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sintered samples.

Dense BiFeO3; ceramics were prepared by a novel spark plasma sintering (SPS) technique. The sintering
was conducted at temperatures ranging from 675 to 750 °C under 70 MPa pressure. A bulk density value
up to 96% of theoretical density was achieved in the process. This contrast to around 90% of the theoretical
density achieved by conventional sintering at around 830 °C. It was found that the tendency to form
unwanted Bi,Fe,Og phase is higher at a high sintering temperature for SPS. The dielectric and
ferroelectric properties also improved (with respect to conventionally sintered sample) for spark plasma-

© 2008 Published by Elsevier Ltd.

1. Introduction

The multiferroics with, at least, two of the three orders or
degrees of freedom - (anti)ferromagnetic, (anti)ferroelectric, and
ferroelastic - coexisting and often a coupling among them, are rare
in nature as transition metal ions with active d electrons tend to
reduce the off-center distortion necessary for ferroelectricity [1].
The co-existence of ferroelectricity and (anti)ferromagnetism and
their coupling with elasticity provide an extra degree of freedom in
the design of new functional sensors and multistate devices [2].
BiFeOs; is the most interesting in the family of a very few single-
phase multiferroics because of its high phase transition tempera-
tures (Curie temperature ~1083 K and Neel temperature ~675 K)
[3].

The major bottlenecks of making BiFeOs; ceramics lie in: (i)
synthesizing phase pure material and (ii) achieving sintered
densities above 90% of the theoretical density. Several techniques
have been employed in synthesizing phase pure BiFeOs. In the solid
state route [4], Bi,O3 and Fe,05 are reacted at a temperature in the
range of 800-830°C and unreacted Bi,O3/Bi;Fe,O9 phases are
removed by washing in HNOs. The disadvantages of this process lie
in the necessity of leaching the unwanted phases using an acid and
also in the formation of coarse powder. Another technique is to
take recourse to simultaneously precipitaton/co-precipitaton [5],
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where a solution of bismuth and iron nitrates is treated with
ammonium hydroxide to get a hydroxide precipitate. The
precipitate needs calcination at a temperature in the range of
550-750°C to get phase pure BiFeOs. In another approach
nanosized BiFeOs; particles have been prepared by a solution
evaporation (tartaric acid template) [6] technique at a temperature
as low as 450 °C. Mazumder et al. [7] reported the results of a
comprehensive study of the phase transition at Ty (Neel
temperature) as a function of particle size, where BiFeO3; powders
were synthesized by sonochemical route, combustion synthesis
and co-precipitation technique.

Incidentally, there are only a few reports of making densified and
highly resistive BiFeOs; ceramics. Kumar et al. [8] reported the
dielectric and ferroelectric properties of BiFeOs; ceramics, where
BiFeO5; was prepared by a solid state route. However, there was no
report about the bulk densities of the samples and the spontaneous
polarization of the samples was very low. Wang et al. [ 9] showed that
a rapid liquid-phase sintering of BiFeOs; can result in 92% of the
theoretical density and gave rise to spontaneous and remanent
polarization of 8.9 and 4.0 .C/cm?, respectively. Pradhan et al. [10]
followed a similar rapid phase sintering route, but the percent
densification was not reported though the microstructure revealed
poor densification resulting in low spontaneous and remanent
polarizations values of 3.5 and 2.5 p.C/cm?, respectively. Recently,
Yuan et al. [11] followed a rapid phase sintering technique and
synthesized highly resistive and dense (92% of theoretical density)
samples by varying the particle size of the precursors Bi,O3 and Fe;03
and they reported a high spontaneous polarization of their samples.
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Incidentally, grain coarsening and densification are two simul-
taneous processes during sintering and the ratio between them has a
crucial influence on microstructure [12,13]. It is generally accepted
that the enthalpy for surface diffusion (grain coarsening) in a
material is lower than that for bulk diffusion (densification). In this
case, there will be a high-temperature region for sintering where
bulk diffusion is enhanced relative to surface diffusion and, thus,
densification is favoured over grain coarsening. Rapid sintering is a
technique allowing a very high heating rate at high temperatures
which minimizes grain coarsening. Recently, spark plasma sintering
(SPS) has got a lot of attention as a technique to fully densify metals
and ceramics at a relatively low temperature and in a very short time
(usually in a few minutes) [14,15]. It takes advantage of microscopic
electrical discharges between particles under pressure when a
pulsed dc current is applied. Its influences on mass transport can be
attributed to one of the several intrinsic effects like the influence of
an electric current on the diffusion rate [16], an increase in point
defect concentration and a reduction in the activation energy for
mobility of the defects.

In the present work, BiFeO3 was densified by an SPS technique.
The conventional sintering of BiFeOs was also conducted for
comparison of properties. To the best of our knowledge, this is the
first report on the characteristics of highly dense spark plasma-
sintered BiFeO; ceramics.

