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Abstract

Lead-free (Na0.5K0.5)NbO3-based piezoelectric ceramics were successfully fabricated by substituting with a small amount of BiFeO3

(BF). Difficulty in sintering of pure NKN ceramics can be eased by adding a few molar percent of BF, and the crystalline structure is also

changed, leading to a morphotropic phase boundary (MPB) between ferroelectric orthorhombic and rhombohedral phases. The MPB

exists near the 1–2mol% BF-substituted NKN compositions, exhibiting enhanced ferroelectric, piezoelectric, and electromechanical

properties of Pr ¼ 23.3mC/cm2, d33 ¼ 185 pC/N, and kp ¼ 46%, compared to an ordinarily sintered pure NKN ceramics. The MPB

composition has a Curie temperature of �370 1C, comparable to that of some commercial PZT materials.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

An increasing attention has been paid to lead free or lead
content reduced piezoelectric ceramics in recent years. A
common knowledge is that lead will have brought a great
threat to the environment. The traditional piezoelectric
ceramics or single crystals are mostly Pb-based perovskite
materials where lead oxide takes at least 70wt% of the
total [1]. In the last few years, Na0.5K0.5NbO3 (NKN)-
based compositions with a morphotropic phase boundary
(MPB) have shown greater advantages over another typical
lead-free piezoelectric candidate material system, (Bi0.5
Na0.5)TiO3 (BNT)-based MPB materials, such as higher
Curie temperatures (Tc) up to nearly 400 1C, better
piezoelectric and electromechanical properties, and so on.
NKN ceramics have two-phase transition temperatures
above room temperature, one from orthorhombic to
tetragonal at �200 1C and another from tetragonal to
cubic at Tc (�420 1C). An ordinarily sintered NKN
ceramics [2] may have electrical properties of the piezo-
electric constant, d33�80 pC/N; the planar electromecha-
nical coupling factor, kp�36–40%; the mechanical quality
factor, Qm�130; and the room temperature dielectric
front matter r 2007 Elsevier Ltd. All rights reserved.
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constant, �T
33=�0�290. However, the hot pressed NKN

ceramics [3] have been reported to possess a much larger
d33 up to 160 pC/N and a kp of �45%. This is because
NKN compositions are rather difficult to densify by an
ordinary sintering technique. Other than pressure-assisted
sintering [3–6], many other routes such as sintering aids
[7–10], control of stoichiometry [11,12], alkaline- or rare-
earth elements doping [11,13–15], solid solutions [16–18]
with ATiO3 (A: Ca, Sr, or Ba), and so on, have been
utilized to improve their densification. Furthermore, their
properties can be significantly enhanced by doping a small
amount of Li, Ta, Sb, etc., due to a MPB between
ferroelectric orthorhombic and tetragonal phases [19–23].
The textured (Li, Ta, Sb)-doped NKN ceramics [20] were
reported to possess comparable piezoelectric properties to
a hard PZT. However, this system is distinguished from
PZT systems whose MPB lies between ferroelectric
rhombohedral and tetragonal phases [1]. The MPB is of
importance for high-performance piezoelectric materials,
since a nearly continuous rotation of spontaneous polar-
ization vectors under the external electric field can be
realized for MPB compositions [24–28], inducing a superior
piezoelectric activity.
Bismuth ferrite, BiFeO3 (BF), has been known as a

multiferroic material with a rhombohedral perovskite
structure at room temperature. It has high phase transition
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Fig. 1. X-ray diffraction patterns of (1�x)NKN–xBF ceramics.

R. Zuo et al. / Journal of Physics and Chemistry of Solids 69 (2008) 230–235 231
temperatures (i.e., Curie temperature �810 1C and Néel
temperature �384 1C) [29,30]. It can be made in both
ceramic and thin film forms for electromagnetic or piezo-
electric applications. As far as the piezoelectric application
is concerned, it forms a MPB solid solution ceramic with
PbTiO3, which was considered to be a promising piezo-
electric material for high-temperature application [31,32].
However, this system has a large current leakage and a
high coercive electric field, both of which make it difficult
to become a good piezoelectric by a conventional poling
process [33,34]. These problems have been eased by many
attempts, such as doping a few molar percent of La, Ga,
and so on [35], or carefully controlling sintering conditions
[36–38]. BF was also used to improve the piezoelectric
properties of BNT ceramics [39].

