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Lead-free piezoelectric ceramics of (1 � x)Ba0.70 Ca0.30TiO3–x
BiFeO3 [(1 � x)BCT–xBF, x = 0–0.065] have been prepared

and investigated. The ceramics with x � 0.06 have diphasic
tetragonal and orthorhombic crystal structures, whereas tetrag-

onal phase is suppressed by the introduction of BF. As a result,

the composition with x = 0.065 is found to have diphasic pseu-
docubic and orthorhombic phases. Significantly composition-

dependent grain size is observed. With increasing x from 0 to

0.065, the ferroelectric-paraelectric phase transition tempera-

ture decreases monotonically from 128°C to 50°C, accompa-
nied by enhanced ferroelectric relaxor behavior, as indicated by

the widened diffused phase transition temperature. The room

temperature polarization–electric field (P–E) hysteresis loops

and strain–electric field (S–E) curves indicate that the ferro-
electricity enhances slightly and reaches the maximum near

x = 0.05, and then weakens with increasing x. On the other

hand, the piezoelectric coefficient (d33) and electromechanical

coupling coefficient (kp) decrease simultaneously with increas-
ing x, whereas the mechanical quality factor (Qm) reaches the

maximum near x = 0.05. The structure-property relationship is

discussed intensively. Our results may be helpful for further
understanding and designing BaTiO3-related lead-free ferro-

electric/piezoelectric materials.

I. Introduction

BARIUM titanate, BaTiO3 (BT) is the one of the most
important perovskite-type ferroelectric materials, its fer-

roelectric-paraelectric phase transition temperature (Curie
temperature, Tc) is around 120°C.1 BT-based solid solutions
have been intensively studied in to enhance the dielectric, fer-
roelectric and piezoelectric properties,2–4 which are important
for applications in various electronic devices. Among the
reported solid solutions, BaTiO3–CaTiO3 (BT–CT) are of
particular interests because of some special fetures.5–12 First,
this system has a solubility limit for CT of around 0.23, and
diphasic tetragonal and orthorhombic structures above the
solubility limit.8,9 Second, the introduction of CT causes a
negligible change of Tc,

8 but strongly lowers the tetragonal–
orthorhombic transition temperature, improves the tempera-
ture reliability of dielectric and piezoelectric property

greatly.10–12 And third, a relaxation behavior has been
generally observed in many B-site substituted BT such as Ba
(Ti,Sn)O3,

13 Ba(Ti,Ce)O3,
14 and Ba(Ti,Zr)O3,

15 however,
rarely observed in A-site substituted BT. For example, the
dielectric constant-temperature curves of BT–CT solid solu-
tions have sharp phase transition peaks, indicating the negli-
gible relaxor characteristics.16

Moreover, composite and diphasic materials have been
known to possess the potential for performance far beyond
those of constituent materials.8 Fu and Cohen reported that
high strain of the ultrahigh electrostriction materials like Pb
(Zn1/3Nb2/3)TiO3–PbTiO3 (PZN–PT) was resulted from the
coupling between two equivalent energy states, i.e., the
tetragonal and rhombohedral phases.17 Wang et al. reported
that the dielectric constant in the composite phase (x = 0.23–
0.40) of Ba1�xCaxTiO3 (BCT) ceramics was higher than that
in the pure ferroelectric phase, higher electrostrictive strain
of 0.22%, higher ferroelectric, and higher piezoelectric prop-
erties were obtained in the diphasic BCT ceramics near the
solubility limit, and it was suggested that the interaction
between the ferroelectric tetragonal phase and the dielectric
orthorhombic phase acted as an important factor in improv-
ing ceramic properties.8 Li et al. reported that the high piezo-
electric properties (d33 ~ 510 pC/N) in Ba0.98Ca0.02 (Ti0.96Sn0.04)
O3 ceramics was ascribed to the phase coexistence and the
polymorphic phase transition (PPT) occurring near room
temperature.3 And in view of high piezoelectricity
(d33 ~ 620 pC/N) in Pb-free piezoelectric ceramic system Ba
(Ti0.80Zr0.20)O3–Ba0.70Ca0.30TiO3 reported by Liu and Ren,2

which possesses a triple point in the phase diagram. So it will
be very interesting to investigate Ba0.70Ca0.30TiO3 diphasic
ceramics which is near the solubility limit of BCT ceramics,
and an effective way to develop high-performance Pb-free
piezoelectrics by forming a suitable phase boundary.

