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Abstract

Strontium barium niobate (SrxBa1�xNb2O6 with x = 0.53/SBN53) ceramics have been synthesized by microwave reactive sintering technique.

Powders corresponding to SBN53 stoichiometric composition were calcined at 1200 8C for 20, 30 and 45 min; and the green pellets made of

calcined powders were sintered at 1300 8C for 20, 30 and 40 min in a microwave furnace. Ceramics with tungsten bronze type crystal structure

were obtained in relatively much less processing time as compared to conventional processing. The reaction between strontium niobate (SN) and

barium niobate (BN) phases present in the calcined powders enhances the densification process of the ceramics during sintering. A relative density

�98.3% was obtained in SBN53 ceramics sintered for 40 min. Curie transition temperature (Tc) and dielectric constant (er) were found to vary from

113 to 135 8C and from 1350 to 2500, respectively, depending on the processing conditions.
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1. Introduction

The tungsten bronze structure based ferroelectrics are a large

class of technically important functional materials [1]. The

system strontium barium niobate, SrxBa1�xNb2O6 (SBN) for

x = 0.32–0.82 is found to exist in tetragonal tungsten bronze

(TTB) structure [2]. SBN has many technological applications

such as electro-optic, pyroelectric, holographic data storage,

piezoelectric, and photorefractive devices because of its

excellent pyroelectric [3,4] and linear electro-optic effects

with low half-wave voltage and photo refractive sensitivity [5–

9]. In addition, it has the advantage of being lead-free material,

an important aspect from environment, safety and health view

point [10]. The properties of SBN are very sensitive to the

amount and type of substitution, method of preparation and

sintering conditions [2,11]. In many applications, SBN

ceramics, with high density and uniform microstructure are

desirable [12]. Techniques like hot-pressing [13], double stage

sintering [14], usage of sintering aids [15], templated grain
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growth [16], reactive sintering [17], microwave processing

[18], etc. are used to obtain high density in polycrystalline

ceramics of SBN system.

Generally, conventional solid state reaction route, involves

two stages of heating. First is the calcination of powders to

obtain the single phase and then heating the calcined powders

for densification i.e. sintering. Whereas, reactive sintering

involves a single stage of heating of either the constituent

oxides or intermediate products [19]. Reactive sintering

involves both chemical reaction and densification in a single

heat treatment. The two steps can be simultaneous or in

sequence, depending on the material and processing variables

[20]. The free energy of the chemical reaction among the

reactants provides an additional driving force for sintering and

therefore higher densification. However, reactive sintering is

very sensitive to processing conditions such as heating rate,

homogeneity of the precursors, density of green compact and

particle size of precursors. During slow heating, solid state

diffusion can generate intermediate phases which inhibit the

subsequent reaction leading to porosity in the material [21].

Presently, the microwave processing of materials is being

extensively used because of its many advantages such as

enhancement in sintering, fine and uniform microstructure
d.

http://www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2012.03.034
mailto:pvn77@rediffmail.com
http://dx.doi.org/10.1016/j.ceramint.2012.03.034


Fig. 1. Schematic diagram of microwave sintering system.
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leading to better properties; environmentally friendly and

economic advantages through the saving of energy, space, and

time [22]. In the microwave processing heat is generated

internally within the material instead of originating from

external sources (as in conventional processes), and hence there

is an inverse heating profile. The heating is very rapid and

homogeneous as the material is heated by energy conversion

rather than by energy transfer which occurs in conventional

techniques resulting in large thermal gradients. Microwave

heating is a function of the material being processed, when the

material is microwave sensitive (material with permanent

electric dipoles) energy losses are lesser compared to

processing of the same material by conventional heating.

The homogeneous and fast heating of the ceramics by

microwave assisted heating can avoid micro cracks, internal

stresses, Kirkendall effect, etc.

In this work, Sr0.53Ba0.47Nb2O6 (SBN53) ceramics have been

prepared by microwave processing. Microwave processing has

been used for both calcination and sintering steps of SBN53

ceramics. Effect of microwave reactive sintering process on

density, structure, morphology and dielectric properties of

SBN53 have been investigated and discussed in detail.

