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Abstract

The phase transitions in (1�x)BaZr0.2Ti0.8O3�xBa0.7Ca0.3TiO3 (BZT-xBCT) powders and ceramic pellets were studied. It is found that the
phase compositions in the pellets are different from that in the powders, which may be caused by the stress in the pellets. The monoclinic phase
exists near the morphotropic phase boundary (MPB) in the ceramics. The piezoelectric coefficient (d33) measurement of the ceramics shows that
the higher piezoelectric properties are corresponding to higher content of monoclinic phase.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

(1�x)BaZr0.2Ti0.8O3�xBa0.7Ca0.3TiO3 (hereafter referred to
as BZT-xBCT) ceramics exhibit high piezoelectric constant and
are of potential interest as lead-free alternatives to Pb(Zr,Ti)O3

(PZT). The piezoelectric coefficients (d33) of BZT-xBCT cera-
mics with compositions near x¼0.5 are around 560–620 pm/V,
[1] higher than that of soft PZT, and these compositions have
attracted much attention. The enhanced piezoelectric properties
are closely related to composition-, stress-, temperature- and
electric field-driven phase transitions. This means that the higher
electromechanical responses have generally been obtained in the
vicinity of the tetragonal and rhombohedral phase boundary (or
the morphotropic phase boundary, MPB), and the phase transition
near the MPB has been extensively investigated [2–6]. Liu and
Ren [1,7] reported that the phase diagram of BZT-xBCT is
similar to that of PZT, and the strong electromechanical responses
are related to phase transitions close to the C–R–T tricritical point
(where C, R and T represent cubic, rhombohedral and tetragonal
phases, respectively). Since then, many studies have focused on
the mechanism of the large piezoelectric effect in the BZT-xBCT
system.
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Damjanovic et al. [8] have reported that there is a special
region near the MPB in the BZT-xBCT system, and depen-
dence of the dielectric properties on temperature in the region
cannot be fully explained by the T–R phase transition. While
the phase composition in this region is controversial, it has
been suggested that T- and R-phases coexist [9,10], T- and
monoclinic (M)-phases coexist [11], or that orthogonal (O)-
phase is present [12]. Ehmke et al. [13,14] have indicated that
the phase composition under stress may be more complex than
that previously reported for the BZT-xBCT system. The
different phase compositions obtained in ceramics with the
same atomic composition may be because of different manu-
facturing processes. Therefore, the different phase composi-
tions and transitions caused by different manufacturing
processes in the BZT-xBCT system should be studied. In the
present study, the phase compositions and transitions in BZT-
xBCT powders and ceramic pellets near the MPB were
studied.

2. Experimental procedures

2.1. Sample preparation

Polycrystalline BZT-xBCT samples (with compositions x=0.46,
0.48, 0.50 and 0.52) were synthesized by a conventional solid state
ghts reserved.
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Fig. 1. Dielectric properties as a function of temperature (a) Dielectric
permittivity ε’ versus temperature for various compositions. (b) Corresponding
losses, tanδ. (c) Derivative of the real part of the relative dielectric permittivity
versus temperature. (d) Phase diagram based on ε’ versus temperature data.
Symbols are the peak temperatures from the curves in Fig. 1(c); smooth curves
are data taken from Ref. [1].
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reaction technique. Stoichioimetric quantities of BaCO3 (99%),
TiO2 (98%), CaCO3 (99%) and BaZrO3 (99%) were mixed and
ground by ball milling for 10 h with the addition of ethanol. After
drying, the powder mixtures were calcined at 1250 1C for 3 h in
air. Then, the mixture was ground again for 10 h. After drying,
each powder mixture was divided into two parts; one part was
mixed with PVA binder (wt%=3%) and pressed into pellets
(10 mm diameter and 1 mm thick) under uniaxial stress, the other
part remained unchanged. The pellet samples and powder samples
were both sintered at 1400 1C for 3 h in air.

2.2. Experiment methods

XRD (to assess phase purity) was performed on a Philips
X’pert X-ray diffractometer with Cu Kα radiation at 40 kV and
40 mA. Before XRD tests, the pellet samples were polished and
then annealed to eliminate the effect of polishing [15]. The
refinement of diffraction peak profile was used to determine the
phases. The observed (2 0 0) pc reflections of the samples were
fitted to a pseudo-cubic coordinate system. During the peak-
fitting procedure, a Pearson-VII function was used to define the
profile shapes.

