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Abstract

(Pb0.97Ba0.02)Nb0.02(Zr0.55Sn0.45�xTix)0.98O3 (PBNZST, 0.03rxr0.06) ceramics were prepared by conventional solid state synthesis

and their crystal structure, ferroelectric, dielectric, and electric field-induced strain properties were systemically investigated.

A transformation from antiferroelectric (AFE) phase to ferroelectric (FE) phase was observed at 0.05oxo0.06. Besides, with the

increase of Ti content, the electric field-induced strain decreased, due to the larger strain of AFE ceramics compared to FE ceramics.

Further, when the measuring frequency decreased, the strain improved, because the electric field at low frequency allows a more efficient

switching of domains, resulting in larger strain. The maximum strain of 0.55% was obtained in (Pb0.97Ba0.02)Nb0.02(Zr0.55Sn0.45�xTix)0.98O3

antiferroelectric ceramics with x¼0.03 at 2 Hz.

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

At present, with the rapid development of the micro-
electronic (ME) techniques, materials with large electric
field-induced strain are strongly desired in order to satisfy
the requirement of high-strain transducers/actuators. Gen-
erally, electric field-induced strain (S–E) in FE materials is
resulted from piezoelectric or electrostriction effects, which
do not cause the changes of the primitive cells. However,
strain in AFE materials comes from phase switching
between AFE and FE state, accompanied with a relatively
large change in primitive cells of the materials [1–3]. As a
result, in comparison with FE materials, AFE materials
possess much larger strain [4–8].

In the AFE family, PZST based antiferroelectric cera-
mics were widely investigated because of their large electric
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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field-induced strain. Antiferroelectric phase near AFE and FE
phase boundary can readily be transformed to the ferro-
electric phase by externally applied field. In order to improve
mechanical and electrical properties of PZST based antiferro-
electric ceramics, various impurities have been added. For
example, Sr2þand Ba2þ for Pb2þ in site A (referred to the
general ABO3 perovskite) [9–11], La

3þ for Pb2þ in site A or
Nb5þ for Zr4þ/Ti4þ in site B [12,13] were used for reducing
the antiferroelectric–paraelectric phase transition temperature
and increasing the mobility of the domain walls, respectively.
However, until now, there are still few reports about the
effect of the Zr4þ /Ti4þ ratio on the electric field-induced
strain properties of PZST based antiferroelectric ceramics.
In this article, the influence of Ti content on the

crystal structure, ferroelectric, dielectric and electric
field-induced strain properties of (Pb0.97Ba0.02)Nb0.02
(Zr0.55Sn0.45�xTix)0.98O3 AFE/FE ceramics was investi-
gated to find out the optimized Ti content, in which the
ceramics can obtain the largest strain.
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2. Experimental

(Pb0.97Ba0.02)Nb0.02(Zr0.55Sn0.45�xTix)0.98O3 (PBNZST,
0.03rxr0.06) ceramics were prepared by conventional
solid state synthesis using PbO, BaCO3, Nb2O5, TiO2,
ZrO2 and SnO2 with the purity of over 99%. The powders
were weighed according to the stoichiometric formula, ball
milled in ethanol for 6 h and then calcined in sealed Al2O3

crucibles at 900 1C for 6 h. These powders were ball milled
again for 6 h, dried and pressed into discs 10 mm in
diameter and 0.2 mm in thickness using PVA as a binder.
After burning off PVA, the pellets were sintered at 1200–
1240 1C for 2 h with a double crucible method. Silver paste
was fired on both sides of the samples at 550 1C for 10 min.

The crystal structure of sintered samples was determined
by using an X-ray diffractometer (XRD, Bruker D8
Advance, Germany). The dielectric properties with varia-
tion of temperature and frequency were measured using a
HP 4284A precision LCR meter (Agilent). The electric
field-induced polarization (P–E) and strain (S–E) were
measured using an ferroelectric test system (Precision
Premier II) at different frequencies.

3. Results and discussion

Fig. 1 shows the XRD patterns of PBNZST ceramics
with different Ti content in the 2y range of 20–801. A pure
perovskite structure without any second impurity phases
could be confirmed. At x¼0.03, 0.04 and 0.05, a single
tetragonal antiferroelectric phase is detected, due to the
splitting of the (200) peak observed over the 2y range from
421 to 461, as shown in the inset in Fig. 1. However, at
x¼0.06, the (002) and (200) peaks of the tetragonal phase
are combined into one peak, indicating the formation of
the rhombohedral phase. Therefore, (AFE)/(FE) phase
Fig. 1. X-ray patterns of PBNZST ceramics with different Ti content. The

inset shows the fine scanning of the ceramics in the 2y range of 42–461.
boundary of PBNZST at room temperature is located at
0.05oxo0.06. Phase stability of the perovskite structure
(ABO3) can be evaluated in terms of tolerance factor
[14,15], which is defined as

t ¼
RAþROð Þ
ffiffiffi

2
p

RBþROð Þ
ð1Þ

where RA, RB, and RO are the ionic radii of A-site cation,
B-site cation, and oxygen anion, respectively. FE phase is
stabilized for t41 and AFE phase is stabilized for to1.
Ti4þ substituting Sn4þ would lead to the increase of
tolerance factor and the instability of AFE phase because
the ions radius of Ti4þ (0.605 Å) is smaller than that of
Sn4þ (0.69 Å). Besides, as shown, with the increase of Ti
content, the reflection shifts to a large angle because Ti4þ

with smaller ions radius substituting Sn4þ leads to the
distortion of the crystal lattice [16].
Fig. 2 shows the variation in the permittivity of