On the other hand, BiFeO3 (BF) is a rare single phase
material with ferroelectric (Tc� 827°C) and antiferromagnetic
(TN� 367°C) orders simultaneously.18,19 It is expected that
the introduction of BF into BT can lead to relaxor behavior
because such introduction equals to the A-site and B-site co-
substitutions. In addition, adding BF can lead to denser BT-
based ceramics, and thus affect the phase transition, dielec-
tric, ferroelectric, and piezoelectric properties.20

According to the above descriptions, to obtain excellent
dielectric, ferroelectric, and piezoelectric properties and high
Tc, in this article we present details of how we prepared the
ceramics of (1 � x)Ba0.70Ca0.30TiO3–xBiFeO3 (BCT–BF;
x = 0–0.065) and investigated the structures and electric prop-
erties as the functions of composition. Composition-dependent
relaxor behavior, ferroelectric, and piezoelectric properties
were discussed based on composition-dependent structure.
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II. Experimental Procedure

Using a conventional solid-state reaction method, BCT–BF
(x = 0–0.065) ceramics were prepared. Regent grade BaCO3

(99.0%), CaCO3 (99.0%), TiO2 (99.0%), Bi2O3 (99.9%), and
Fe2O3 (99.99%) were weighted according to the chemical for-
mula of (1 � x)BCT–xBF (x = 0, 0.005, 0.01, 0.02, 0.03,
0.04, 0.045, 0.05 0.055, 0.06, and 0.065). After being ball-
milled in alcohol for 12 h using agate balls in planetary mill,
each slurry was dried, and then calcined at 1100°C for 3 h.
The calcined powders were ball-milled again for 16 h to
obtain homogeneous powder. Disks of 13 mm in diameter
and 0.6–1 mm in thickness were pressed using 8% polyvinyl
alcohol binder under pressure of 100 MPa. The binder was
burnt out by slow heating at 550°C for 2 h. The sintering was
conducted between 1250°C and 1400°C in air for 1 h, lower
temperature for the higher BF content, followed by a furnace
cooling. The samples were embedded in the same composi-
tional powder during sintering to reduce the volatility of Bi.
All the samples had relative densities higher than 94%.

The phases of ceramics were identified using X-ray diffrac-
tion (XRD) on grounded, unpoled samples with an auto-
mated Rigaku D/max 2400 X-ray diffractometer (Rigaku
Corporation, Tokyo, Japan) using CuKa radiation. The
microstructures were observed using a back-scattered scan-
ning electron microscopy (SEM; Quanta 200FEG, FEI Cor-
poration, OR). For electric measurements, the sintered disks
were grounded carefully to ensure parallel surfaces. The cir-
cular surfaces of the disks were covered with a thin layer of
silver paste and fired at 600°C for 30 min. The temperature
dependence of dielectric property was measured at different
frequencies between 0.1 and 1000 kHz with an Agilent (Agi-
lent Technologies, CA) E4980A LCR meter. The room tem-
perature ferroelectric polarization–electric field (P–E)
hysteresis loops and bipolar strain–electric field (S–E) curves
were measured at 1 Hz with precision premier II (Radiant
Technology Inc., NM) in silicone oil. For piezoelectric mea-
surement, the samples were poled with the field of 30 kV/cm
for 20 min at the temperature of 20°C–100°C in a silicone oil
bath. The piezoelectric constant d33 was measured using a
quasi-static d33 meter (Institute of Acoustics, Chinese Acad-
emy of Sciences, ZJ-4A, China). The planar electromechani-
cal coupling factors kp and the mechanical quality factor Qm

were measured using a resonance-antiresonance method
using an impedance analyzer (Agilent 4294A) and calculated
following IEEE standards.

