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Abstract

Lead-free ceramics of B-site Zn substituted Bi, sNag sTiO3, with the formula of (1 — x)Biy sNag 5TiO3—xBi(Zng 5Tip 5)O3 (BNT-BZT, x = 0.01,
0.04, 0.07) have been prepared. These compositions have rhombohedral, rhombohedral—tetragonal morphotropic phase boundary, and tetragonal
crystal structure, respectively. The polarization—electric field (P—E), bipolar and unipolar strain—electric field (S—E) curves of all the compositions
are measured as the functions of temperature. The temperature-dependent values of the remnant polarization, maximum polarization, coercive
field, bipolar and unipolar strain, as well as the shape change of P—E and S—E curves have been comparatively investigated and discussed. The
observed different temperature-dependences of the above parameters are attributed to the fact that the introduction of BZN reduces the
depolarization temperature and enhances relaxor characteristics, which is consistent with the temperature-dependent dielectric properties. These
results are valuable in understanding and further designing noval BNT-based lead-free piezoelectric systems with high recoverable strain.
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1. Introduction

Piezoelectric ceramics are widely used in electronic devices
such as sensors and actuators [1]. The current materials for such
applications are dominantly based on lead-based Pb(Zr,Ti)O3
(PZT) because of the high electrical performance. However, as
lead is toxic and PbO can easily take vaporization during the
sealing process in high temperature, lead-based materials
should be ruled out of commercial applications from the
viewpoint of environmental and healthy considerations.
Motivated by this goal, great efforts have been devoted to
the development of high performance lead-free piezoelectric
materials. Perovskite-based oxides such as BigsNagsTiO5
(BNT) and K, sNag sNbO3; (KNN)-based solid solutions have
been investigated as the possible candidates for high
performance lead-free piezoceramics [2,3]. Among these
developed systems, the BNT-based one has been widely
investigated because of the advantage of easy preparation
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procedure and good electrical properties [4—7] because the
rhombohedral BNT can form morphotropic phase boundaries
(MPB) with other lead-free perovskite oxides with different
crystal structures such as tetragonal, orthorhombic [4]. It is
summarized that there are two classes of MPBs for BNT-based
lead free piezoelectric materials, and the first one is that
between rhombohedral—tetragonal, which can have high
electrical performance in the MPB region [4]. The second
class of BNT-based MPBs are usually that between rhombohe-
dral-cubic/pseudocubic structures, which usually do not show
significantly improved electrical properties. Among the
reported BNT-based MPBs, the recent reported 0.96BNT—
0.04Bi(Zng 5Tip5)O3 (BNT-BZT) belongs to the first class,
which separating rhombohedral-tetragonal structures [8]. In
this system, the introduction of BZT decreases the depolariza-
tion temperature (7,), which corresponding to the ferroelectric—
antiferroelectric phase transition, and results in enhanced
relaxor behavior around T, of BNT-based solid solutions by
disrupt the long range ferroelectric order. Such low-temperature
shift of T, and relaxor behavior usually can lead to weak
antiferroelectric order and thus giant recoverable strain [9],
which is an important factor for application of piezoelectric
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Fig. 1. X-ray diffraction patterns the BNT-BZT ceramic.

ceramics in actuator because the strain energy density is
proportional to the square maximum achievable strain (52, )
[10].

On the other hand, it is noted that piezoelectric devices should
be able to work under various conditions and environments such
as high temperature region, therefore, it is necessary to evaluate
the temperature-dependent electric performance of the materials
behavior under high temperatures [11,12]. Motivated by this idea
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and to further understand the recently reported BNT-BZT
system, we investigated the temperature-dependent electrical
properties of (1 — x)BNT—xBZT, where x = 0.01, 0.04 and 0.07.
These designed compositions go from rhombohedral, rhombo-
hedral—tetragonal MPB, and to tetragonal crystal structure, in
other words, these three compositions have rhombohedral,
rhombohedral-tetragonal MPB, and tetragonal structure, respec-
tively, according to the report [8].