2. Experimental procedure

SrNO3 (99%), BaNO3 (99%) and Nb2O5 (99.9%) (Merck,

India) precursors in stoichiometric proportion were used for the

synthesis of SBN53 samples. The stoichiometric proportions of

these precursors were ball milled for 10 h using zirconia balls in

acetone medium. The slurry was air dried at room temperature

(RT) and then the powder was manually grinded for 1 h in an

agate mortar. The powders were calcined at 1200 8C for

different times i.e. 20, 30 and 45 min in the laboratory type

microwave furnace, shown in Fig. 1. It is a multimode,

2.45 GHz and maximum 3 kW power furnace. In the calcined

powders, 3 wt% PVA binder solution was added and by using
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Fig. 2. XRD patterns of SBN53 ceramic powders calcined
hydraulic press pellets of diameter �10 mm and thickness

�1.5 mm were formed by using a pressure �6.5 MPa. The

different green compacts were sintered at 1300 8C for 20, 30

and 40 min in microwave furnace. For simplicity SBN-x–y was

used to represent the SBN53 ceramics, where x referred to

calcination time (at 1200 8C) and y referred to sintering time (at

1300 8C) i.e. SBN-20–30 means SBN53 ceramic prepared from

powder calcined at 1200 8C for 20 min and sintered for 30 min

at 1300 8C. The phase analysis of the calcined powder and

sintered pellets was carried out using XRD (Philips, PW 3020)

with Cu Ka radiation (l = 1.5405 Å
´

). The microstructure of

sintered samples was examined using Jeol JSM-6480 scanning

electron microscope (SEM). Density of the sintered samples

was measured by the Archimedes principle using kerosene as

the displacement fluid. The sintered ceramic samples were

polished and manually coated with silver paste for electric

measurements. Silver coated ceramic samples were annealed at

200 8C for 1 h for good adhesion. Relative dielectric constant

(er), dielectric loss (tan d) and impedance (Z) were measured as

a function of temperature using computer interfaced Hioki

3532-50 LCR HiTESTER. Polarization as a function of electric

field (P–E hysteresis loops) was measured using computer

interfaced Sawyer–Tower circuit.
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 at 1200 8C for (a) 20 min, (b) 30 min and (c) 45 min.
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Fig. 3. XRD patterns of SBN53 ceramics sintered at 1300 8C. (a) SBN-30–20, (b) SBN-30–30 and (c) SBN-30–40.
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3. Results and discussion

3.1. Crystal structural properties

Fig. 2 shows the XRD patterns of SBN53 ceramic powders

calcined at 1200 8C for 20, 30 and 45 min in microwave. The

peaks marked ^ correspond to Ba5Nb4O15 (B5N4)/Sr5Nb4O15

(S5N4) and peaks marked * and * correspond to SrNb2O6 (SN)

and BaNb2O6 (BN) phases, respectively [23]. SN and BN

phases are identified with single prominent XRD peaks. The

peaks of BN, SN and SBN phases overlap (since SBN is a solid

solution of SN + BN) and not many prominent peaks

corresponding to BN and SN phases can be identified in the

XRD pattern. Fang et al. [23] have also identified BN and SN

phases with the corresponding single prominent XRD peaks.

XRD patterns of all the samples show peaks corresponding to

SN, B5N4/S5N4 and SBN53 phases. Whereas, XRD pattern of

the powder annealed for 30 min shows the additional peaks

corresponding to BN phase. The relative intensity of the peak

corresponding to SN phase is found to be �13.73,9.78 and

11.8% in the powders annealed for 20, 30 and 45 min,

respectively. The relative intensity of the peak corresponding to

BN phase is found to be �5.19% in the powder annealed for

30 min. The formation of SBN with tetragonal TTB phase is
Table 1

Structural, density and dielectric parameters of SBN53 ceramics synthesized unde

Sample Lattice parameters Bulk density (g/cm3) Re

a (Å
´

) c (Å
´

)

SBN-20–20 12.4385 3.9198 4.93 91

SBN-20–30 12.4819 3.9424 4.98 93

SBN-20–40 12.4371 3.9436 5.10 95

SBN-30–20 12.4483 3.9334 5.08 94

SBN-30–30 12.4657 3.9354 5.19 97

SBN-30–40 12.4856 3.9426 5.22 98

SBN-45–20 12.4880 3.9545 4.59 86

SBN-45–30 12.4467 3.9401 4.92 92

SBN-45–40 12.4867 3.9410 5.07 95
reported to occur as a reaction process involving following

steps [23]:

5BaCO3 þ 2Nb2O5 �!600�900 �C
Ba5Nb4O15 þ 5CO2 (1)

5SrCO3 þ 2Nb2O5 �!600�900 �C
Sr5Nb4O15 þ 5CO2 (2)

Ba5Nb4O15 þ 3Nb2O5 �!800�1100 �C
5BaNb2O6 (3)

Sr5Nb4O15 þ 3Nb2O5 �!800�1100 �C
5SrNb2O6 (4)

BaNb2O6 þ SrNb2O6 �!1000�1150 �C
2ðSr0:5Ba0:5ÞNb2O6 (5)

The presence of peaks corresponding to intermediate phases

indicates the incomplete formation of SBN53 phase which is

essential for reactive sintering to occur [19].