III. Results and Discussion

Figure 1 shows the XRD patterns of the BCT–BF ceramics.
The ceramics with x � 0.06 show coexisted tetragonal and
orthorhombic phases without any other impurity phases, con-
sistent with other report,5,8,9 suggesting that BF can enter into
the lattice of BCT to form stable solid solutions. More interest-
ingly, the ceramics with x � 0.06 have a tetragonal symmetry

as evidenced by the splitting of the (002)/(200) peaks at 2h–
46°.21 however, the tetragonal structure gradually diminishes
with increasing BF content, and the split (002)/(200) peaks of
the tetragonal phase finally merge into a single (200) peak at
x = 0.065, suggesting that the crystal structure of the BCT–BF
ceramics evolves from the tetragonal–orthorhombic phases
coexistence to a pseudocubic–orthorhombic diphasic phases.
In other words, BF mainly enters into the tetragonal phase of
the BCT ceramics, one of the possible reasons is that the
tetragonal phase is dominant in BCT ceramics, which is evi-
denced by the relative peaks of tetragonal phase and ortho-
rhombic phase according to the XRD and the change of the
grain size from the microstructure SEM images (Fig. 2).

All ceramics show dense microstructures, the typical back-
scattered field emission SEM images of the BCT–BF ceramics
with x = 0.01, 0.02, 0.03, 0.04, 0.05, and 0.06 are shown in
Fig. 2, and the energy-dispersive X-ray spectrometry observa-
tions show that the small orthorhombic phase grains disperse
among the larger tetragonal phase grains matrix, consistent
with the coexistence of tetragonal and orthorhombic phases in
BCT ceramics shown in the XRD data (Fig. 1) and with the
previous report.8 In general, it can be seen that the grain size
of tetragonal phase, varying between 1 and 6.5 lm, increases
significantly with increasing BF content, however, the content

Fig. 1. X-ray diffraction (XRD) patterns of (1 � x)BCT-xBF
ceramics (x = 0�0.065).

(a)

(e)(b)

(f)(c)

(d)

Fig. 2. SEM micrographs of (1 � x)BCT-xBF ceramics sintered at
1250°C for 1 h (a) x = 0.01, (b) x = 0.02, (c) x = 0.03, (d) x = 0.04,
(e) x = 0.05, and (f) x = 0.06.

Table I. Grain Size of (1 � x)BCT–xBF (x = 0–0.065)
Ceramics

x Grain size (T) (lm) Grain size (O) (lm)

0 1.0 0.81
0.01 1.2 0.85
0.02 2.3 0.83
0.03 2.6 0.87
0.04 2.7 0.86
0.05 3.0 0.89
0.06 5.4 0.89
0.065 6.5 0.88
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of the orthorhombic phase keeps almost constant, which is
shown in Table I. This again indicates that the effects of BF
mainly act on tetragonal phases. And the XRD shows the
decreased internal stress which may be related to the increased
grain size of tetragonal phase, and the decreased internal stress
may result in more obvious diffused phase transition and the
decreased Curie temperature.

Figures 3(a) and (b) show the temperature dependence of
the relative dielectric permittivity (er) and dissipation factor
tangent (tan d) measured at various frequencies for the com-
position with x = 0 and x = 0.06, respectively. Two features
could be detected. First, the temperature corresponding to
the dielectric maximum (Tm) decreases with increasing x
value, as plotted in Fig. 3(c). This observation means that
the introduction of BF decreases the ferroelectric–paraelectric
phase transition temperature, consistent with other BT-based
solid solutions,22 Second, as can be seen from Figs. 3(a) and
(b), the composition with x = 0 has sharp Tc around 128°C
and the Tc is frequency independent. For the composition
with x = 0.06, the em “peak” is broadened and the Tc is
around 59°C which is frequency dependent. With increasing
x, the phase transition becomes diffused, as evidenced by the
fact that the temperature corresponding to the maximum rel-
ative dielectric constant (Tm) tends to be frequency depen-
dent, i.e., shifting to higher temperature with increasing
frequency, and the em “peak” tends to be broadened with
increasing x, indicated by the increased full width at the half
maximum-minimum values (FWHM) of the em at 1 kHz, as
plotted in Fig. 3(c). Correspondingly, a dissipation factor
peak is observed and shows the similar frequency and com-
position dependence. This feature confirms that the introduc-
tion of BF not only decreases the phase transition
temperature but also causes the relaxor of BCT and the re-
laxor degree increases with increasing BF content. To analyse
the effect of the BF content on the relaxation characters of
BCT ceramics, the well-known Vogel–Fulcher formula is
described as follows23:

