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Abstract

Sr0.7Ba0.3Nb2O6 (SBN70) ceramics were prepared by conventional sintering (CS) and microwave sintering (MWS) techniques. High-

density ceramics were obtained by the MWS method in 2 h of cycle time, whereas it took 14 h by the CS method. Samples prepared by

both sintering techniques showed single phase formation according to XRD results. It was observed that MWS SBN70 ceramics showed

better densification and more uniform grain size than those of CS samples. The dielectric characteristics of both samples showed diffuse

phase transition phenomenon features, which was confirmed by linear fitting of the modified Curie–Weiss law. Besides, the relaxor

ferroelectric properties of both samples followed the Vogel–Fulcher relationship well. The value of spontaneous polarization (Ps) and

the P–E hysteresis loop for MWS samples were significantly higher and slimmer than those of the CS samples, respectively.

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

SrxBa1�xNb2O6 (SBN, where 0.25rxr0.75) ceramics
are ferroelectric materials with tungsten bronze structures,
which have excellent electro-optic [1–3], pyroelectric [4–6],
photorefractive [7–9], and piezoelectric [3] properties. In the
past decades, SBN has received considerable attention as a
candidate for lead-free electroceramics. Although single
crystal SBN has superior properties to those of polycrystal-
line SBN, the high costs and complicated fabrication
process limit its applications. Therefore, the achievement
of full densification with a uniform microstructure of
polycrystalline SBN ceramics is greatly desirable, which will
benefit from lower cost and the easier fabrication process.
However, as is well known, the sintering temperature for
SBN ceramics is higher than 1350 1C, which can lead to
abnormal growth and the generation of crack [10–14]. At
present, the main solutions to avoid abnormal grain growth
of SBN are two-step sintering method and adding additives.
The disadvantages of the two-step sintering method are the
high sintering temperature and the time-consuming
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complicated manufacturing process. In addition, low dielec-
tric constant of SBN and high dielectric loss are always
caused by the adding additives [15].
Microwave processing for preparing ceramic materials has

been investigated in the past decade by many researchers. The
increasing interest in microwave processing over conventional
processing method is due to the fact that the electromagnetic
wave interacts with ceramic materials leading to volumetric
heating by dielectric loss, which will enhance the sintering
process, decrease densification temperature, improve micro-
structure uniformity and the product properties as well.
Compared with the conventional heating method, this unique
heating method has also the potential for saving energy and
cutting cost [16].
In this study, Sr0.7Ba0.3Nb2O6 (SBN70) ceramics were

prepared by conventional sintering (CS) and microwave
sintering (MWS) techniques. A comparison of different
methods on the microstructure, dielectric properties, and
relaxor ferroelectric properties is explained and discussed.

2. Experiment procedure

The starting materials of reagent grade SrCO3 (99.95%),
BaCO3 (99.95%) and Nb2O5 (99.95%) powders were
ll rights reserved.
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Fig. 2. XRD patterns for (a) CS and (b) MWS SBN70 samples.
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weighed according to the nominal composition of
Sr0.7Ba0.3Nb2O6. The weighed powders were added into a
ball milling jar, and milled for 2 h in distilled water with
ZrO2 media. After drying, the mixture was calcined at
1200 1C for 6 h in a high-purity alumina crucible kept in a
conventional furnace. The calcined powders were ball
milled for 24 h and sieved again. The prepared powders
were mixed with 5 wt% polyvinyl alcohol (PVA) solution
and then pressed into pellets with a diameter of 13.6 mm
under 10 MPa pressure. The disks were divided into two
series. One set of series green bodies were sintered by the
conventional method, which were sintered in a simple
silicon carbide muffle furnace (KSL1700, Hefei Kjmt,
China) at 1350 1C for 2 h with a heating and cooling rate
of 3 1C/min. Prior to microwave sintering, another set of
green bodies was annealed in air at 600 1C for 3 h in order
to remove adsorbed water and organic compounds, which
was then sintered at 1300 1C using a microwave sintering
furnace for 30 min and the total cycle time was 2 h. The
microwave furnace in this study consisted of 2.45 GHz
magnetrons with maximum power of 3 kW (Raptor,
Shanghai PreeKem, China). The ceramics samples were
placed on a high-purity aluminum oxide plate surrounded
by a hollow silicon carbide cylinder, which was used to
enhance microwave heating efficiency and develop tem-
perature homogeneity. The temperature–time sintering
profile for CS and MWS is shown in Fig. 1. The crystal
phase of the sintered ceramics was characterized by
powder X-ray diffraction (XRD). A scanning electron
microscope (SEM; Jeol, JSM-5400) was used for the
microstructure observation. The ceramics with conducting
silver paste were fired at 600 1C for 0.5 h for a good
contact. The dielectric response of pellet ceramics was
measured by an Agilent E4980A with temperature con-
troller range from room temperature to 200 1C. P–E

hysteresis loops were observed by an automated P–E loop
tracer (M/s AR Imagetronics, India) based on modified
Sawyer–Tower circuit.
Fig. 1. Comparison of time–temperature sintering profile for (a) CS and

