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Abstract

Bismuth sodium zirconate titanate (Bi0.5Na0.5)Zr1�xTixO3 with (x¼0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) ceramics was fabricated by a

conventional sintering technique at 850–1000 1C for 2 h. From X-ray diffraction study, three regions of different phases were observed

in the ceramic system; i.e., orthorhombic phase region (0rxr0.2), mixed-phase region (0.3rxr0.4), and rhombohedral phase region

(0.5rxr0.6). It was observed that the phase evolution from orthorhombic to rhombohedral symmetry resulted in a noticeable increase

of the dielectric properties. The results from the high- and low-field dielectric responses indicated that the dielectric properties of both

BNZ and BNZT ceramics were dominantly attributed to the reversible contribution. It was also noticed that grain size showed only

partial influence on the increase of low-field dielectric constant in Ti-rich BNZT ceramic.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

To speak of an interesting lead-free novel perovskite
materials, bismuth sodium zirconate-based (Bi0.5Na0.5ZrO3;
BNZ) ceramic, which had just been reported a few years ago
[1,2], is one of those electronic materials. Since it promoted a
negative temperature resistance behavior [3], the system was
believed to become a promising candidate in lead-free
compounds for electronic devices; i.e., sensor, actuator and
NTC thermistors. However, electrical properties of BNZ-
based materials are scarcely reported. Recently, room
temperature dielectric properties of Bi0.5Na0.5Zr1�xTixO3

ceramics (BNZT) with 0.3rxr0.6 were reported by
Jaiban et al. [4,5]. They found that the relative dielectric
constants for these materials were rather low (erE170–430).
Nevertheless, it should be noted that relatively low values of
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er measured at low electric field were attributed mainly to a
reversible contribution (intrinsic properties from lattice
vibration and single-domain responses) [6]. On the contrary,
high-field permittivity (differential permittivity) provides
information on both the reversible and irreversible contribu-
tions (extrinsic domain-switching related property, i.e.
domain wall motion) [6]. It is thus our motivation to seek
better understanding on low- and high-field dielectric beha-
vior of BNZ and BNZT systems to elucidate the different
contributions. In addition, study of the ferroelectric proper-
ties of BNZ and BNZT is also scarce. Hence, a purpose of
this study is to investigate phase, microstructure, low- and
high-field dielectric responses and ferroelectric properties of
Bi0.5Na0.5Zr1�xTixO3 ceramics where x¼0, 0.1, 0.2, 0.3, 0.4,
0.5 and 0.6.
2. Experimental

The specimens were fabricated according to the chemical
formula (Bi0.5Na0.5)Zr1�xTixO3, where x¼0, 0.1, 0.2, 0.3,
ll rights reserved.
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Fig. 1. X-ray diffraction patterns of BNZT ceramics (a) 20r2yr80 and (b) 54r2yr58. The data of BNZT ceramics 0.3rxr0.6 are taken from our

previous report [4]. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 2. SEM–BEI images of BNZT ceramics for (a) x¼0, (b) x¼0.1, (c) x¼0.5 and (d) x¼0.6. The microstructural data for x¼0.5 and 0.6 are taken

from our previous report [4].
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0.4, 0.5 and 0.6. The starting materials used in this study
were ZrO2 (99%, Riedel-de Haë�n), TiO2 (99%, Riedel-de
Haë�n), Bi2O3 (98%, Fluka) and Na2CO3 (99.5%, RdH).
The mixtures of oxides were ball milled in ethanol for 24 h.
The mixed powders were dried and calcined at 800 1C for
2 h. After sieving, the mixed powder was pressed into
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pellets with a diameter of 10 mm using a uniaxial press.
These pellets were then sintered at 850–1000 1C for 2 h.

Phase identification of the specimens was investigated in
2y range of 20–801 using an X-ray diffractometer (XRD,
Phillip Model X-pert). A backscattered-electron mode of
scanning electron microscope (JSM 6335F) was used to
observe microstructure of the selected ceramics. Low-field
dielectric permittivity and loss were measured at room
temperature with a measured frequency of 1 kHz using
4284 A LCR-meter. Ferroelectric hysteresis loop was
obtained using a computer controlled modified Sawyer–
Tower circuit. The electric field was applied to a sample by
a high voltage AC amplifier at 20 kV. The polarization–
electric field (P–E) loop was then recorded by a digital
oscilloscope. Differential permittivity (high-field dielectric
constant), energy loss, remanent polarization (Pr) and
coercive field (Ec) values were then determined from the
hysteresis loops. From the P–E loops, the differential
permittivity [7] can be calculated approximately by using
Eq. (1), which gives