2. Experimental

Pure BiFeOs; powder was synthesized using a simultaneous
precipitation route as described below. Fe(NOs); and Bi(NOs)s
solutions of 0.2 M concentration were mixed together and the mixed
solution was then poured into aqueous ammonia under stirring and
the pH was maintained at 9 for complete precipitation. The
precipitate was filtered, dried at 100 °C in an oven for 6 h and
calcined at 550 °C/1 h. The phase identification of the powder was
performed by an X-ray diffractometer (Philips, PW 1710; Cu Ko
radiation). Particle size was measured by Malvern Mastersizer 2000
particle size analyzer. DSC study was carried out in a PerkinElmer
Diamond DSC over a temperature range of 27-550 °C. Pellets from
the synthesized powder were prepared using uniaxial pressing at a
pressure of 170 MPa. For conventional sintering, the pellets were
sintered at 830 °C/2 h at a heating rate of 150 °C/h and cooled inside
the furnace (samples designated CS). Spark plasma sintering was
carried out using the model Dr. Sinter 1050 (Sumitomo Coal mining
Co. Ltd., Japan). The calcined powder was poured in a cylindrical
graphite die of 15 mm diameter, sintered in partial vacuum (6 Pa) for
10 min under a uniaxial pressure of 70 MPa applied throughout the
sintering cycle. The sintering temperature was varied from 675 to
750 °C and the heating rate was kept constant at 250 °C/min. At the
end of the soaking time the power and pressure were switched off
and the samples were naturally cooled inside the chamber. The
ground pellets were subjected to thermo-gravimetric analysis
(Shimadzu) to determine the temperature of annealing. For
maintaining oxygen stoichiometry, SPS-sintered samples need an
annealing treatment at 650 °C for 2 h. The densities of the sintered
pellets were measured by Archimedes’ principles.

For the dielectric and resistivity measurements, the surfaces of
the sintered pellets were ground and polished followed by
application of a silver conducting paste on two opposite surfaces
of the sample. The silver paste was then cured at 500 °C for 15 min.
The dielectric measurements were performed at room tempera-
ture using Solartron impedance analyzer in the frequency range of
10 Hz to 10 MHz. Two-probe electrical resistance was measured by
an HP 3458A multimeter from room temperature to 400 °C.
Ferroelectric hysteresis loops were obtained using an LC precision
ferroelectric tester.
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Fig. 1. X-ray diffraction pattern of calcined BiFeO; powder.
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Fig. 2. X-ray diffraction patterns of ground SPS pellets after sintering at different
temperatures (a) 675 °C, (b) 700 °C, (c) 750 °C and (d) conventionally sintered (CS)
pellet (and ground 830 °C).

3. Results and discussion

The XRD pattern of the synthesized (and calcined) powder
(Fig. 1) shows the presence of BiFeO5; phase only. Fig. 2 shows the
XRD traces of ground SPS pellets sintered at different temperatures
[Fig. 2(a)-(c)] and pellets conventionally-sintered at 830 °C
[Fig. 2(d)]. From the figures it is clear that in case of SPS, the
higher sintering temperature generates an impurity phase
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Fig. 3. TGA curves of as-sintered and annealed SPS samples.
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Fig. 4. Differential scanning calorimetry traces of an annealed and an unannealed
SPS sample and a CS sample.

(BiyFe40yg). Incidentally, BiFeOs; is a metastable compound, and
during its synthesis, other compounds from the BiO3-Fe;03
system often appear as impurities. The applied pressure, current
and atmosphere during SPS may further lower the stability of
BiFeOs leading to impurity phases at elevated temperatures. The

Fig. 5. SEM micrographs of fracture surfaces of (a) CS and (b) SPS675.

SPS sample sintered at 675 °C (designated SPS675) was found to
posses optimum properties along with phase purity. The TGA plot
(Fig. 3) shows a weight gains of an as-sintered sample at around
400 and 650°C confirming oxygen deficiency. The sample
annealed in air at 650 °C show no such weight change. The weight
gain may be due to oxidation of iron/bismuth of lower oxidation
state. However, detailed studies are required to find out the reason
behind the two step process of oxygen incorporation in the
material. The differential scanning calorimetry trace (Fig. 4) of
SPS675 (without annealing) showed two endothermic peaks at 270
and 375 °C, whereas, the annealed SPS sample and also the CS
sample showed only one endothermic peak at 375 °C, the latter
corresponds to antiferromagnetic to paramagnetic transition [3] of
BiFeOs. The reason behind the endothermic peak in the unannealed
sample at 270°C needs further probing. Fig. 5 shows the
micrographs of the fracture surfaces of the samples prepared by
the conventional and SPS technique. The density of CS sample was
around 91% of the theoretical density (measured by Archimedes’
principle), whereas SPS sample showed almost 96% of the
theoretical density. For SPS675, the microstructure showed almost
pore-free morphology with grain size slightly lower than that of CS
sample. Fig. 6 shows the frequency dependent dielectric behavior
of CS and SPS675 samples. The permittivity for SPS samples at high
frequencies is higher than that of CS samples, which may be
attributed to higher relative density (low porosity) of SPS ceramics,
since, in general, porosity lowers the permittivity. Incidentally, the
enhancement of dielectric constant at low frequency for CS (in
contrast to SPS) is also associated with a high dielectric loss. Also
the dielectric loss tends to increase without showing a peak at low
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Fig. 6. Variation of (a) dielectric constant and (b) dissipation factor with frequency
(at room temperature) for CS and SPS675 samples.
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Fig. 7. (a) Dielectric permittivity and (b) dissipation factor vs. temperature for the
SPS sample at 100 kHz and 1 MHz frequency (inset CS sample).
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Fig. 8. log Ry. vs. inverse absolute temperature plot for SPS675 sample (inset for the