f ¼ f0 exp
�Ea

kBðTm � TfÞ
� �

(1)

where f is the measurement frequency, f0 is the pre-exponen-
tial factor, Ea is the activation energy describing the polariza-
tion fluctuations of an isolated cluster relaxation process, Tm

is the dielectric maximum in absolute temperature (K), Tf is
the Vogel–Fulcher freezing temperature, and kB is the Boltz-
mann constant. The plot of Tm versus ln(f) and the fitting
curves are given in Fig. 3(d). The fitting parameters are sum-
marized in Table II. It is clearly seen that the freezing tem-
perature Tf decreases with increasing BF content, The
decrease of Tf values indicates that the relaxor behavior of
BCT–BF ceramics is enhanced with increasing BF content.
And the degree of the relaxor behavior could be estimated
by the empirical parameter DTrelax defined as7:

DTrelax ¼ Tmaxð1000 kHZÞ�Tmaxð0:1 kHZÞ (2)

where Tmax(1000 kHZ) and Tmax(0.1 kHZ) are the temperatures
corresponding to the dielectric constant maximum at fre-
quencies of 1000 and 1 kHz, respectively. So, the calculated
DTrelax values are 1°C, 2°C, 3°C, 4°C, 4°C, 4°C, 6°C, and
9°C for x = 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, and 0.065,
respectively. So the degree of relaxor behavior is slightly
dependent on BF content in BCT–BF ceramics.

According to the literature,7,22 a broadened dielectric per-
mittivity peak with frequency dependence was observed in

(a) (b)

(c) (d)

Fig. 3. Temperature-dependent dielectric properties of the (1 � x)BCT–xBF ceramics (a) x = 0, (b) x = 0.06, (c) Tm and FWHM of the (1 � x)
BCT–xBF ceramics as a function of BF content, and (d) The plots of Tm versus lnf and the fitted curves.

Table II. Summary of the Vogel–Fulcher Fitting Parameters

of the (1 � x)BCT–xBF (x = 0–0.065) Ceramics

x Ea (meV) f0 (HZ) Tf (K)

0 3.905 2.345 9 1010 398
0.01 3.879 1.094 9 1010 395
0.02 3.877 1.044 9 1010 388
0.03 3.874 1.024 9 1010 353
0.04 3.312 3.605 9 108 349
0.05 3.494 3.616 9 108 334
0.06 3.160 4.486 9 107 328
0.065 2.942 1.454 9 107 319
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Bi-doped Ba1�xCaxTiO3 ceramics, and it was suggested that
Bi3+ ions were located at off-center positions of A-site, simi-
larly as suggested for Ca doped SrTiO3 and Bi-doped Ba
(ZrxTi1�x)O3.

22 Therefore, A-site vacancies (V″
A) may appear

to compensate the charge imbalance arising from the substi-
tution of A-sites by Bi3+ ions. Off-center Bi3+ ions and
Bi3+—V″

A centers form dipoles and further set up local
random electric fields,7 These factors are believed to be

responsible for the suppressed ferroelectricity, decreased
phase transition temperature, and enhanced ferroelectric re-
laxor behavior in Ba1�xCaxTiO3 ceramics.7,22 In the cases of
our BCT–BF system, the substitution of A-sites by Bi3+

ions, together with the additional B-site Fe3+ substitution
create charge imbalance, which must be compensated by
either cation vacancies on the A- site or B-site (ionic com-
pensation), or by electrons (electronic compensation). So, the
similar effect may disrupt the long-range ordering of
Ba0.70Ca0.30TiO3, resulting in the enhanced relaxor behavior.