Silver electrodes were deposited on both sides of the pellet
samples by magnetron sputtering. The dielectric properties
were measured at 1 kHz as a function of temperature (�50–
160 1C) using a Novocontrol CONCEPT40 Broadband Dielec-
tric Spectrometer.

The samples were poled in a silicon oil bath at room
temperature under an electric field of 3 kV/mm for the
measurement of piezoelectric properties. Before measurement,
the samples were placed at room temperature for 24 h, to
remove any residual electric charge and make the samples
more stable [16]. Piezoelectric constant d33 was measured by a
quasi-static d33 meter (Model ZJ-4AN; Institute of Acoustics,
Beijing, China).

The dielectric permittivity, ε’, and loss tangent, tanδ, versus
temperature are shown in Fig. 1a and b for ceramics with different
compositions. The first derivatives of the real part of the dielectric
permittivity versus temperature are shown in Fig. 1c. As shown in
Fig. 1a–c, all samples have three dielectric anomaly peaks between
�50 and 160 1C. Generally, peaks in dielectric property–tempera-
ture curves correspond to phase transitions [8], and therefore there
are three phase transitions in our samples in this temperature range.
The phase transition temperatures are presented in Fig. 1d, and the
phase diagram (dashed line) given in a previous study [1] is also
presented in the figure for comparison. It is clear that the phase
transition at about 90 1C (solid squares in Fig. 1d) is the T-phase to
C-phase transition, in agreement with the results of Liu et al. [1].
However, the phase transitions at lower temperatures (open circles
and solid circles in Fig. 1d) are different from those in the previous
study [1]. Obviously, the shadow region in Fig. 1d of our results
cannot be interpreted as an R–T-phase transition.

3. Results and discussion

The XRD patterns of both powder and pellet samples are
shown in Fig. 2(a) and (b), respectively. Both powder and
pellet samples show pure perovskite structures. The full widths
at half maxima of the peaks in the pellet samples are wider
than those in the powder samples.
To further investigate the phase compositions, fine scan

XRD were made. According to a review on the phase
compositions in the lead free ferroelectric system [17], the
possible p hases of this system are R-phase, T-phase, M-phase,
O-phase, or their mixtures. The measured and fitted (to a
pseudo-cubic coordinate system) profiles of the {2 0 0}pc
reflections of powder and pellet samples are shown in Fig. 3.
The measured profiles can be well simulated, and each of the
(2 0 0)pc reflections of the powder samples required three
peaks for a good fit.
Considering that there will be only one peak [(2 0 0)pc] for

R-phase {2 0 0}pc reflection but two peaks [(0 0 2)pc and
(2 0 0)pc] for T-, M- or O-phase {2 0 0}pc reflections, we
propose that the three {2 0 0}pc reflection peaks in the powder
samples indicate the coexistence of R-phase and another phase
(referred to as A-phase). According to the lattice constants of



Fig. 2. Standard XRD patterns. (a) Reflections from powder samples. (b)
Reflections from pellet samples.

Fig. 3. Observed and calculated profiles of (2 0 0)pc reflections in a pseudo-cubic
samples. (For interpretation of the references to color in this figure legend, the rea
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the above phases, the middle peaks (olive lines in Fig. 3a–d)
correspond to R-phase, and the other two peaks (blue lines in
Fig. 3a–d) correspond to A-phase. As shown in Fig. 3a–d, the
lower angle and higher angle peaks are defined as (0 0 2)pc
and (2 0 0)pc peaks, and the intensity ratios of (0 0 2)pc and
(2 0 0)pc (I0 0 2/I2 0 0) can be obtained. The values of I0 0 2/I2 0 0

are close to 1:2 for all powder samples. Therefore, A-phase
may be T- or M-phase, but not O-phase, because I0 0 2/I2 0 0 is
2:1 for O-phase.
Moreover, the relative intensity of the {2 0 0}pc reflection

of R-phase decreases and that of A-phase increases with
increasing x, which suggests that R-phase is gradually trans-
formed into A-phase. At the same time, the gap (Δ2θ) between
the (0 0 2)pc and (2 0 0)pc peaks for A-phase increases
slightly, as shown in Fig. 4a, indicating that the lattice ratio
c/a increases slightly with increasing x.
As shown in Fig. 3e–h, all {2 0 0}pc reflections of the pellet

samples are split and broadened. The split and broadened
peaks from the pellet samples can only be simulated using four
peaks, and these peaks are different from those needed to fit
the patterns from the powder samples. However, the gaps
(Δ2θ) between the two middle peaks (pink lines in Fig. 3e–h)
of the four peaks are quite closed to those found for A-phase in
the powder samples. Therefore, we regard these two middle
peaks as corresponding to A-phase in both the powder and
pellet samples. Apart from the two middle peaks, the two
coordinate system. (a)–(d) Result of powder sample. (e)–(h) Result of pellet
der is referred to the web version of this article.)



