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Ceramics of the series (0.97-x)Bi1/2Na1/2TiO3-xBi1/2K1/2TiO3-0.03NaNbO3 (x = 0, 0.02, 0.06, 0.10,
0.16, 0.20, 0.30) were prepared by the conventional mixed oxide method. Influence of
Bi1/2K1/2TiO3 content on the crystal structure, microstructure, dielectric and piezoelectric
properties were studied. All compositions showed single perovskite phase and the
morphotropic phase boundary (MPB) between rhombohedral and tetragonal phase existed at
the point of x = 0.16. Temperature dependences of permittivity and dissipation factor of
unpoled samples revealed that permittivity increased with Bi1/2K1/2TiO3 content and it reached
maximum value near the MPB. At the same time, the peak value of dissipation factor increased
with the addition of Bi1/2K1/2TiO3. All the samples experienced two phase transitions: from
ferroelectric to antiferroelectric at the first transition temperature (Td) and from antiferroelectric
to paraelectric at the temperature (Tm) corresponding to maximum value of permittivity. The
phase transition from ferroelectric to antiferroelectric had relaxor characteristic and Td shifted
to lower temperature while increasing Bi1/2K1/2TiO3 content. The best piezoelectric properties
were obtained in 0.81Bi1/2Na1/2TiO3-0.16Bi1/2K1/2
TiO3-0.03NaNbO3 ceramic with a piezoelectric constant (d33) of 146pC/N, planar
electromechanical coupling factor (kp) of 30.3% and thickness electromechanical coupling factor
(kt) of 53.2%. Abnormal piezoelectric properties were observed in the sample (x = 0.20), which
was attributed to the co-existence of ferroelectric and antiferroelectric phases in it.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Currently, the most widely used piezoelectric materials
are PbTiO3-PbZrO3 three component ceramics (PZT sys-
tem). However, lead-free piezoelectric ceramics have at-
tracted considerable attention because of their outstanding
advantages in free control atmosphere and no lead pollu-
tion. Bi1/2Na1/2TiO3 (BNT), discovered by Smolensky
[1], is considered to be a promising candidate as lead-
free piezoelectric ceramic because it exhibits strong fer-
roelectricity at room temperature with a large remanent
polarization (Pr) of 38 µC/cm [2]. Complex phase transi-
tion behaviors are observed in BNT ceramic, which have
been debated drastically by many researchers. It is proved
that BNT is ferroelectric with rhombohedral symmetry at
room temperature. Some researchers concluded that the
low temperature phase transition around 220◦C marks the
transition from the ferroelectric to the antiferroelectric
phase. Transition from the antiferroelectric to the para-
electric phase (tetragonal) occurs at 320◦C and to cubic
phase at 520◦C [2, 3]. However, other researchers con-

sidered that a strong diffuse phase transition takes place
in a wide temperature range from 220◦C to 320◦C, in
which both rhombohedral and tetragonal phase coexist,
accompanied with the growth of polar micro regions [4,
5]. BNT has been modified with many dopants, such as
BaTiO3 [6], NaNbO3 [7], BiFeO3 [8], Bi2O3 Sc2O3 [9,
10], La2O3 [11], and CeO2 [12]. It is difficult to pole BNT
without doping because of its large coercive field (Ec =
73 kV/cm) and high conductivity at high temperatures.

Bi1/2K1/2TiO3 (BKT) is another well-known lead-free
piezoelectric material with a tetragonal symmetry. The
solid solution of (1−x) Bi1/2Na1/2TiO3-xBi1/2K1/2TiO3

has been studied by Sasaki et al. [13]. There is the
rhomobohedral-tetragonal MPB in the case of x = 0.16–
0.20. Maximum values of electromechanical coupling fac-
tor and the permittivity were observed at MPB, such as kP

