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a b s t r a c t

Multiferroic ceramics based on BiFeO3 and Sr-doped BiFeO3 have been processed by high energetic milling
and later thermal treatments at reduced temperatures to synthesize the perovskite structure. Single
phase materials are obtained at 800 ◦C, reducing the temperature needed to complete the reaction in

◦

eywords:
ismuth ferrite
ultiferroic
echanosynthesis

solid state method. Ceramics with densities higher than 94% were obtained at 1000 C, and up to 98%
at 1050 ◦C. All the ceramics were obtained in a single thermal treatment, where synthesis, grain growth
and densification take place. The addition of Sr stabilizes the BiFeO3 perovskite structure, avoiding its
decomposition. Ceramics with higher dielectric permittivity and conductivity than non-doped materials
are obtained, due to the increase of the amount of oxygen vacancies. It is shown for the first time that
the grain boundary conductivity is increased in BiFeO3 by doping with Sr.
. Introduction

The term multiferroic is applied to those materials that present
wo or all three of ferroelectricity, ferromagnetism and ferroelas-
icity phenomena in the same phase [1], in such way that charges
an be controlled by applied magnetic fields and spins can be con-
rolled by applied voltages [2]. A major issue that makes the study of
uch materials difficult is the scarce number of phases that simul-
aneously present these properties. Particularly for ABO3 oxides,

“d0′′
rule has been proposed to generally explain this fact [3].

erroelectricity appears for structures where B is occupied by tran-
ition metals with empty d shells. On the contrary, partially filled
shells are required for magnetism to occur. These are mutually

xclusive phenomena that make difficult the appearance of mul-
iferroism in such oxides. Even more scarce are the phases where
hese properties appear simultaneously at room temperature.

One of these few materials is BiFeO3, where the polarization
s mostly caused by the lone pair (s2 orbital) of Bi3+, so that the
olarization comes mostly from the A site while the magnetization
omes from the B site (Fe3+), with a Neel temperature correspond-
ng to its antiferromagnetic order of 370 ◦C and a ferroelectric
urie temperature of 820–830 ◦C [4]. Theoretical values of spon-
aneous polarization have been calculated by First-principles ab

nitio simulations to be close to 90 �C/cm2 [5], and were measured
o be as high as 40 �C/cm2 in polycrystalline ceramics [6]. Anti-
erromagnetic characteristics are given by a spatially modulated
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spin structure that does not allow net magnetization and inhibits
the observation of a notable linear magnetoelectric effect coupling
between polarization (P) and magnetization (M). With the aim of
induce net magnetic signal in BiFeO3, substitution of Bi in A position
by alkaline-earth elements as Sr has been successfully tested, and
weak ferromagnetism has been proved to appear [7,8]. Important
magnetoelectric effects, as the increase of the spontaneous polar-
ization at increasing applied magnetic fields, have been observed
in Sr-doped BiFeO3 ceramics [9].

In addition to the appearance of magnetic improvements, the
doping with Sr helps to stabilize the perovskite phase [10], which
is one of the major issues in the study of these materials. Conven-
tional [7] and rapid two-stage solid-state reaction [11] methods
have been commonly used to process these materials, as well as
sol–gel [12] or EDTA–citrate complexing process [13]. The appear-
ance of secondary phases is also common in the processing of
BiFeO3 materials. With the aim of increasing the homogeneity in
the constituent mixing and to make easier the processing of sin-
gle phase perovskites, mechanical activation has been tested in
this work. High energetic milling has been previously employed
to facilitate the processing of BiFeO3 [14] or B-doped BiFeO3 mate-
rials [15]. To the author’s best knowledge, the method has not been
applied to Sr-doped BiFeO3, where the presence of an additional
cation in an A-site could complicate the processing of this material.
The presence of SrCO3 as raw material complicates the processing
of the material with respect to BiFeO3 in both classical and milling

methods, as it is necessary to decompose the carbonate to incor-
porate Sr in the structure. Thus, differences with the pure bismuth
ferrite material are expected in the mechanically activated process
used here.

dx.doi.org/10.1016/j.jallcom.2011.03.132
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ovskite phase. The relatively high intensity of the SrCO3 peaks
indicates that most of the carbonate is not decomposed up to higher
temperatures, in the order of 700 ◦C, as DTA curves indicate. The
formed perovskite must have a composition close to BiFeO3, as Sr
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ig. 1. XRD patterns of the stoichiometric mixture of Bi2O3, Fe2O3 and SrCO3, pre-
ursor of Bi0.60Sr0.40FeO2.8 ceramics after different milling times (X: Bi2O3; *: Fe2O3;
: SrCO3).