(b) WMS SBN70 samples.
3. Results and discussion

The XRD patterns for (a) CS and (b) MWS SBN70
samples are shown in Fig. 2. Both ceramics are of
tetragonal tungsten bronze (TB) structure.
Fig. 3 shows the scanning electron microscope (SEM)

images of CS and MWS SBN70 samples. Crack and
Fig. 3. SEM images for (a) CS and (b) MWS SBN70 samples.
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inhomogeneous grain size are clearly observed for CS samples
in Fig. 3(a). However, as shown in Fig. 3(b), MWS SBN70
samples obtained at 1300 1C showed uniform grain size and
denser microstructure. In addition, it is important to note that
the grain size of MWS SBN70 samples is larger than that of
CS samples. This could be attributed to the fast grain growth
and accelerated densification caused from the reduction of
activation energy because of the interaction between the high
electromagnetic fields and ceramic material [17].

Fig. 4 shows the dielectric constant and dielectric loss as a
function of temperature measured at various frequencies.
The relaxor behavior for both CS and WMS samples could
be clearly observed. The maximum of dielectric constant
and dielectric loss shift to higher temperatures with increas-
ing frequency. The relaxor behavior is partly caused by the
A Sites ions disorder. As far as we know, SrxBa1-xNb2O6

compounds (0.25rxr0.75) have TB structure with a unit-
cell formula of A12A24C4B12B28O30, which is developed
from the perovskite type structure by tilting the oxygen
octahedral in such a way that the layers of [BO6] octahedra
sharing the corners form three types of voids: square A1,
pentagonal A2, and triangular C channels. In the tungsten–
bronze structure, the A1 positions are occupied by only
Sr2þ and the A2-sites are filled with by both Sr2þ and
Ba2þ , whereas the C sites are usually empty. There are only
five Sr and Ba atoms for six A1 and A2 positions. As a
result, one of the A-sites remains unoccupied and the
missing charge on these vacancies is the source of random
fields (RFs) [18]. Therefore the ion disorder in the unit cell
could be the reason for the appearance of the frequency
dispersion. Simultaneously, it was also observed that the
peak values of dielectric constant and dielectric loss of
WMS samples are higher than those of the CS samples.
Fig. 4. Temperature dependence of dielectric constant and dielectric loss mea
It is well known that the classical ferroelectrics follow
the Curie–Weiss law above Curie temperature (TC)
expressed by the following relationship:

1

e
¼

T�TCð Þ

C
ð1Þ

where TC is the Curie–Weiss temperature and C is the
Curie–Weiss constant. Fig. 5 shows the inverse of dielectric
constant (e) as a function of temperature for both samples,
and the line is fitted with Eq. (1). The fitting parameters are
shown in Table 1. An empirical parameter DTm, defined as
DTm¼Tdev–Tm, is often used as a measurement of the
degree of the deviation from the Curie–Weiss laws. Here,
Tdev is deviated Curie–Weiss temperature. The values of
Tdev for conventional and microwave sintered samples are
given in Table 1.
Considering the signal of diffuse characteristic, the broaden

dielectric peaks illustrate a typical relaxor behavior where the
maximum dielectric constant electric constant decreases and
TC shifts to high temperature with the increase of frequency,
indicating a diffuse phase transition (DPT). The DPT can be
described by the modified Curie–Weiss law [19–21]

1

e
�

1

emax
¼
ðT�TCÞ

g

C
ð2Þ

where e is the dielectric constant, T is the temperature, emax is
the maximum value of e at T=TC, C is the modified Curie–
Weiss constant and g is a measurement of diffusivity, the
material with g=1 fitting 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)
for CS and WMS SBN70 ceramics. It is found that the diffuse
sured at different frequencies for (a) CS and (b) WMS SBN70 ceramics.



Table 1

Physical and electrical parameters of conventional and microwave

sintered samples.