= 31.4% and kt = 42.3% at x = 0.16, and εT
33/ε0 = 1030

at x = 0.20.
BaTiO3 (BT), as the third component, has been intro-

duced to BNT-BKT solid solution system and resulted in
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large piezoelectric constant (d33 = 191 PC/N) and high
Curie temperature (Tc = 301◦C) at MPB [14]. It is well
known that the widely uesd PZT ceramic is the solid solu-
tion of ferroelectric PbTiO3 andantiferroelectric PbZrO3.
Similarly, antiferroelectric NaNbO3 was introduced to
BNT-BKT system with fixed NaNbO3 (NN) content of
0.03, because a maximum remanent polarization (Pr) of
32.6 µC/cm2 and piezoelectric constant (d33) of 71.1 pC/N
were obtained at x = 0.03 in (1−x) BNT-xNN system [7].
Thus, a new kind of lead free piezoelectric ceramic with
compositions of (0.97-x) BNT-xBKT-0.03NN (x = 0.02,
0.06, 0.10, 0.16, 0.20, 0.30, abbreviated to BNKN100x)
were obtained in this study. Moreover, the influence of
BKT content on the crystal structure, microstructure, di-
electric and piezoelectric properties were investigated.

2. Experimental procedure
A conventional ceramic fabrication technique was used
to prepare BNKN system ceramics. Reagent grade oxide
or carbonate powders of Bi2O3, TiO2, Nb2O5, Na2CO3

and K2CO3 were used as starting materials. Raw materi-
als were mixed in ethanol with stabilized zirconia balls
by ball milling for 24 h. After drying, the mixed powders
were calcined at 800–850◦C for 2–4 h. The calcined pow-
ders were ground again by ball milling for 6 h and pressed
into disks of 10 mm diameter and 1mm thickness. Then
disks were sintered at 1150◦C –1200◦C for 2 h in air. X-
ray diffraction (XRD) analyses were carried out to check
the crystal structure using a Rigaku diffractmeter. Mi-
crostructures of the sintered samples were observed using
a Hitachi S-530 scanning electron microscope (SEM).

Silver paste was fired on both faces of the discs at
650◦C as electrodes. The specimen for measurement of
piezoelectric properties was poled in silicon oil at 60◦C
under a DC field of 50 to 70 kV/cm for 10 min. After
poling, a piezo-d33 meter (ZJ-3) was used to measure the
piezoelectric constant (d33) at 50 Hz. The resonance mea-

Figure 1 X-ray diffraction patterns for all unpoled BNKN system ceramics
at 2θ between 10–80◦.

surements were performed using an impedance analyzer
(Agilent 4294A). The electromechanical coupling factors,
such as kp and kt, were calculated from the resonance and
the anti-resonance frequencies according to Onoe’s for-
mula [15]. Temperature dependences of permittivity and
dissipation factor of the unpoled samples were measured
using a programmable furnace with a LCR meter (HP
4192A), in order to determine the first transition tem-
perature (Td) and the temperature (Tm) corresponding to
the maximum value of permittivity. The free permittivity
and dissipation factor of poled samples at room temper-
ature were obtained using the LCR meter at 1 kHz. The
coercive field (Ec) and remnant polarization (Pr) were de-
termined from P-E hysteresis loops obtained by a RT66A
ferroelectric meter.

3. Results and discussion
3.1. Crystal structure
The XRD patterns of unpoled BNKN100x (x = 0, 0.02,
0.06, 0.10, 0.16, 0.20 and 0.30) ceramics show a sin-
gle phase of perovskite structure with a rhombohedral
or tetragonal symmetry depending on the content of
BKT (Fig. 1). At room temperature, BNT has rhombo-
hedral symmetry, whereas BKT has tetragonal symmetry.

Figure 2 X-ray diffraction patterns for all unpoled BNKN system ceramics
at 2θ between (a) 38–42◦ (b) 45–48◦.
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Figure 3 Microstructures of BNKN system ceramics influenced by the amount of BKT.
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Figure 4 Temperature dependences of permittivity and dissipation factor
for all unpoled BNKN system ceramics.

Therefore, a MPB can be expected to exist in BNKN solid
solution. The difference between the two symmetry struc-
tures can be seen clearly in the XRD patterns, which were
scaned in 2θ ranges of 38–42◦ and 45–48◦, corresponding
to the diffraction peaks of (111) and (200) planes, respec-
tively (Fig. 2). It is evident that the samples of BNKN0,
BNKN2, BNKN6 and BNKN10 had the same structure
of rhombohedral distortion because no splitting of (200)
peak (related to tetragonal distortion) was observed. How-
ever, the line splitting of (111) peak, corresponding to
the rhombohedral distortion, was not observed in these
samples, as reported in BNT-PbTiO3 system [16]. It was
suggested that the rhombohedral distortion could be de-

Figure 5 P-E hysteresis loop of BNKN20 ceramic at room temperature.

tected by XRD only after the ferroelectric microdomain,
resulting from the disorder distribution of A-site cations,
transformed to macrodomain under electric field forcing.
The XRD patterns of BNKN16, BNKN20 and BNKN30
indicated these samples transformed to tetragonal phase,
as demonstrated by the splitting of peak (200). Clearly,
the phase boundary between rhombohedral and tetrago-
nal phase of BNKN system existed near the point of x =
0.16. This result was in good agreement with the follow-
ing dielectric and piezoelectric datas of the BNKN solid
solution.

