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Abstract

A conventional solid-state reaction was used to synthesize (1-x) Sr0.7Ba0.3Nb2O6–xBaTiO3 (0.00rxr0.10) ceramics. The phase

structure, microstructure, and dielectric and relaxor ferroelectric properties of these ceramics were investigated. Tungsten bronze

structure can be observed in ceramics, and addition of BaTiO3 can make the grain size decrease and the porosity increase. The dielectric

characteristics show diffuse phase transition phenomena for all samples, which were demonstrated by a linear fit of the modified Curie-Weiss

law with g varying between 1.54 and 1.88. As the BaTiO3 content increases, the transition temperature (TC) decreases gradually and has

a minimum value of 37.53 1C at composition x¼0.06, and the maximum dielectric constant (emax) increases gradually from 66 to 3309

and subsequently decreases to 1625 at x¼0.10. In addition, the relaxor ferroelectric properties of these ceramics at x¼0.8 are consistent

with the Volgel-Fulcher relationship; polarization versus electric field (P-E) loops were measured at a different temperature.

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

The sheer number of studies carried out on relaxor ferro-
electrics over the past several years demonstrates the great
interest in these materials, both on a theoretical level and for
applications. A large, temperature-stable dielectric constant
and high electrical resistivity are necessary for developing
high-energy density capacitors, which are used in power
electric applications, such as filtering, voltage smoothing, dc
blocking, power conditioning, electromagnetic interference
suppression, and commutation in power electronic circuits.
The best-known relaxors are lead-based ceramics, i.e.,
Pb (Mg1/3Nb2/3) O3 (PMN) and derived compounds with
perovskite structure. In accordance with environmental con-
cerns and to avoid problems related to use of Pb, researchers
have moved toward using lead-free relaxors. Among these
relaxors, the compositions belonging to either perovskite or
tungsten bronze structural families have shown desirable
relaxor properties [1–4]. However, most lead-free relaxors
0 & 2012 Elsevier Ltd and Techna Group S.r.l. All rights rese
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with perovskite structure are characterized by transition
temperatures (Tm) below 270 K, as opposed to those with
tungsten bronze structures [5–18]. Interestingly, Sr0.7Ba0.3
Nb2O6 ceramics have a high TC [19,20]. Previously, we found
that compositions of SrxBa1-xNb2O6 (0rxr1) have a
relaxor effect due to A-site cation disorder when 0.5rx.
Moreover, Sr0.7Ba0.3Nb2O6 displays remarkable relaxor beha-
vior because it meets the high temperature-stable dielectric
constant requirement.
The aim of this study is to find lead-free ceramics with

transition temperatures above room temperature and to
induce relaxor behavior. Also of interest is what would
happen when Sr0.7Ba0.3Nb2O6, a relaxor ferroelectric, and
BaTiO3, a ferroelectric, form a solid solution. Few reports
on the dielectric and relaxor ferroelectric properties of
Sr0.7Ba0.3Nb2O6 doped with BaTiO3 have been previously
published. The effect of BaTiO3 doping on phase formation,
microstructure, and the dielectric and relaxor ferroelectric
properties of Sr0.7Ba0.3Nb2O6 ceramics were studied in detail
in this study. In addition, polarization versus electric field
(P-E) loops of ceramics with composition x=0.08 were
measured at different temperature.
rved.
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Fig. 1. XRD patterns of (1-x) Sr0.7Ba0.3Nb2O6–xBaTiO3 (0.00rxr0.10)

ceramics as a function of composition x.
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2. Experiment procedure

The compositions belonging to the system (1-x) Sr0.7Ba0.3
Nb2O6–xBaTiO3 (0.00rxr0.10) were investigated in this
study. The samples were synthesized from reagent-grade
SrCO3 (99.95%), BaCO3 (99.95%), Nb2O5 (99.95%) and
TiO2 (99.5%) powders using conventional solid-state reac-
tion. BaCO3 and TiO2 were added to a ball mill jar in
stoichiometric proportions and later milled for 2 h in distilled
water with ZrO2 media. After the slurry was dried, a mixture
consisting of BaCO3 and TiO2 was calcined in an alumina
crucible at 1150 1C for 3 h in air to form BaTiO3 powder.
The calcined BaTiO3 powder was milled with varying stoi-
chiometric proportions of SrCO3, BaCO3 and Nb2O5 in ZrO2

media with distilled water for 4 h and dried for 2 h. After
adding 5 wt% polyvinyl alcohol (PVA), the powders were dry
pressed into disks at a pressure of 10 MPa in a 13.6 mm
diameter stainless steel cylindrical die at room temperature.
These disks were sintered at 1350 1C for 2 h in air to yield
dense ceramics. The crystal phase of the sintered ceramics was
characterized by powder X-ray diffraction (XRD) analysis
with Cu Ka radiation. The surfaces of the disks were polished
and thermally etched before observing the microstructure with
scanning electron microscopy (SEM; Jeol, JSM-5400). SEM
micrographs were taken in randomly selected areas of each
specimen. To make a good contact, the disks were fired with
conducting silver paste at 600 1C for 0.5 h. The dielectric
response of the ceramic disks was measured with an Agilent
E4980A over temperatures ranging from room temperature to
300 1C. Polarization versus electric field (P-E) loops of x=0.08
ceramic were measured at different temperatures.