Conventional Microwave

Sintering temperature (1C) 1350 1300

Soaking time (h) 2 0.5

Total cycle time (min) 840 120

Peak dielectric constant 317 4423

Peak dielectric loss 0.030 0.086

Curie constant 1.1� 105 1.6� 105

T0 (K) 340 318

g 1.66 1.68

DTm (K) 31 32

DTdif (K) 51 11

DTrelax (K) 10 9

Frequency f0 (Hz) 5.4� 108 5.9� 108

Activation energy Ea (eV) 0.011 0.013

Freezing temperature (K) 326.3 313

Fig. 5. Inverse of dielectric constant (e) as a function of temperature for (a) CS and (b) WMS SBN70 ceramics.
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exponents of both SBN70 ceramics are close to 2, confirming a
typical diffuse ferroelectric behavior [22]. This could be
attributed to the short-range correlation among the nanopolar
domains [23]. In addition, the diffuseness of the phase
transition can also be described by an empirical parameter
DTdif, defined as

DTdif ¼T0:9em 100 Hzð Þ�Tem 100 Hzð Þ ð3Þ

i.e. the difference between T0.9em(100 Hz) (the temperature
corresponding to 90% of the dielectric constant (em) at higher
temperature side) and Tem(100 Hz). The value of DTdif was
found to be 51 K and 11 K for CS and MWS samples,
respectively. It shows that the less diffusive nature of micro-
wave sintered SBN70 ceramics as compared with
conventional ones.
On the other hand, the degree of relaxation behavior
(frequency range 100 Hz–100 kHz) could be described by a
parameter DTrelax, which is defined as

DTrelax ¼ Tem 100 kHzð Þ�Tem 100 Hzð Þ ð4Þ

The values of DTrelax for both samples are shown in
Table 1. Compared with the CS samples, the MWS
samples show less degree of relaxation behavior. Com-
bined with above DTm, g, DTrelax, and DTdif results, the
following can be concluded: (i) dielectric behavior of
SBN70 ceramics follows the Curie–Weiss law when the
temperature is higher than Tem; (ii) DTdif and DTrelax show
significant diffuseness of the phase transition and some
frequency dispersion; and (iii) the value of g is close to 2,
indicating that both samples have typical ferroelectric
relaxor behavior [24].
The frequency dispersion near dielectric maxima in relaxor

ferroelectrics can be attributed to the distribution of relaxation
times. A large number of theoretical models have been
proposed to understand the diffusiveness of the dispersion.
Among these the Vogel–Fulcher model is considered to be the
most successful mathematical representation for the divergent
nature of relaxation time below a certain temperature [18]. The
observed frequency dependence of Tm could be described by
the Vogel–Fulcher equation [25,26] as

f ¼ f0e�Ea= KB TC�Tfð Þð Þ ð5Þ

where f0 is the pre-exponential term, Ea is the activation
energy from polarization fluctuation of an isolated micro-
polar region, TC is the temperature of the maximal dielectric
constant, KB is the Boltzmann constant, and Tf is the Vogel–
Fulcher temperature, i.e., the static freezing temperature.
Fig. 7 shows inverse of Curie temperature TC as a function

of measurement frequency for both CS and WMS SBN70



Fig. 6. Relationship between ln(1/e�1/emax) and ln(T–TC) for (a) CS and (b) WMS SBN70 ceramics.

Fig. 7. Inverse of Curie temperature TC as a function of measurement frequency for (a) CS and (b) WMS SBN70 ceramics.
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ceramics. The fitting parameters (Tf, f0 and Ea) in Vogel–
Fulcher relationship are summarized in Table 1. SBN70
ceramics show a typical spin-glass-like dielectric relaxation
behavior. The glassy behavior nature is attributed to the
randomly oriented dipolar and electric fields [27]. The relaxa-
tion distribution is strongly broadened to Tf.
The polarization levels versus applied electrical field
(P–E) hysteresis loops measured at room temperature are
shown in Fig. 8. The values of spontaneous polarization
(Ps) and the P–E hysteresis loop for MWS samples were
significantly higher and slimmer than those of the CS
samples, respectively.



Fig. 8. P–E hysteresis loops for (a) CS and (b) WMS SBN70 ceramics measured at room temperature.
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4. Conclusions

Single-phase tungsten bronze structure was obtained via
conventional and microwave sintering techniques. Uniform
grains were achieved by the microwave sintering technique
with lower sintering temperature and shorter soaking time
compared to those of conventional process. Comparison and
analysis on the dielectric characteristics and relaxor ferro-
electric properties were systematically studied by empirical
parameters calculated from the modified Curie–Weiss law and
Vogel–Fulcher relationship. The value of spontaneous polar-
ization (Ps) and the P–E hysteresis loop for microwave
sintering samples were significantly higher and slimmer than
those of the conventional sintering samples, respectively.
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