Figure 4(a) presents the room temperature P–E hysteresis
loops of the (1 � x)BCT–xBF ceramics (x = 0–0.065)
measured with the applied field of 80 kV/cm. Typical ferro-
electric P–E hysteresis loops were observed for the ceramics
with x � 0.06, which were significantly slim “loop.” The
composition-dependent maximum polarization (Pmax), rem-
nant polarization (Pr) and coercive field (Ec) are plotted in
Fig. 4(b). Obviously, with increasing x value, these parame-
ters increase slowly, reach the maximum near x = 0.05 with
the largest Pmax, Pr, and Ec of 14.3 lC/cm2, 7.3 lC/cm2, and
16.3 kV/cm, respectively, and then, decreases sharply to 12.4
lC/cm2, 0.9 lC/cm2, and 3.3 kV/cm for the Pmax, Pr, and Ec,

respectively, of the composition with x = 0.065.
The introduction of BF not only suppresses the tetragonal

phase and enhances the pseudocubic phase, which is detri-
mental for ferroelectric property but also leads to signifi-
cantly increased grain size, which is positive for ferroelectric
property because of small grain size meaning large amount
of grain boundary, and ground boundary will lead to polari-
zation discontinuity between grains and hence decreased
polarization.24 The above two competing effects should be
responsible for the observed composition-dependent ferro-
electric property: when x � 0.05, the positive effect domi-
nates, whereas when x > 0.05, the detrimental effect tends to
be dominative.

The room temperature bipolar S–E curves of all composi-
tions are shown in Fig. 5. With the applied field of 80 kV/
cm, all ceramics have butterfly-shaped S–E curves, indicating
the ferroelectric nature. With increasing x from 0 to 0.05, the
butterfly shape becomes obvious, reaching the best shape

(a)

(b)

Fig. 4. (a) P–E hysteresis loops of (1 � x)BCT–xBF (x = 0–0.065)
ceramics, (b) Pmax, Pr, and Ec values of (1 � x)BCT–xBF ceramics
as a function of BF content.

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 5. Bipolar S–E curves of the (1 � x)BCT–xBF (x = 0–0.065) ceramics.
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with largest strain value, and with further increasing x, the
butterfly shape tends to diminish and the strain decreases. It
should be noted that the composition dependence of S–E
curves is consistent with that of P–E loops.

Figure 6 shows the room temperature piezoelectric coeffi-
cient (d33), planar mode electromechanical coupling coeffi-
cient (kp), and mechanical quality factor (Qm) of BCT–BF
ceramics as a function of BF content. It can be observed that
d33 and kp decreased simultaneously with increasing BF con-
tent, which may be attributed to the phase transition from
tetragonal to pseudocubic symmetry and the ferroelectric-
paraelectric phase transition temperature is decreased to near
room temperature with increasing x, Qm reached the maxi-
mum of 331.84 in the composition with x = 0.05, then
decreased sharply with increasing x, which should be attrib-
uted to the composition dependence ferroelectrics, as indi-
cated by that of P–E and S–E.

IV. Conclusions

Lead-free piezoelectric ceramics (1 � x)Ba0.70Ca0.30TiO3–xBi-
FeO3 have been prepared and the effects of BF content on
the microstructure and electrical properties of BCT ceramics
have been investigated. It is found that the composition with
x = 0–0.06 has coexisted tetragonal and orthorhombic phases
whereas that with x = 0.065 has coexisted pseudocubic and
orthorhombic phases. With increasing x, the grain size of
tetragonal phases becomes larger, and the ferroelectric–para-
electric phase transition temperature decreases monotonically
from 128°C to 50°C, accompanied by slightly enhanced fer-
roelectric relaxor behavior, which can be attributed to the
disruption of long-range dipolar interaction due to substitu-
tion of A-site Bi3+ and B-site Fe3+. The composition-depen-
dent ferroelectric and piezoelectric parameters are discussed
based on the structures. These results may be helpful for

understanding and stimulating further work on electric
properties of BaTiO3-related lead-free materials.
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