3.2. Microstructure
SEM micrographs of the surfaces BNKN ceramics are
revealed in Fig. 3. It is evident that the content of BKT
had great influence on the grain morphology and average
grain size. It seemed that BKT addition at amount less than
6 mol% enhanced the grain growth. However, the average
grain size decreased with the increase in BKT amount
at the addition more than 6 mol%. When the addition
of BKT was more than 16 mol%, the samples exhibited
much fine grain with inhomogeneous grain size. At the
same time, the addition of BKT promoted the growth of
square grains, as a result of the large anisotropy of BKT
grains. Uniform and fine grain microstructure in BNKN16

T AB L E I The electrical and piezoelectric properties of BNKN100x system ceramics

Bi0.5K0.5TiO3

content (x) 0 0.02 0.06 0.10 0.16 0.20 0.30

εT
33/ε0 (1 kHz) 565 512 532 636 1005 1806 1560

tgδ (1 kHz) 0.031 0.026 0.022 0.024 0.037 0.05 0.048
d33 (PC/N) 90 90 97 108 146 30 118
kp (%) 12.4 18.5 22.6 25.8 30.3 – 18.4
kt (%) 43.8 48.5 48.4 43.9 53.2 – 50.9
kt/kp 3.53 2.62 2.14 1.70 1.69 – 2.77
Qm 294 232 284 200 104 – 43
Td (◦C) – – – 230 190 180 180
Tm (◦C) 337 320 300 278 289 287 283
Pr (µC/cm2) 42.3 46.9 33.7 35.4 33.2 20.3 22.9
Ec (kV/cm) 54.6 47.1 45.2 41.6 33.2 38.4 17.1
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indicated that excellent piezoelectric properties might be
obtained.

3.3. Dielectric properties
Fig. 4 shows the temperature dependences of permittiv-
ity and dissipation factor of unpoled BNKN100x sam-
ples at 1 kHz. The permittivity increased with BKT con-
tent in the measuring temperature range and it reached
maximum value at the MPB (x = 0.16). It also could
be seen that all samples exhibited similar dissipation be-

havior. The dissipation factor of these compositions in-
creased with temperature due to the domain wall motion
in the ferroelectric region. After antiferroelectric phase
started taking place, the dissipation factor continued di-
minishing. Above Tm, electrical conductivity began to
dominate, resulting in an sharp increase of the dissi-
pation factor. The peak values of dissipation factor in-
creased with BKT content. At low BKT concentration
(x = 0, 0.02, 0.06), only one broad peak was observed in
each sample, corresponding to the diffusive phase transi-
tion from antiferroelectric to paraelectric phase. As BKT

Figure 6 P-E hysteresis loops of BNKN20 ceramic at higher temperatures (50, 70, 90, 110, 120 and 160◦C).
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concentration increased (x = 0.10, 0.16, 0.20, 0.30), there
appeared two kinds of dielectric abnormality on the per-
mittivity vs. temperature curves. The distinct hump at Td

was usually regarded as the confirmation of the phase
transition from ferroelectric to antiferroelectric phase, as
reported in BNT-NN-BT [6], BNT-PT [17]. It was in-
ferred that the BKT addition was in favor of the forma-
tion of antiferroelectric phase because Td shifted to lower
temperature when BKT content increased, as listed in
Table I. The temperature dependences of permittivity of
all samples showed maximum value at Tm, correspond-
ing to the transition from antiferroelectric to paraelectric
phase. The temperature dependences of permittivity at dif-
ferent frequencies (100 Hz, 1 kHz, and 10 kHz) were also
measured, not shown in this paper. The results showed that
the phase transition from ferroelectric to antiferroelectric
phase appeared as relaxor characteristic. Td and the mag-
nitude of εr were strongly frequency dependent at all mea-
suring frequencies, i.e. the higher the frequency, the higher
the transition temperature, the lower the permittivity. Gen-
erally, the relaxor ferroelectric property of BNT is at-
tributed to the long-range disorder of A-site cations, such
as Bi3+ and Na+. With the addition of BKT, K+ prefer-
ably entered into A-site and substituted for the isovalent
ion Na+. So the disordered distribution of A-site cations
was enhanced. Therefore, a more distinct relaxor behavior
was observed as the BKT concentration increased.