In this study, a small amount of BF was used to partially
substitute NKN. The influence of BF addition on the
sinterability, phase transitions, electrical properties of
NKN ceramics was investigated. A new MPB was
identified by a series of X-ray diffraction (XRD) data
and dielectric property measurement. Electrical character-
ization was carried out only for the compositions near
the MPB.

2. Experimental

(1�x)NKN–xBF ceramics (x ¼ 0, 0.005, 0.01, 0.02, 0.03,
0.05, 0.10) were synthesized by means of a conventional
mixed oxide route. High-purity oxides and carbonates,
Nb2O5 (99.9%), Bi2O3 (99.97%), Fe2O3 (99.5%) and
Na2CO3 (99.5%), K2CO3 (99.0%), were used as starting
materials which had been treated carefully by a special
drying process before use, particularly for sodium/potas-
sium carbonates. These powders were placed in an oven at
120 1C for 2 days and then stored in a moisture-free vessel.
The weighed powders were mixed by a planetary ball mill
in an anhydrous alcohol for 12 h. After drying, the
calcination was carried out at temperatures from 850 to
900 1C for 5 h according to the compositions in a covered
alumina crucible. The calcined powders were ground in an
agate mortar and then calcined once again in order to
improve compositional distribution. The well-calcined
powders were ball milled as above for 24 h and sieved
through 230 meshes.

The disk specimens compacted in a stainless die under a
uniaxial pressure of 50MPa were sintered in air in the
temperature range of 1000–1130 1C for 3 h, depending on
the compositions. A platinum foil was placed under the
samples covered with an inverted alumina crucible to
reduce the reaction between the samples and the alumina
substrate and also to prevent the volatilization of
potassium. This proved to be necessary in modifying the
densification of NKN-based materials [7].

Densities of the samples sintered at different tempera-
tures were measured by the Archimedes method. The
microstructure was observed by a scanning electron
microscope (SEM, Philips Electronic Instruments). Powder
XRD (Rigatu) was utilized to identify the crystal structures
and the phase content of each composition.
For the electrical characterization, all samples were

treated by a careful polishing process to get parallel
scratch-free surfaces. Silver paste was fired on two sides of
each specimen as electrodes. Dielectric properties as a
function of temperature and frequency were measured by
an impedance analyzer (HP 4284). Polarization versus
electric field hysteresis loops were measured in a silicone oil
bath by applying an electric field of triangular waveform at
a frequency of 50mHz by means of a modified Sawyer–
Tower bridge. The measurement of piezoelectric and
electromechanical properties was carried out only 24 h
after a poling process. The applied poling fields were
slightly changed according to the compositions, ranging
from 1.5 to 3 kV/mm. The poling treatment was carried out
in a silicone oil bath with a programmable temperature
controller. The poling temperature varied from 50 to
100 1C, considering the composition and the conductivity
of each specimen.

3. Results and discussion

The XRD patterns of (1�x)NKN–xBF compositions
composed at 1050 1C for 2 h are shown in Fig. 1. All
compositions have pure perovskite structures, yet showing
a changing symmetry with increasing the BF content.
When x ¼ 0, the material displays a typical orthorhombic
symmetry at room temperature, as reported for the MPB
NKN composition [40]. However, the structure changes
rapidly with the addition of BF. When 0.01oxp0.03, it
becomes a rhombohedral perovskite structure; with further
increasing BF content, it becomes cubic within the studied
composition range. The split (2 0 0) peaks from an
orthorhombic symmetry are gradually combined into a
single peak of a rhombohedral structure as x increases.
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The transitional point for the structure change can be
identified to be near x ¼ 0.01. Therefore, an MPB between
orthorhombic and rhombohedral structures can be ex-
pected in this system. Although the peak splitting of such
reflections as (1 1 1) or (2 1 0) for a rhombohedral structure
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Fig. 2. Sintering profiles of (1�x)NKN–xBF ceramics sintered by holding

samples at different temperatures for 3 h.