CS sample).

frequencies. This is a signature of Maxwell-Wagner type relaxa-
tion [17], which is the consequence of charge accumulation at the
discontinuities/grain boundaries within the dielectrics. To under-
stand this behavior, we have to first note that in BiFeOs, small
amounts of Fe?* ions and oxygen vacancies exist [18]. Incidentally,
BiFeO3 shows [19] p-type conductivity, which can be understood
by considering substitution of a small amount Fe?* ions in Fe**
positions (acceptor doping of Fe** by Fe?*). The presence of free
holes in sufficient concentration can give rise to Maxwell-Wagner
relaxation which, is true for CS, because due to its higher firing
temperature, the hole concentration should be more (as some Bi>*
ions are reduced to Bi%* at a high temperature) with consequent
dispersion at low frequency. Fig. 7 shows the temperature
dependence of dielectric permittivity and dissipation factor for
SPS675 sample (and the inset CS sample). The results indicate
thermally activated dissipation process. The CS sample exhibited
two anomalies—at T, (onset of magnetic transition) and Ty (Neel
temperature) over a temperature span (AT) of ~100 K. The two
anomalies across AT - instead of only one at Ty - result from the
broadening of the magnetic transition due to inhomogenity and
the details have been given elsewhere [7]. An inflection point was
observed for SPS675 sample at 650K in the dielectric constant
curve. It appears to be closely related to a phase transition from the
antiferromagnetic to paramagnetic phase. Fig. 8 shows the
temperature dependence of dc conductivity for BiFeOs; samples
and it is found that the dc conductivity (oq4c) obeys a thermally
activated Arrhenius type behavior:

~AE
Udc:erXp<W) (1)

It is observed that the conductivity increases with the increase
in temperature and shows a slight change in slope in the
temperature region 523-673 K. This change in slope may be
related to the change in conductivity mechanism. The activation
energies in the low-temperature range (373-523 K) and high-
temperature range (523-673K) are 0.4238 and 0.3353 eV,
respectively. For SPS675 sample the room temperature resistivity
is 82 M) cm, whereas for the CS sample the same is 7.2 M{) cm
indicating the high resistance nature of the SPS samples. The inset
of Fig. 8 shows the log dc resistivity vs. 1/T trace for the CS sample.
The activation energies calculated from the data turn out to be 0.88
and 0.19 eV below T, and above T,, respectively.
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Fig. 10. P-E hysteresis loops of CS and SPS675 samples.

Fig. 9 shows the ac conductivity plots at different frequencies
for SPS samples. It is observed from these plots that in the low-
temperature regime, ac conductivity increases with the increase in
frequency. The activation energy values increase with the increase
in temperature. Further work is needed to understand this
behavior. Incidentally, the dc conductivity of the samples is a
few orders of magnitude lower than the ac conductivity and its
nature of variation with temperature is also different. This is
expected because dc conductivity is determined by the most
difficult transition in complete percolation paths between the
electrodes, while ac conductivity is determined by the easiest local
movement of the charges. At higher temperatures dc and ac
resistivity values become closer. The inset of Fig. 9 shows the ac
conductivity of the CS sample. Below 570 K it shows a non-linear
behavior and cannot be fitted to Arrhenius equation. Above 570 K it
shows almost a linear behavior and the activation energies are 0.5,
0.43 and 0.19 eV at 10 kHz, 100 kHz and 1 MHz, respectively.

Fig. 10 shows the P-E loops of CS and SPS samples. The leakage
current in low-resistive CS sample was high as supported from the
lossy hysteresis loop. On the other hand, the leakage current in the
SPS sample was very low in comparison to the CS sample. However,

both CS and SPS samples failed to reach the saturated polarization
before the leakage currents became significant.

4. Conclusion

Highly resistive BiFeO3; sample was prepared by SPS technique.
The sintered density was higher compared to that of convention-
ally sintered samples. The SPS samples also showed low dielectric
dispersion and high resistivity.
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