2. Experimental procedures

BNT-BZT ceramics were prepared by a conventional
ceramic fabrication method using Bi,03, Na,CO;3, ZnO, and
TiO, with purity higher than 99.0% were chosen as the starting
raw materials. The starting materials were weighed stoichio-
metrically and ball milled for 24 h in ethanol. The dried slurries
were calcined at 900 °C for 3 h and then ball milled again for
24 h. The powders were then pressed into disks with a diameter
of 10 mm under 70 MPa. Sintering was carried out at 1100 °C
in covered alumina crucibles for 3 h.

The crystal structures of the ceramics were characterized by
powder X-ray diffraction (XRD, Rigaku Ultima III) using Cu
Ko radiation. Electric measurements were carried out on
ground sintered disks. The circular surfaces of the disks were
covered with a thin layer of silver paint and fired at 550 °C for
30 min. The silver layers served as electrodes. Relative
permittivity and loss of fresh ceramics were measured using
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Fig. 2. Temperature-dependent dielectric properties of the BNT-BZT ceramics, showing the decreased T, by introducing BZT.
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an impedance analyzer (HP4284 A, Hewlett-Packard Company)
at frequencies ranging from 100 Hz to 1 MHz in a temperature
range of 50-400 °C. Polarization—electric field (P—E), bipolar
and unipolar strain—electric field (S—E) curves were measured at
1 Hz by Precision premier II (Radiant Tech., USA). The
piezoelectric coefficient (ds3) and the electromechanical
coupling factor (k,) were measured with a Berlincourt ds3
meter (ZJ-6A, China) and HP4294A on poled samples, the
sample poling was performed by applying an electric field of
6 kV/mm to the samples at room-temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of the sintered BNT-BZT
ceramics. These results show that all the ceramics have a single-
phase perovskite structure. The peak of the composition with
x =0.01 indicated by a star is attributed to the superstructure of
R3c space group, indicating the thombohedral crystal of this
composition. With increasing x, this peak tends to disappear,
that means its structure changed. According to the report [8],
the compositions with x = 0.01 and 0.07 have the rhombohedral
and tetragonal structures, respectively, while that with x = 0.04
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lying in the rhombohedral-tetragonal MPB region, which is
further confirmed by the piezoelectric measurements. At room
temperature, the measured piezoelectric coefficient and
coupling factor (ds3, k,) are (68 pC/N, 0.15), (82 pC/N, 0.21)
(85 pC/N, 0.12), respectively. These results are comparable
with other report [8] on this system and other BNT-based
systems [4,13,14].

The relative permittivity (¢,) and dielectric loss (tan §) of the
BNT-BZT ceramics are measured from 50 °C to 400 °C with
different frequencies, as shown in Fig. 2(a)-(c) for the
compositions with x =0.01, 0.04, and 0.07, respectively. As
can be seen, the peak corresponding to the maximum ¢, tends to
be significantly broadened with the increase of BZT content.
This result is attributed to the introduce of BZT, which
decreases the depolarization temperature (7,) from around
200 °C to around 100 °C. Meanwile, the introduce of BZT also
enhances the relaxor behavior, which is indicated by the
frequency dependent ¢,—T and tan 6—7 curves and that the phase
transitions, no matter from ferroelectric to antiferroelectric (7)
or from antiferroelectric to paraelectric phase (7,), show a
broadened temperature “‘peak’ [15], as evidenced by the broad
¢,—Tand tan §—T peaks in Fig. 2, the above results are consistent
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Fig. 3. Temperature-dependent P—E hysteresis loops for the compositions with (a) x =0.01, (b) x =0.04, and (c) x = 0.07, respectively.
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with other reports on BNT-based lead-free piezoceramics
[4,8,12,14].