Fig. 3 shows the XRD patterns of SBN53 ceramics calcined

at 1200 8C for 30 min and sintered at 1300 8C for different

durations. Sharp and distinct peaks corresponding to single

SBN (TTB) phase are observed in all the samples (i.e. sintered

at 1300 8C for 20 min, 30 min and 40 min). Whereas, TTB

phase is observed in SBN53 ceramics synthesized by reactive

sintering in a conventional heating furnace when sintered at

1250 8C for 5 h [16]. From XRD data, the intensity (in counts)
r different microwave processing conditions.

lative density (%) Tc (8C) er at 10 kHz tan d at 10 kHz

.65 113 2212 0.008

.87 121 1879 0.038

.44 125 1944 0.012

.97 115 2498 0.010

.25 121 2427 0.009

.32 134 2286 0.016

.75 123 1359 0.005

.06 123 1837 0.008

.58 125 2350 0.016
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S.N. Kumar et al. / Ceramics International 38 (2012) 5243–52505246
of the highest intensity peak (3 1 1) is found to be 1070, 1164

and 1094 for SBN-30–20, SBN-30–30 and SBN-30–40

samples, respectively. This observed decrease in the intensity

when the sintering time is increased to 40 min, suggests that the

further increase in sintering time would decrease the degree of

grain orientation in the ceramics [24]. The driving force for

orientation of grains (planes) comes from the size difference

between the templates and the equiaxed grains [25]. In the

initial stage of sintering, the large driving force results in rapid

grain growth and coarsening of equiaxed grains. This decrease

in size difference between the grains and the equiaxed grains

results in the decrease of degree of grain orientation at longer

sintering times [25]. Lattice parameters of all the sintered SBN

ceramics were calculated using EXPO2009 [26] and all the

specimens were found to be in tetragonal phase belonging to

p4bm space group. Table 1 lists the lattice parameters of the

SBN53 ceramics synthesized under different conditions.

3.2. Density and surface morphology properties

The effect of sintering time on variation of bulk density is

shown in Fig. 4. It is clear that the SBN ceramics which are

prepared from powders calcined at 1200 8C for 30 min are

denser compared to ceramics calcined at 1200 8C for 20 or

45 min irrespective of the sintering time. The high density

observed in case of samples prepared from powders calcined

for 30 min can be explained considering the presence of two

low temperature melting phases SN and BN and the
Fig. 5. SEM images of fractured surface of sintered SBN53 cer
intermediate phases B5N4 and S5N4. The microwave power

absorbed per unit volume (Pa) is expressed by

Pa ¼ ve0e00E2 þ vm0m
00H2 ðW=m

3Þ (6)

where E and H are electric and magnetic fields, v is angular

frequency, e0 and m0 are permittivity and permeability of free

space, and e t and m t are dielectric and magnetic loss factors

respectively [27]. Hence, in a microwave furnace, energy is

distributed equally over the space of the specimen which

enables uniform and rapid heating. Transient liquid phase

sintering depends on heating rate [28]. The slower heating rate

gives more time for solid-state diffusion prior to liquid phase
amics. (a) SBN-20–30, (b) SBN-30–30 and (c) SBN-45–30.
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formation and therefore slow heating rate inhibits the liquid

phase sintering. Therefore, higher heating rates are beneficial

when sintering involves a transient liquid phase. It is a well-

established fact that better densification takes place during

liquid phase sintering. This acceleration of densification during

liquid phase sintering occurs due to a ‘‘wetting’’ action of the

powder particles by this liquid phase. Creating curved iquid-

meniscus surfaces on the particles, capillary forces act and

hence draw the particles together. Simultaneously, the wetting

agent acts as a lubricant to allow reorientation of the particles

into a more compact, dense structure. In addition to heating, the

electric field and magnetic field present in microwaves enhance

diffusion of atoms/ions [29] and hence better densification.

Whereas in conventional heating the heat transfer is from

surface to centre of the sample, hence longer durations are

required. And there is no electric/magnetic field to supplement

the driving force for the diffusion of atoms. It can be concluded

that microwave assisted heating simultaneously supplies heat
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Fig. 6. Variation of er, tan d and impedance parameters with temperature of SBN53
required for reaction and additional driving force required for

densification. Table 1 lists the bulk density and relative density

of SBN ceramics synthesized under different reactive sintering

processing conditions. The relative density of SBN-30–40 is

found to be 98.32% (of theoretical density). Whereas, the

highest relative density obtained in conventionally processed

SBN (with x = 0.5) ceramics is 93.6% (of theoretical density)

[12]. This indicates that microwave reactive sintering is very

effective in obtaining dense ceramics in less processing time.