PBNZST specimens as a function of temperature and Ti
content measured at 1 kHz. As x increases from 0.03 to
0.06, the temperature (Tm) corresponding to the maximum
dielectric constant first decreases, then increases and the
peak value of the dielectric constant increases from 1000 to
2500. In the AFE state, with the increase of Ti content,
polar FE domains enlarge which weakens the antiferro-
electric properties accompanied with the AFE–PE phase
transition temperature decreasing [5,17]. However, when
the content of Ti is 0.06, the ferroelectric long-range order
is established and the samples transfer to stable ferro-
electric rhombohedral phase. FE–PE phase transition
occurs and Tm increases improving the content of Ti.
Besides, as seen, two dielectric peaks can be seen for each
dielectric–temperature curve. The first peak marks the
transition from the tetragonal antiferroelectric phase
Fig. 2. Temperature dependence of dielectric constant and dielectric loss

for the PBNZST ceramics with different Ti content. The inset shows the

increase temperature (in-T) and decrease temperature (de-T) dielectric

response of PBNZST ceramics with x¼0.03.
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(AFET) to the multicell cubic phase (PEMC) [4,18]. This
PEMC phase exhibits a plateau region. With decreasing Ti
content, the width of the PEMC region increases. The
PEMC region is attributed to the disruption of the
paraelectric–antiferroelectric transformation by Sn ‘‘impu-
rities’’. The second peak corresponds to the transition from
the PEMC phase to the paraelectric single-cell cubic phase
(PESC) [18]. The dielectric responses of PBNZST ceramics
with x¼0.03 during increasing temperature (in-T) and
decreasing temperature (de-T) are shown in the inset in
Fig. 2. As shown, the thermal hysteresis is very low and the
dielectric curves for increasing and decreasing temperature
processes are nearly the same.

The dielectric constant and dielectric loss of PBNZST
ceramics with x¼0.03 in wide frequency range (from
1 kHz to 1000 kHz) as a function of temperature are
shown in Fig. 3. As shown, a AFE-PE phase transition
with dielectric frequency dispersion is observed in the
specimen. Besides, with the increase of frequency, the
Curie temperature shifts towards higher temperature and
Fig. 3. Temperature dependence of dielectric constant and dielectric loss

for the PBNZST ceramics with x¼0.03 at different frequencies.

Fig. 4. The electric field-induced strain of PBNZST specimens (a) with x¼0.0

of the ceramics.
the dielectric constant, the dielectric loss decrease. The
decrease in dielectric constant is because at low frequency,
all the polarizations contribute for the dielectric constant,
but when the frequency increases, those with large relaxa-
tion time cease to respond. The decrease of the dielectric
loss with increasing frequency may be due to the basis of
Koop’s phenomenological model [19].
The electric field-induced strain of PBNZST specimens

as a function of Ti content is shown in Fig. 4(a) and (b)
measured at 10 Hz. The insets in Fig. 4(a) and (b) show the
P–E loops of the ceramics. At room temperature, the
specimens with x¼0.03, 0.04 and 0.05 are in the AFE
state, which have good double hysteresis loops and the
composition with x¼0.06 is in the FE state. With the
increase of Ti content, the electric field-induced strain
gradually decreases. In AFE state, the samples show large
strain and the maximum electric field-induced strain of
0.5% is obtained at x¼0.03.
The P–E loops and S–E loops in wide frequency range

(from 2 Hz to 50 Hz) are respectively shown in Fig. 5(a)
and (b). As shown, with the decrease of measuring
frequency, the spontaneous polarization of the ceramics
and the electric field-induced strain increase. The largest
electric field-induced strain of 0.55% is obtained at 2 Hz.
The larger spontaneous polarization and strain at low
frequency are because the polarization and strain originate
in the movement of all domains and non-1801 domains
respectively and the electric field of low frequency allows a
more efficient switching of these low-mobile domains [20].
4. Conclusion

(Pb0.97Ba0.02)Nb0.02(Zr0.55Sn0.45�xTix)0.98O3 (0.03rx

r0.06) specimens have been fabricated and their crystal
structure, ferroelectric, dielectric and electric field-induced
strain properties were studied. The dielectric curves of the
ceramics for increasing and decreasing temperature pro-
cesses are nearly the same, so the thermal hysteresis is very
low. With the decrease of measuring frequency, the electric
3 and 0.04 and (b) with x¼0.05 and 0.06. The inset show the P–E loops



Fig. 5. (a) The P–E loops and (b) the S–E loops of PBNZST ceramics with x¼0.03 at different frequencies.
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field-induced strain increases and the largest strain of
0.55% is obtained in x¼0.03 at 2 Hz.
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