between rhom-
bohedral and tetragonal phase could be found near x = 0.4 from
XRD patterns. Grain size becomes smaller and the morphology
of grain undergoes homogenous with the increase in substitution
concentration. The relationship between dielectric constant and
temperature revealed a diffused phase transitions in the system.
(NaBi(1−x)Kx)0.5Ti(1−x)NbxO3 ceramics become more relaxor ferro-
electric characteristic with the increase in the value of x, which is
attributed to structural disorder and compositional fluctuations in
BNT lattice.
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