e¼
DP

DE
ð1Þ

where e¼ the differential permittivity, DE¼applied field
between þ1 and �1 kV/cm, DP¼polarization difference
between þ1 and �1 kV/cm.
Fig. 3. Plot of the relative permittivity (high and low electric field) and

dielectric loss as a function of Ti concentration of BNZT ceramics. The

low-field permittivity and dissipation factor of BNZT ceramics

0.3rxr0.6 are taken from our previous report [4]. (For interpretation

of the references to color in this figure, the reader is referred to the web

version of this article.)
3. Results and discussion

Phase identification of Bi0.5Na0.5Zr1�xTixO3 ceramics
where x¼0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6 using X-ray
diffraction technique in 2y range between 20–801 is shown
in Fig. 1(a). In BNZ pure ceramic, the XRD pattern
showed that BNZ ceramic possessed orthorhombic
perovskite phase, in good agreement with previously
reported literature [1–3]. As Ti addition, shift of diffraction
pattern toward a higher reflection angle was seen due to
the fact that smaller Ti4þ ions (0.605 Å) [8] substituted
larger Zr4þ ions (0.72 Å) [8] within the lattice to reduce
unit cell volume. Moreover, the analysis revealed a non-
perovskite peak existence of Bi2O3 (JADE no. 054873) for
Ti addition of x¼0.1 and 0.2, and ZrO2 (JADE no.
371484) for the Ti addition up to x¼0.3. Formation of
both un-desired phases would be explained together with
their microstructural evidences in SEM study. Based on
fitting profile within 2y range of 54–581 as displayed in
Fig. 1(b), a structural transition was found to occur
gradually between the orthorhombic, (321) and (123)
peaks, and rhombohedral phase, (300) peak. The phases
were divided into three regions, the single orthorhombic
phase region up to x¼0.2 mol fraction, a two-phase region
at x¼0.3 and 0.4 mol fraction in which (321) orthorhom-
bic and (300) rhombohedral peaks overlapped to cause a
left side intensity (blue peak) to become higher than a right
side (123 peak), then a single rhombohedral phase region
beyond x¼0.5 mol fraction.
SEM–BEI micrographs of the selected specimens at
composition x¼0, 0.1, 0.5 and 0.6 are displayed in
Fig. 2. The images revealed an inhomogeneous area of
all ceramics although X-ray diffraction technique could
not detect these phases within the samples x¼0, 0.5 and
0.6. EDX analysis (not shown here) suggested that liquid-
like (white) and precipitate-like (dark gray) regions were
Bi2O3 and ZrO2 starting phases, respectively. For Bi2O3

phase, it was possibly due to sodium deficiency in some
areas, which caused an excess Bi2O3-like stoichiometry at
A-site of the systems during fabrication to induce Bi-rich
liquid phase formation. This hypothesis conformed to Pb-
rich liquid phase presence as a result of an excess PbO at
A-site in PZT ceramic [9,10]. For the existence of ZrO2

phase, Bi2O3 was expected to decompose together with
Na2CO3 resulting in both Bi and Na A-site deficiency to
provide second phase (ZrO2) precipitates. This observation
was also in good agreement with the presence of ZrO2

phase in a well-known PZT ceramic due to PbO A-site
deficiency [9,10]. The influence of these secondary non-
perovskite phases and microstructure on BNZT properties
will be discussed in later section.
Dielectric properties at high electric field (1 kV/cm) and

low electric field (10 V/cm) of the ceramics as a function of
Ti content are shown in Fig. 3. The dielectric constant at
low field (blue dot line) [4] for compositions of Ti with
0rxr0.2 increased only slightly, then increased more
rapidly at higher Ti content of 0.3rxr0.6. Since, in
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general, polarizability of atoms in the rhombohedral lattice
is better than in the orthorhombic lattice, resulting in
higher relative permittivity [11], the rhombohedral phase
transition in the system was expected to be a main factor
for an observed increase in the low-field dielectric proper-
ties. The dielectric constant enhancement was also accom-
panied with the increase in the low-field dielectric loss
tangent (dissipation factor), as plotted in Fig. 3. The
dissipation factor (green dash line) of BNZ and BNZT
ceramics measured at room temperature with frequency
1 kHz was seen to change rapidly near the composition
with x¼0.3. The result was clearly in good agreement with
dielectric constant tendency. It was basically due to the
materials having high dielectric constant also possess
higher dielectric loss.