Fig. 4. (a) Δ2θ of A-phase and B-phase for powder and pellet samples; these
values show that A-phase is in fact M-phase, while B-phase is T-phase. (b)
Polar direction of T-phase. (c) Polar direction of M-phase. (d) Polar direction
of R-phase. (e) Δ2θ of R-, M- and T-phases.

W. Wang et al. / Ceramics International 40 (2014) 3933–39373936
outermost peaks (blue lines in Fig. 3e–h) are defined as
B-phase.

To further confirm the phase compositions, a comparison of
the peak gaps (Δ2θ) between the (0 0 2)pc and (2 0 0)pc peaks
of A- and B-phases in pellet and powder samples is shown in
Fig. 4a. The Δ(2θ)B values for the pellet are larger than the
Δ(2θ)A values for both pellet and powder samples, while
the Δ(2θ)A values for pellet and powder samples are almost the
same. The polarization directions of T-, M- and R-phases are
given in Fig. 4b–d. Based on polarization direction analysis,
the order of peak spacings should be Δ(2θ)T4Δ(2θ)M4
Δ(2θ)R¼0 for {2 0 0}pc reflections, as is shown in Fig. 4e,
when the chemical compositions are the same. Because the
largest Δ(2θ) value in the pellet sample is that of B-phase, B-
phase can be assigned as T-phase. A-phase is most probably
M-phase for both powder and pellet samples.

Therefore, the shadow region in the phase diagram of
Fig. 1d for powder samples is a mixture of R- and M-phases,
rather than R- and T-phases or a single phase [9,10,12]. The
phase composition of pellet samples in the same region is a
mixture of T- and M-phases, similar to that reported previously
[11]. Therefore, the three peaks in the dielectric properties as a
function of temperature for pellet samples can be interpreted as
follows: the peak at lowest temperature corresponds to the
R–M phase transition; the peak at intermediate temperature
corresponds to the M–T phase transition and the peak at the
highest temperature can be assigned to the T–C phase
transition. In addition, the difference in phase composition
between powder and pellet samples probably results from
residual stress in the pellet sample [18]. This residual stress in
the pellet samples can be confirmed by the shift of {2 0 0}pc
peaks to lower angles for pellet samples compared with
powder samples of the same composition.
Piezoelectric constants (d33) of the pellet samples have been

tested. BZT-0.46BCT has the lowest d33, �310pc/N, BZT-
0.48BCT has the highest d33, �460pc/N at room temperature.
For BZT-0.50BCT and BZT-0.52BCT, the d33 volume are 410
and 360 pc/N, respectively. The d33 values of BZT-0.48BCT
and BZT-0.50BCT are obviously larger than those of the
other pellets. As shown in Fig. 3e–h, the relative contents
of M-phase (A-phase) in BZT-0.48BCT and BZT-0.50BCT
pellets are higher than those in the other pellets, which means
that the higher piezoelectric properties of these pellets may be
related to the presence of M-phase. Crystallographically,
M-phase is a subgroup of both R- and T-phases, which would
provide a way for R-phase to transform into T-phase. In
addition, the polarization direction of M-phase can be rotated
in the (1 1 0)pc plane; this rotation is known to contribute to
the high piezoelectric properties of the PZT system [19–22].
We propose that the origin of the huge piezoelectric response
in BZT-xBCT is similar to that in PZT, that is, polarization
rotation of M-phase.
Importantly, we found that the phase transitions of the BZT-

xBCT ceramic system are very sensitive to stresses, in other
words, the phase compositions may be totally different when
there are small differences in the stress conditions of the
samples. Our results suggest that the accurate measurements of
phase compositions of BZT-xBCT ceramics near MPB are
difficult, because the stress differences are very difficult
to avoid.

4. Conclusions

In summary, dielectric and piezoelectric properties and
phase transitions of BZT-xBCT ceramic systems have been
investigated. The high piezoelectric responses are closely
related to the existence of M-phase. The phase transitions of
BZT-xBCT ceramic systems are very sensitive to stress,
making accurate measurements of phase compositions of
BZT-xBCT ceramics near the MPB difficult.
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