3. Results and Discussion

The XRD patterns of the (1-x) Sr0.7Ba0.3Nb2O6–xBaTiO3

(0.00rxr0.10) ceramics with varying BaTiO3 con-
tent is shown in Fig. 1. The ceramics have a tungsten
bronze (TB) structure, and a rare second phase can be
detected when xZ0.08, which indicates that most of
theBa2þ and Ti4þ ions have diffused into the tungsten
bronze lattice structure to form a solid solution. It is
generally accepted that SrxBa1-xNb2O6 (0.25rxr0.75)
ceramics have a TB structure with a unit-cell formula of
A12A24C4B12B28O30, which consists of layers of [BO6]
corner-sharing octahedra that form three types of inter-
stitial channels: square A1, pentagonal A2, and triangular
C channels. The pentagonal and square channels are
usually occupied by large alkali, alkaline earth and rare
earth cations [21]. In the tetragonal SBN crystal, Sr2þ ions
(1.12 Å radius) and Ba2þ ions (1.35 Å radius) occupy the
A sites, whereas Nb5þ ions (0.64 Å radius) occupy the B
sites and form [NbO6] octahedra with six oxygen atoms
[22]. In addition, it is reasonable to assume that Ti4þ ions
can substitute for Nb5þ ions, as their valence states and
ionic radii are similar.

Fig. 2 shows SEM micrographs of ceramics with
compositions of x¼0.00, 0.04, 0.08, and 0.10 sintered at
1350 1C. It can be observed in Fig. 2 that the addition of
BaTiO3 to Sr0.7Ba0.3Nb2O6 decreases the grain size and
increases the porosity.
Fig. 3 shows the temperature dependence of the dielec-

tric constant of ceramics with composition 0rxr0.10 at
different frequencies. Several broad dielectric peaks are
observed in the samples, which indicate ferroelectric phase
transitions. The positions of the maximum dielectric
constant shift toward higher temperatures as the frequency
increases; this phenomenon is indicative of relaxor beha-
vior. The data are consistent with the relaxor ferroelectric
nature of ceramic solutions, which could arise from local
compositional disorders of Sr2þ and Ba2þ in the A1 and
A2 sites [19,23,24]. In the tungsten bronze structure, the
A1 sites are occupied by Sr2þ only, and the A2-sites are
filled with both Sr2þ and Ba2þ , whereas the C channels
remain empty. As there are only five Sr and Ba atoms for
the six A1 and A2 positions, one of the A sites remains
unoccupied; the missing charge in these vacancies is the
source of random fields (RFs) [25]. In addition, occupation
of A2 sites by different cations creates disorder in the
oxygen ion positions, due to the difference between Ba-O
and Sr-O bonding lengths. Therefore, the disorder of ions
in the unit cell should be the reason for the appearance of
the frequency dispersion.
Fig. 4 shows the temperature dependence of the dielec-

tric constant of ceramics with composition 0.00rxr0.10.
The dielectric constant increases with temperature up to
the transition temperature (TC) and later decreases with
increasing temperatures above TC, which is normal beha-
vior for ferroelectrics. The peaks observed are associated
with a ferroelectric tetragonal to para-electric cubic phase
transition.
Fig. 5 shows the phase transition temperature (Curie

temperature TC) and the maximum dielectric constant
(emax) of ceramics with composition 0.00rxr0.10. The
maximum dielectric constant emax increases gradually from
66 to 3309 with increasing x and later decreases to 1625 at



Fig. 2. SEM micrographs of (1-x) Sr0.7Ba0.3Nb2O6–xBaTiO3 (0.00rxr0.10) ceramics sintered at 1350 1C: (a) x¼0.00, (b) x¼0.04, (c) x¼0.08, (d) x¼0.10.

Fig. 3. Temperature dependence of the dielectric constant of (1-x) Sr0.7Ba0.3Nb2O6–xBaTiO3 (0.00rxr0.10) ceramics at different frequencies:

(a) x¼0.00, (b) x¼0.02, (c) x¼0.04, (d) x¼0.06, (e) x¼0.08, (f) x¼0.10.
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x¼0.10, whereas TC has an opposite trend with emax and
has a minimum value of 37.53 1C at x¼0.06. The decrease
in TC may be due to an increase in Ti4þ substitution for
Nb5þ ions, whereas the increase in TC may be due to an
increase in Ba2þ ions among the [NbO6] octahedra in the
pentagonal channel. The increased concentration of Ba2þ



Fig. 4. Temperature dependence of dielectric constant of (1-x) Sr0.7Ba0.3
Nb2O6–xBaTiO3 (0.00rxr0.10) ceramics.

Fig. 5. TC and emax of (1-x) Sr0.7Ba0.3Nb2O6–xBaTiO3 (0.00rxr0.10)

ceramics as a function of composition x.