The P-E ferroelectric loops were measured with a maximum
E-field of 6 kV/mm at different temperatures, as shown in
Fig. 3(a)—(c) for the compositions with x = 0.01, 0.04, and 0.07,
respectively. At a fixed temperature, the P—-E loops tend to
become slim with increasing x, accompanied by decreased
remanent polarization (P,) and maximum polarization (P,,.),
which indicates the weakened ferroelectricity with increasing x
and can be attributed to the decreased T; [8,13], as observed in
Fig. 2. For example, at room temperature, the (P, P,..) are
(34.5 pC/lem?, 31.2 wClem?), (30.2 wCl/em?, 23.4 nClem?),
and (26.3 wC/cm?, 8.6 wC/cm?), for the three compositions,
respectively.

On the other hand, the composition with x=0.01 shows
ferroelectricity in the whole temperature range. However, with
increasing temperature, the P, and the coercive field (E.)
decrease monotonously, whereas the P,,,, keeps almost constant.
It is noted that the shape of P-E loops changed, e.g., the P-E
loops become slightly pinched when temperature reaches
130 °C, indicating the possible appearance of weak antiferro-
electric order. However, for the other two compositions, the P, or

P, tends to increase when temperature is higher than 100 °C,
which may be attributed to the thermal induced high leakage
current [12,14].

Fig. 4(a)—(c) plots the temperature-dependent bipolar S—-E
curves. For the composition with x =0.01 and 0.04, the S-E
curves exhibit a butterfly shape, which confirms the ferro-
electric nature of this composition, in the measured temperature
range because of its high T,. This result is consistent with the P—
E loops shown in Fig. 3(a). It should be noted that with
increasing temperature, the maximum strain increases while the
“negative strain”’, which denotes the difference between zero
field strain and the lowest strain, decreases, this again indicating
the possible weak antiferroelectric order. For the other
composition with x = 0.07, the above mentioned shape change
of the bipolar S—E curves are not so significantly and the strain
values increases firstly and then decreases with increasing
temperature, which is due to its lowest 7. In addition, it can be
seen that the ‘“‘negative strain” almost vanishes when
temperature reaches 100 °C, close to T, temperature, which
is actually the onset temperature of the antiferroelectric phase.
Such results suggest a possible weak antiferroelectric nature at
this temperature. Actually, similar results are also observed in
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Fig. 4. Temperature-dependent bipolar S—E hysteresis loops for the compositions with (a) x = 0.01, (b) x =0.04, and (c) x = 0.07, respectively.
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Fig. 5. Temperature-dependent unipolar S—E hysteresis loops for the compositions with (a) x =0.01, (b) x =0.04, and (c) x = 0.07, respectively.

lead-based antiferroelectric ceramics and BNT-based single
crystal and ceramics [8,10,16-18].

Fig. 5(a)—(c) shows the temperature-dependent unipolar S—E
curves for these compositions, respectively. In general, Fig. 5
clearly demonstrates the decreased 7, with increasing BZT
content by comparing the temperature-dependent shape change
of the unipolar S—E curves. In detail, the compositions with
x=0.01 and 0.04 have the similar temperature-dependence of
the unipolar S-E curves, i.e., the strain value increases
monotonously with increasing temperature [12,14] and the
maximum values of both compositions can reach 0.19%.
However, for the composition with x = 0.07, the strain values
increases firstly and then decreases with increasing tempera-
ture, consistent with the temperature-dependence of the bipolar
strain.

4. Conclusions

In summary, lead-free ceramics of BNT-BZT with x = 0.01,
0.04, 0.07 have been prepared and investigated. It is found that
the introduction of BZT results in decreased T,; and enhanced
relaxor behavior, which is responsible for the observed different
temperature-dependence of P,, P,,.,, E., and S values, as well as
the P—E, bipolar and unipolar S—E curve shapes. The maximum

recoverable unipolar strain can be reached 0.19% for the
compositions with x =0.04. Our results may be helpful for
understanding temperature-dependent properties of BNT-based
lead-free piezoelectric systems.
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