In this work, ceramics with Bi0.60Sr0.40FeO2.8 composition have
een prepared by mechanical activation by means of high energetic
illing and subsequent thermal treatments at low temperature.

he high reactivity achieved during the mechanical treatment
llows the sintering temperature to be lowered (<1100 ◦C). The
eramics were processed in a single thermal treatment, where syn-
hesis, densification and grain growth take place, for the first time
or this family of compounds. Dielectric permittivity and electrical
onductivity were measured at room temperature, and the results
xplained as a function of the processing conditions.

. Experimental

Stoichiometric quantities of Bi2O3, SrCO3, and Fe2O3 necessary to obtain 4 g
f the powdered ceramic phases with Bi0.60Sr0.40FeO2.8 were placed in a stainless-
teel pot with five also stainless-steel balls, 2 cm diameter (ball-to-powder weight
atio ∼35/4). Mechanosynthesis was carried out with a Pulverisette 5 model Fritsch
lanetary mill operating at 250 rpm.

Evolution with different milling times of the precursors was monitored by
ragg-Brentano X-ray diffraction (XRD) with a Brüker AXS D8 Advance diffrac-
ometer. Cu K� radiation (� = 1.5418 Å) and a 5 × 10−2 deg (2�) s−1 scan rate were
sed. Milled materials were treated at temperatures between 500 and 800 ◦C and
haracterized by XRD. The phases were identified using a scanning rate of typically
.3 × 10−2 deg (2�) s−1.

Approximately 0.7 g of the powders were uniaxially pressed in pellets with
.8 mm diameter at 100 MPa and then isostatically pressed at 200 MPa. The shrink-
ge behavior was studied using a dilatometer Netzsch Gerätebau (model 402 EP,
elb-Bayern Germany) up to 1100 ◦C with a heating and cooling rate of 5 ◦C/min.

The pellets were then sintered in air at temperatures between 1000 and 1050 ◦C,
nd then characterized by XRD at the same conditions as for the precursors. The den-
ity of the ceramics was measured by Archimede’s method in distilled water at room
emperature. Impedance measurements were carried out by using a LF Impedance
nalyser (model HP-4294A, Hewlett-Packard) on disk pellets with electrodes of Ag
Dupont) calcined at 700 ◦C-1 h.

. Results and discussion

Fig. 1 shows the diffraction patterns of the initial mixture and the
owders milled at different times. The peaks corresponding to the
xides and the carbonate are broadened and with lower intensity
fter 2 h. They disappear after 32 h, where an amorphous material
ccording to XRD analysis is obtained. This situation is main-
ained after 48 h of milling. That is, under these milling conditions,
he mechanosynthesis of Bi0.60Sr0.40FeO2.8 crystalline materials is
ot achieved. An increment in the milling time could lead to the
echanosynthesis of the material, but only after long mechanical
reatments, and it is even possible that it is not achieved at these
xperimental conditions. In any case, 48 h of milling is long enough
ime to obtain this amorphous precursor powder. As it is known,
he process of high energetic milling has been proved to increase
Temperature (ºC)

Fig. 2. DTA and TG curves of a mixture of Bi2O3, Fe2O3 and SrCO3 after 48 h of milling.

the reactivity of the ceramic precursors even if mechanosynthesis
does not occur [16]. Thus, powders after 48 h of milling were chosen
for the further processing of the ceramics.

DTA and TG measurements were carried out on the materials
milled during 48 h (Fig. 2). The total weight loss is 7.3% up to 830 ◦C,
and it is maintained up to 900 ◦C. The major part of this loss comes
from the decomposition of SrCO3, which seems to remain after the
prolonged milling. It has a theoretical value of 6.3%. The rest are
due to the losses of CO2 and H2O adsorbed in the powder during the
milling, which is a common feature in mechanically activated mate-
rials [17]. Bi losses up to 900 ◦C were not observed. An exothermic
peak is observed at 400 ◦C, approximately, and a wide endother-
mic process also occurs between 760 and 830 ◦C, approximately.
It is close to the melting point of Bi2O3, which is located at 825 ◦C
[18], so can be related with it. The behavior observed in the DTA/TG
curve is related with different processes occurring in the milled
precursors.