Fig. 6. Relationship between ln(1/e-1/emax) and ln(T-TC) of (1-x)

Sr0.7Ba0.3Nb2O6–xBaTiO3 (0.00rxr0.10) ceramics.
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ions means that there are fewer Sr2þ ions among the [NbO6]
octahedra because the [NbO6] octahedra cannot accommo-
date distortions from Sr2þ as easily, given that the Sr-O
electron cloud overlaps more so than that of Ba-O, thereby
increasing the potential energy of the oxygen atoms. There-
fore, TC decreases gradually and later increases with the
increasing x.

The broad dielectric peaks illustrate behavior typical of
relaxors in which the dielectric constant decreases and the
maximum dielectric constant temperature TC shifts to high
temperature with an increase in frequency, indicating a
diffuse phase transition (DPT). The DPT can be described
by modified Curie-Weiss law [26–28]:

1

e
�

1

emax
¼
ðT�TCÞ

g

C
; ð1Þ

where e is the dielectric constant, T is the temperature, emax

is the maximum e value at T=TC, C is the modified Curie-
Weiss constant and g is a measurement of diffusivity, the
materials with g=1 fit normal ferroelectric behavior, with
g=2 showing a complete disordered system, and between
1 and 2 indicating diffuse ferroelectric characteristics.
Fig. 6 shows the relationship between ln(1/e-1/emax) and

ln(T-TC) of ceramics with composition 0.00rxr0.10.
The diffuse exponent g increases gradually from 1.54764
to 1.87693 with the increasing x and subsequently
decreases to 1.78978 at x¼0.10. The diffuse exponents of
ceramics with composition 0.02rxr0.10 are all close to
2, which is consistent with typical diffuse ferroelectric
behavior [29]. In addition, this g value has also been
observed in other tungsten bronze compounds [30].
Further investigation was needed to explain this phenom-
enon and a ceramic composition x¼0.08 was chosen due
to its high dielectric constant and having the largest diffuse
exponent, as observed in Figs. 5 and 6. The frequency
dependence of TC is found to obey the Volgel-Fulcher
relationship closely [31,32]:

f ¼ f0e�Ea=KBðTC�Tf Þ; ð2Þ

where f0 is a pre-exponential term, Ea is the activation
energy for polarization fluctuation of an isolated micro-
polar region, TC is the temperature of the dielectric
constant maximum, EB is the Boltzmann constant, and
Tf is the Volgel—Fulcher temperature, i.e., the static
freezing temperature.
Fig. 7 shows the temperature dependence of the dielec-

tric constant at different frequencies and the inverse of
Curie temperature TC as a function of measurement
frequency for ceramics with composition x¼0.08. The
fitting parameters were obtained as Ea¼0.0042 eV,
Tf¼302.36 K, f0¼1.21� 107 Hz. This finding indicates
that ceramics with composition x¼0.08 have typical
spun-glass-like dielectric relaxation behavior. This glassy
behavior is believed to originate from the randomly
oriented dipolar and electric fields between phase-sepa-
rated super-para-electric moments [33].
Fig. 8 shows the P-E loops measured at various temperature

of ceramics with composition x¼0.08. Saturated P-E loops
have almost constant Pr values at different temperatures.



Fig. 7. (a) Temperature dependence of the dielectric constant of ceramics with composition x¼0.08 at different frequencies. (b) Inverse of Curie

temperature TC as a function of the measurement frequency of ceramics with composition x¼0.08.

Fig. 8. Polarization versus electric field (P-E) loops of ceramics with

composition x¼0.08 at different temperatures.
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As the measurement temperature increases, the Ps values
decrease, and the P-E loops gradually become wider, but
there still exists a nonlinear P-E loop, even when the measured
temperature is above TC, which implies the existence of polar
nano-micro-regions [34].
4. Conclusions

Tungsten bronze structure Sr0.7Ba0.3Nb2O6 ceramics doped
with BaTiO3 were prepared by the conventional mixed-oxide
method. The phase structure, microstructure, and dielectric
properties and ferroelectric properties of resulting ceramics
were investigated as functions of BaTiO3 content. The results
showed that tungsten bronze structure could be observed, and
a rare second phase could be detected in ceramics with
composition xZ0.08. Furthermore, the grain size decreases
and the porosity increases with increasing BaTiO3 content.
The dielectric characteristics show diffuse phase transition
phenomena for all of the ceramics investigated, which were
proved by linear fits to the modified Curie-Weiss law.
The maximum dielectric constant (emax) increases gradually
from 67 to 3309 and decreases thereafter to 1625 at composi-
tion x¼0.10 with increasing BaTiO3 content, but TC has an
opposite dependence on emax and has a minimum value of
37.53 1C at composition x¼0.06. Ceramics with composition
x¼0.08 were chosen for further investigation to explain this
phenomenon, due to their high dielectric constant and having
the largest diffuse exponent, which has a strong frequency
dispersion that agrees well with the Volgel-Fulcher relation-
ship. In addition, saturated P-E loops have almost constant
Pr values at different temperatures. With increasing measure-
ment temperature, the Ps values decrease, and the P-E loops
gradually become wider, but there still exists a nonlinear P-E
loop, even when the measured temperature is above TC, which
implies the existence of polar nano-micro-regions.
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