Fig. 3. Morphology of (1�x)NKN–xBF ceramics sintered at 1100 1C for 3 h: (

magnification for the sample with x ¼ 0.03.
is not detectable in Fig. 1, so that a doubt of whether the
structure changes from orthorhombic phases to rhombo-
hedral or cubic phases may occur, an easy way to clarify
this point can be obtained from the measurement of
dielectric and piezoelectric properties.
Moreover, the addition of a small amount of BF also

influences the densification behavior of NKN ceramics, as
shown in Fig. 2. It is a fact that a pure NKN composition is
difficult to become highly dense by ordinary sintering.
Samples with different x were sintered at different
temperatures for 3 h. The densities were measured, plotted
as a function of the BF content x and temperature. On one
hand, with increasing the sintering temperature, most
compositions show improved densification; however, the
densities start to decrease when the temperature reaches
1130 1C. This can be caused by the volatilization of
potassium and sodium and the grain growth at high
temperature. The grain coarsening tends to decrease the
sintering potential of the materials. On the other hand, the
samples show good sintering behavior when doped
with only a small amount of BF. More BF-added NKN
solid solution ceramics may have relatively high sintering
temperature. This point is of value to its application,
because the MPB was found approximately at x ¼ 0.01.
Although the optimal temperature for each com-
position was different, only samples with densities of more
a)x ¼ 0, (b) x ¼ 0.01, (c) x ¼ 0.02, (d) x ¼ 0.03, (e) x ¼ 0.05, and (f) high
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Fig. 4. Dielectric constant (a) and loss (b) of (1�x)NKN–xBF ceramic

samples at 100 kHz as a function of temperature.
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than 96% theoretical values were used for electrical
characterization.

The microstructure of different compositions sintered at
1100 1C is compared in Fig. 3. It is noticeable that the grain
size changes with varying the BF content. An extremely
evident change takes place at x ¼ 0.01–0.02. When
x ¼ 0.01, the grain size is �2 mm in average; it decreases
to �0.6 mm for the sample with x ¼ 0.02. We cannot catch
what role the BF plays in influencing the grain growth;
however, one can take note of that not only the grain size,
but also the grain morphology was changed. The change in
grain size seems to be finished by disintegration of big
grains into small ones, as seen from Fig. 3(f). Noticeably, a
dense NKN ceramic is milk-white and changes its color
when immersed in water for a long time, accompanied by
an increasing conductivity (loss). We think that this is due
to so-called deliquescence process based on a reaction
between H2O molecule and potassium/sodium containing
second phases at the grain boundary of bulk NKN
ceramics. However, this feature was significantly improved
by a small amount of BF substitution. The BF-substituted
NKN ceramic exhibits light red color and gets redder with
increasing the BF content. It shows much less deliques-
cence in water, but may display higher leakage current
when BF content is more. It should be noted that the
improved deliquescence characteristic will lead to the
enhanced sinterability. Moreover, a small amount of BF
could act as impurities in the NKN composition, thus
promoting the densification.