Subsequent thermal treatments are necessary to synthesize the
perovskite structure. Fig. 3 shows the diffraction patterns of the
powders milled during 48 h after several thermal treatments at
temperatures between 500 and 800 ◦C. At the lowest tested tem-
peratures (500 ◦C), a mixture of initial precursors and a perovskite
structured material is obtained. Thus, the exothermic peak in the
DTA curve at 400 ◦C can be associated to the formation of the per-
2θ (º)

Fig. 3. XRD patterns after thermal treatments from 500 to 800 ◦C-1 h of the powder
milled during 48 h. The points indicates the perovskite phase. The arrow indicates a
trace of Bi2Fe4O9.
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the sintering temperatures. An increase of the density is observed
at increasing temperatures, with a maximum of a relative density
close to 98% at 1050 ◦C. Measurements of the ceramics densities
in BiFeO3 compositions with Sr doping are barely found in the
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ig. 4. Linear shrinkage and shrinkage rate of green pellets of Bi0.60Sr0.40FeO2.8, from
recursors obtained by mechanical activation after 48 h of milling.

s not incorporated until the SrCO3 decomposes. In addition, a rel-
tively high amount of Fe2O3 is present in the mixture. They react
etween them to produce a new phase (identified with a compo-
ition close to SrFeO2.5, JCPDS 017-0932), observed at 600 ◦C and
ostly at 700 ◦C, mixed with the BiFeO3 perovskite. At 800 ◦C, the
aterial is practically formed by the perovskite phase, without any

ther Sr compound, and only with traces of a secondary phase
dentified as Bi2Fe4O9 (JCPDS 20-0836, marked with an arrow in
ig. 3), which is commonly observed in this system [8]. The for-
ation of Bi2Fe4O9 by Bi evaporation can be ruled out. Chen et al.

19] have detected this phase after heating at 160–180 ◦C, where
i evaporation is not possible. Other authors state that this phase

s a consequence of the decomposition of BiFeO3. Recently, Selbach
t al. [20] have described how this secondary phase is formed at
00–800 ◦C by decomposition of BiFeO3, and disappears at higher
emperatures, because Bi and Fe incorporate to the structure. They
ule out any role of Bi evaporation, as traces would exist at increas-
ng temperature, even in more amounts, which was not the case.
hus, a decrease of the synthesis temperature with respect to that
eeded by classical solid state reaction method (850–900 ◦C) [9,11]

s obtained. The lowering of the synthesis temperature is in the
rder of that achieved by sol gel methods [21].

Fig. 4 shows the shrinkage curves (percentage and rate) of the
eramic precursors after milling during 48 h. Several shrinkage pro-
esses are observed up to approximately 875 ◦C. It was previously
bserved in other mechanosynthesized precursors, with LaGaO3
omposition and without using carbonates as initial raw materials
22]. They are related to the loss of H2O and CO2 trapped from the
tmosphere in the mixture during milling. These phenomena can be
lso observed at the same temperatures range in the DTA/TG curves.
he shrinkage is accelerated at a temperature close to 875 ◦C, and up
o 1100 ◦C, where it has not yet finished. A similar behavior of other

aterials containing Bi, in which the shrinkage is not completed
fter the appearance of a liquid phase, has been previously reported
23]. The shrinkage rate presents at higher temperatures two max-
ma, the first located at 950 ◦C, and the second one at 1020 ◦C,
pproximately. It must be remarked that at those temperatures,
ccording to the XRD patterns shown in Fig. 3, a major part of the
ixture is formed by the perovskite phase. However, the shrink-

ge behavior seems to be associated with a liquid phase-assisting
echanism. The temperature at which the green pellet begins to

hrink is close to the melting point of the Bi2O3. This means that at
hese conditions the non-reacted oxide is still present. It must be

aid that the measurement shown in Fig. 4 is dynamic, thus reac-
ions taking time during 2 h, as the ones shown in Fig. 3, can be not
ompleted. Despite this, small amounts of Bi2O3 can greatly modify
he densification of the ceramics. It was recently reported that only
Fig. 5. XRD patterns of Bi0.60Sr0.40FeO2.8 ceramics sintered from amorphous precur-
sors obtained by after 48 h of milling.

a quantity of 0.5 wt% of Bi2O3 reduces in 200 ◦C the temperature of
maximum shrinkage in Ce0.9G0.1O1.95 ceramics, achieving densities
higher than 99% [24]. The second maximum in the shrinkage rate
curve located at 1020 ◦C fixes with the melting point of the BiFeO3
perovskite [25]. It is not well defined, indicating that the amount
of perovskite where Sr is not incorporated is low. It is known that
the melting point of the bismuth ferrite increases with Sr content
[7], and the maximum measured temperature shown in Fig. 4 is
1100 ◦C.