In case of the high-field permittivity (red dot line), it was
found that the slope increment was also distinct at 0.3rx

r0.6. The high-field dielectric properties of the BNZ and
BNZT ceramics were also due to the phase transition
influence. More importantly, it was found that both high-
and low-field dielectric permittivity values were not very much
different for all compositions. To some extent, this observation
may imply that there was only little irreversible contribution
Fig. 4. P–E hysteresis loops of BNZT ceramics.

Table 1

Remnant polarization, coercive field, grain size and energy loss of BNZT

ceramics.

Ti content Pr
a

(mC/cm2)

Ec
a

(kV/cm)

Grain

size (mm)

Energy loss

(kJ/m3)

0 0.04 3.43 1.9270.73 3.08

0.1 0.04 3.12 6.6871.66 2.58

0.2 0.04 2.95 6.3271.26 2.57

0.3 0.04 2.85 5.6571.63b 2.27

0.4 0.07 3.37 5.5571.84b 3.81

0.5 0.06 3.41 5.0771.57b 3.83

0.6 0.09 3.77 3.7671.24b 5.28

aFerroelectric data at room temperature and an electric field of 20 kV/cm.
bData are taken from the previous report [4].
(from the domain wall motion) to the dielectric properties of
the BNZT ceramic system (within the compositional range of
0rxr0.6).
The P–E hysteresis loops of BNZ and BNZT ceramics at

electric field 20 kV/cm are shown in Fig. 4. It was found that
all samples showed some elliptic shape loop. The high
dielectric loss of BNZ and BNZT ceramics clearly caused
the unsaturated loop because the loss values of these ceramics
(0.02–0.10) were rather high as compared to well-known
ferroelectric ceramics; i.e., BaTiO3 (0.005–0.01) [12] and
Pb(Zr1�xTix)O3 (0.004–0.02) [13] with well documented satu-
rated P–E loops. It was therefore difficult to observe saturated
loops in these BNZ and BNZT ceramics. Nonetheless, the
area of P–E loop could indicate the polarization dissipation
energy of ferroelectric materials under one full cycle of electric
field application [6]. This amount of the energy loss was
directly related to the amount of domains participating in the
switching process during the application of electric field [6,14].
The calculated hysteresis losses for these ceramics are listed in
Table 1. It was observed that the numerical data range of
BNZT ceramics was about 2–6 kJ/m3. The values did not
differ significantly. This result further supported that the
domain wall movement in these ceramics was rather deficient.
This information supported very well the dielectric results at
high and low field (Fig. 3). Thus, it could be mentioned that
the dielectric response of BNZ and BNZT ceramics at both
high- and low-field was mainly attributed to the reversible
contribution (intrinsic dielectric property). For remanent
polarization and coercive field of BNZ and BNZT (Table 1),
it could be seen that the values did not show any significant
variation. In addition, it should be mentioned that the non-
perovskite phases (discussed earlier in SEM micrographs) did
not influence significantly the dielectric and ferroelectric
properties of BNZ and BNZT ceramics, which were governed
largely by the rhombohedral phase transformation and loss
tangent, respectively. As listed in the Table 1, the contribution
from different grain size (higher internal stress of smaller
grain) could only be noticed to partly influence the low-field
dielectric constant enhancement in BNZT ceramic with x¼0.6
(with grain size of E3.76 mm), where the dielectric constant
value (Fig. 3) was increased about 50% over that of the BNZT
ceramic with x¼0.5 (with larger grain size of E5.07 mm).

4. Conclusions

In this study, (Bi0.5Na0.5)Zr1�xTixO3 (x¼0, 0.1, 0.2, 0.3,
0.4, 0.5 and 0.6) ceramics were successfully fabricated by a
conventional sintering technique. Phase region of the
ceramics was divided into three regions: the orthorhombic
phase (0rxr0.2), the mixed-phase (0.3rxr0.4) and
the rhombohedral phase (0.5rxr0.6). The presence of
Bi2O3 and ZrO2 secondary phases did not affect signifi-
cantly the properties of the ceramics. BNZ and BNZT
ceramics showed elliptic-shaped hysteresis loops. The
rhombohedral phase transition in Ti-added ceramics could
enhance the dielectric properties of BNZ prototype mate-
rial. From high- and low-field dielectric response analysis,
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the dielectric properties of the BNZ and BNZT ceramics
were dominated mainly by the reversible contribution. The
partial influence of the grain size on the low-field dielectric
constant was only observed in Ti-rich BNZT ceramic.
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