Fig. 5 shows the SEM morphology of fractured surfaces of

SBN53 ceramics calcined for different times and sintered at

1300 8C for 30 min in a microwave furnace. Grain boundary is

visible in ceramic samples prepared from the powders calcined

at 1200 8C for 20 min and 45 min, whereas in case of ceramic

samples prepared from the powders calcined at 1200 8C for

30 min melt phase (circled in Fig. 5b) is observed. From Table

1, it is clear that the porosity is least in case of ceramic samples

prepared from the powder calcined at 1200 8C for 30 min. This
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phenomenon observed can be accounted considering the

amounts of low temperature melting phases SN and BN in

the powders calcined for different durations. The powder

calcined for 30 min has two low temperature melting SN and

BN phases whereas powders calcined for 20 and 45 min have

only one low temperature melting phase. The higher amount of

low temperature melting phases in the material calcined at

1200 8C for 30 min enhances liquid phase sintering and helps in

better densification. This is also supported by the density

measurements of SBN53 ceramic samples.

3.3. Dielectric and ferroelectric properties

Fig. 6 shows the variation of er, tan d and impedance (Z)

parameters with temperature at an applied frequency of 10 kHz

of SBN53 ceramic samples sintered at 1300 8C for different

durations. The plot of er vs. temperature is a typical behavior of
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Fig. 7. P–E hysteresis loops of SBN53 samples sin
a ferroelectric system, which undergoes phase transition at a

temperature called as Curie temperature (Tc). Values of Tc, er

and tan d (at Tc) of SBN53 ceramics are given in Table 1. As can

be seen from Fig. 6, Tc increases with the increase in sintering

time. The increase in Tc with sintering time can be related to the

porosity of ceramics. Tc is proportional to internal stress in the

system [30]. The pores help in relieving the internal stress.

Therefore, here with the increase in sintering time, the porosity

is decreasing and hence increase in internal stress, which gives

rise to increase in Tc [30]. From Fig. 6, the value of tan d is

found to decrease with temperature in ceramic samples sintered

for 30 min. The samples sintered for 20 and 40 min show a tan d
peak before dielectric Tc, which is generally observed in

ferroelectrics [31,32]. From Fig. 6, the value of Z is observed to

decrease with temperature up to Tc and increase above Tc in

each of the sample. It is known that the dielectric loss is a sum

of the relaxation loss of the dipoles and the resistive loss [33].
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The relaxation loss comes from relaxation of the dipoles which

expend energy and the resistive loss comes from energy

consumed by free carriers generated by oxygen vacancies [34].

The decrease in the value of tan d with increase in temperature

can be a consequence of decrease in relaxation time with

temperature [34]. This decrease in relaxation time allows dipoles

to be in phase with the applied electric field hence low tan d.

Increase of Z in all samples along with increase in the value of

tan d above 120 8C in the SBN-20–20 and SBN-45–40 samples

can be explained considering the following mathematical

relations among tan d, Z, resistance (R) and reactance (X):

ModðZÞ ¼ ðR2 þ X2Þ1=2
(7)

and

tan d ¼ R

X
(8)

Therefore, the observed increase of Z in all samples hints

that either R or X or both are increasing with the increase of

temperature above 120 8C. Whereas, observed increase of tan d

in case of SBN-20–20 and SBN-45–40 samples can be due to

increase in the value of R due to increased motion of free charge

carriers above �120 8C [35,36].

Fig. 7 shows the P–E hysteresis loops of SBN ceramic

samples sintered for different times by microwave process. The

development of P–E hysteresis loops confirms the ferroelectric

nature of SBN53 ceramic samples synthesized by microwave

reactive sintering process. The observed values of Psat

�4.35 mC/cm2 and Pr �2.78 mC/cm2 for SBN-30–30 ceramic

sample are higher when compared to the values of Psat

�3.3 mC/cm2 and Pr �1.6 mC/cm2 observed in SBN53

ceramics fabricated by reactive sintering in conventional

furnace [16]. It can be observed from Fig. 7 that the tips of the

P–E hysteresis loops of SBN-30–20, SBN-30–30 and SBN-30–

40 are sharper compared to other calcined times. These sharp

tips of P–E hysteresis loops indicate high electrical resistivity

[37]. This can be attributed to the high density of SBN53

ceramics prepared from powders which have both SN and BN

phases. This is again supported by the higher density of SBN53

ceramic calcined for 30 min. High electrical resistivity in these

samples suggests higher electrical breakdown strength.

4. Conclusions

Microwave processing is successfully used for reactive

sintering of the SBN53 ceramic samples. The presence of SN

and BN phases in green compacts was found to enhance the

sintering process. SBN53 ceramics with as low as �1.7%

porosity were obtained when powders calcined at 1200 8C for

30 min and the green pellets were sintered at 1300 8C for

40 min. Dense ceramics were obtained in relatively less

processing time and hence less energy consumption compared

to conventional methods.
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