Fig. 4 shows the dielectric constant and dissipation
factor of (1�x)NKN–xBF ceramics as a function of
temperature. When x ¼ 0, the material shows two-phase
transition temperatures, corresponding to the ferroelectric
orthorhombic–tetragonal transition at �200 1C, and the
tetragonal–cubic transition at �420 1C, as reported for
pure NKN ceramics [7]. With increasing the BF content,
both of these phase transition temperatures shift to low
temperatures. When x ¼ 0.02, the orthorhombic–tetrago-
nal phase transition disappears and the material becomes a
solely rhombohedral structure and has a Curie temperature
of �330 1C. This result confirms that the compositions with
0.01oxp0.03 are rhombohedral ferroelectrics, not cubic
paraelectrics. For samples with x40.05, no peaks in
dielectric constant versus temperature curves can be
observed, probably because the peaks are shifted below
room temperature. These results are consistent with XRD
analysis. Moreover, it is noticeable that the rhombohedral
ferroelectric compositions show much lower peak dielectric
constants and broad phase transitions, compared to
orthorhombic ferroelectric compositions. Such behavior
can originate from more complex occupation of the A and
B sites in an ABO3 perovskite structure and the fine grain
size in these compositions. One can also note that the
dielectric loss changes significantly with increasing x. When
x is below 0.01, (1�x)NKN–xBF ceramics display
decreased dielectric losses of as low as 4%, probably due
to their improved densities. However, the loss values
increase dramatically when x is above 0.02. It reaches 14%
at room temperature for 3mol% BF-substituted NKN
ceramics. As we know, BF intrinsically has a large leakage
current. Therefore, the addition of BF into NKN ceramics
may cause the conductivity problems.
A comparison of polarization versus electric field curves

for pure NKN ceramics and 1mol% BF-substituted NKN
ceramics is made in Fig. 5. It can be seen that 1mol% BF
substitution significantly enhances the ferroelectricity of
NKN compositions. For pure NKN ceramics, the remnant
polarization Pr and the coercive electric field Ec are
13.6 mC/cm2 and 990V/mm, respectively; however, both
of values change to 23.3 mC/cm2 and 870V/mm, respec-
tively, after 1mol% BF is added. The enhancement of
densification due to the BF addition may be one of the
reasons. A small reduction of the coercive field means that
the domain mobility gets larger after BF substitution.
Fig. 6 shows the piezoelectric and electromechanical

properties of (1�x)NKN–xBF ceramics (0pxp0.05) as a
function of the BF concentration. Around the MPB, the



ARTICLE IN PRESS

-3000 -2000 -1000 0 1000 2000 3000

-30

-20

-10

0

10

20

30

(b )

(a)

P (µC/cm2)

E (V/mm)

Fig. 5. Polarization versus electric field curves at 50mHz for (a) pure

NKN ceramic and (b) 1mol% BF-substituted NKN ceramic sintered at

1100 1C for 3 h.

0 2 3 4 5

0

40

80

120

160

k
p

d
3

3
 (

p
C

/N
)

x (mol%)

0.2

0.4

0.6

0.8

1.0

1

Fig. 6. Piezoelectric and electromechanical properties of (1�x)NKN–xBF

ceramics as a function of the BF content x.

R. Zuo et al. / Journal of Physics and Chemistry of Solids 69 (2008) 230–235234
materials show a strong composition dependence of the
electrical properties. The best piezoelectric and electro-
mechanical properties of d33 ¼ 185 pC/N and kp ¼ 46%
appear in the composition of 0.99NKN–0.01BF, regardless
of continuing decrease in grain size. For pure NKN
ceramic, it has a d33 of 105 pC/N and a kp of 37%. The
addition of a small amount of BF evidently enhances the
piezoelectric activities of solid solution ceramics till
the peak values are reached nearly the MPB. Above this
boundary, the properties decrease rapidly with adding
more BF into NKN ceramics. Therefore, two roles can be
expected from the BF substitution. One is that a small
amount of BF tends to improve the sinterability of NKN
ceramics, as we discussed above. Another is that the MPB
between ferroelectric orthorhombic and rhombohedral
phases is formed due to the addition of BF. The second
is well known to play a more important role in the
enhancement of piezoelectric properties.
4. Conclusions

(1�x)NKN–xBF solid solution ceramics were success-
fully fabricated by an ordinary sintering technique. The
MPB between ferroelectric orthorhombic and rhombohe-
dral phases exists near the 1–2mol% BF-substituted NKN
compositions. In addition, the addition of BF also
promotes the sintering of NKN ceramics, inhibits the
grain growth, improves the deliquescence characteristic,
and enhances the ferroelectricity. The 0.99NKN–0.01BF
ceramics near the MPB possess best properties of
Pr ¼ 23.3 mC/cm2, d33 ¼ 185 pC/N, and kp ¼ 46% in all
compositions.
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