3.4. Piezoelectric properties
The piezoelectric properties of BNKN system ceramics
are listed in Table I. With the increase of BKT content,
the piezoelectric properties were enhanced greatly and
BNKN16 showed the best piezoelectric properties: d33 =
146pC/N, kP = 30.3% and kt = 53.2%. As the composition
of BNKN16 is near the MPB, two structures of rhombohe-
dral and tetragonal coexist in this ceramic so that domain
is easier to orientate along the electric field direction.
With further increasing BKT content, the piezoelectric
properties decreased. The anisotropy of electromechani-
cal coupling factors (kt/kp) decreased with increasing BKT
content and it reached the minimum value when x = 0.16.
It was also observed that the quality factor (Qm) values
decreased as BKT content increased.

It was worthy to be noted that the BNKN20 ceramic
had abnormal piezoelectric properties with d33 = 30
pC/N and electromechanical coefficients (kp and kt) were
too small to be measured. The P-E hysteresis loop at room
temperature of BNKN20 is shown in Fig. 5 and provides
a clue to explain this phenomenon. The P-E hysteresis
loop shrinked at the middle, which was different from
that of typical ferroelectrics. This was also observed
in BNT-PT [16] and 0.97BNBT6-0.03La [18]. It was
suggested that some antiferroelectric regions existed in
these ceramics so that the P-E hysteresis loop exhibited
the characteristic of antiferroelectric to some extent. The
existence of antiferroelectric resulted in the decrease of
spontaneous polarization as the spontaneous polarization

of antiferroelectric is zero on the macroscale. The P-E
hysteresis loops of BNKN20 at higher temperatures were
measured, as shown in Fig. 6. It was revealed that the
transition from antiferroelectric to ferroelectric could
take place under the inductive effect of electric field.
The antiferroelectric phase was induced to metastable
ferroelectric phase at the positive switching electric field
EAF, and this ferroelectric phase transformed to antifer-
roelectric phase again at the negative switching electric
field EFA when the electric field decreased. Compared
Figs 5 and 6, it was shown that EAF increased a little as
the temperature increased, while EFA increased rapidly
with increasing temperature. This was attributed to the
fact that the stability of this metastable ferroelectric phase
decreased with increasing temperature, resulted from the
enhancement of thermal fluctuation of dipole in ferroelec-
tric domain. Accordingly, the ferroelectric phase tended
to transform to antiferroelectric phase as temperature
increased.

4. Conclusion
All compositions investigated in this work could form
single perovskite phase. It was proved by X-ray diffrac-
tion that the morphotropic phase boundary between rhom-
bohedral and tetragonal phase of BNKN system existed
at the point of x = 0.16. The amount of BKT was
found to affect the grain size and morphology. From
room temperature to 400◦Cl compositions experienced
two phase transitions: from ferroelectric to antiferroelec-
tric at the first transition temperature Td and from anti-
ferroelectric to paraelectric at Tm. At low concentration
of BKT (x = 0, 0.02 and 0.06), only one broad peak
was found, corresponding to the transition from antifer-
roelectric to paraelectric phase. As BKT concentration
increased, there appeared a distinct hump at Td, corre-
sponding to the phase transition from ferroelectric to an-
tiferroelectric phase. And Td shifted to lower temperature
when BKT content increased. Transition from ferroelec-
tric to antiferroelectric exhibited relaxor characteristic.
The piezoelectric properties of ceramics were enhanced
greatly with the increase of BKT content and BNKN16
showed the best piezoelectric properties: d33 = 146 pC/N,
kP = 30.3% and kt = 53.2%. BNKN20 had abnormal
piezoelectric properties due to the co-existence of fer-
roelectric and antiferroelectric phase in this ceramic at
room temperature. The antiferroelectric phase could be
induced to metastable ferroelectric phase by electric field,
and the electrically induced ferroelectric phase would
transform to antiferroelectric phase when the electric field
decreased.
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