The results of the shrinkage measurements determine the con-
ditions at which the ceramics are sintered. It was carried out at
1000, 1025 and 1050 ◦C. Higher temperatures were not tested,
because the sintering at temperatures in the order of 1100 ◦C
assisted by liquid phase can lead to inhomogeneous microstruc-
tures with abnormal grain growth [16]. The secondary phases
observed after the thermal treatment and shown in Fig. 3 dis-
appear when the ceramics are sintered at temperatures between
1000 and 1050 ◦C (Fig. 5). As it was mentioned above, the BiFeO3
is really a not highly stable phase, which decomposes at approxi-
mately 600–800 ◦C in Bi2Fe4O9 (as in Fig. 3) and Bi25FeO39 [20]. At
higher temperatures, as those used during sintering in this work,
the perovskite phase is formed again. The small amount of sec-
ondary phase observed indicates that the Sr helps to increase the
stability of the perovskite phase [10].

Fig. 6 shows the total and apparent densities as a function of
105010401030102010101000

Sintering Temperature (ºC)

Fig. 6. Density and apparent density of Bi0.60Sr0.40FeO2.8 ceramics measured by
Archimedes’s method.
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iterature. Brinkman et al. reported in [10] maximum values of
elative density of 96% for ceramics of Bi0.5Sr0.5FeO3−ı composi-
ion sintered at 1100 ◦C. Classical solid state methods were used
o obtain the ceramic precursors. The low melting point of Bi2O3
s a sintering aid that allows the processing temperature to be
educed, because it is a liquid-assisted process. It can be further
iminished by the use of mechanical activation as in this work. The
morphization achieved after milling, caused by the decrease of the
article size and the introduction of large amounts of defects and
trains, leads to a metastable and highly reactive state that pro-
otes the mass transport and allows the sintering temperatures

o be decreased. It must be remarked that this process is carried
ut in a single thermal treatment, where synthesis, sintering and
rain growth take place. This is shown here for the first time in
iFeO3-related compositions.

Fig. 7 shows the electrical characterization of the
i0.60Sr0.40FeO2.8 ceramics processed at different temperatures.
ig. 7a shows the dielectric permittivity and losses as a function
f frequency at room temperature. Fig. 7b shows the values of
rain, grain boundary and total conductivity, measured also at
oom temperature. In the inset, the Nyquist plots, from which the
onduction features were calculated assuming a RC-RC equivalent
ircuit, are shown. The lowest values of dielectric permittivity
orrespond to the ceramic sintered at 1000 ◦C, which is also the

ne that presents the highest values of dielectric losses at the
owest frequencies.
mpounds 509 (2011) 7042–7046 7045

The observed dispersion, with an important increase of both
permittivity and dielectric losses at low frequencies, is a common
feature in these compounds. It is a consequence of the appearance
of oxygen vacancies. It is known that they are present in non-doped
BiFeO3 materials in relatively large amount [26], due to the devia-
tion from stoichiometry [27]. There is an increase in the amount
of oxygen vacancies with Sr doping, to compensate the charge
difference between Sr2+ and Bi3+. The increase in the dielectric
permittivity at low frequencies is related with the appearance of
dipoles created by the association of oxygen vacancies with doping
cations. These dipoles can only be oriented under fields at low fre-
quencies, contributing to the permittivity, but they cannot follow
the electric field at higher frequencies. The value of the permittiv-
ity at 10 MHz (the highest frequency measured in this work) is 83,
which is in the order of that found for similar Sr-doped BiFeO3 (with
values reported in the order of εr ∼ 100 [11]. The values of permit-
tivity at high frequencies are similar for the three ceramics. At low
frequencies, the trend does not follow the curve of densification
shown in Fig. 6. This indicates that other factors (grain size, crys-
tallinity, even domain walls) different than the density determine
the values of permittivity at those frequencies.

The presence of oxygen vacancies affects the conductivity and,
as a consequence, the dielectric losses. The conductivity at room
temperature shown here is in the order of 6–7 × 10−5 S/cm, higher
than those reported in [28] for Bi0.8Sr0.2FeO3−ı (in the order of 10−6)
due to the higher content of Sr that increases the number of oxygen
vacancies. The influence of doping can be appreciated by comparing
with the conductivity of non-doped BiFeO3, which is in the order of
10−10 S/cm [4]. The Nyquist plots allow the different contributions
(bulk, grain boundary) to the total conductivity to be separated. It
can be observed in Fig. 7b that the grain boundary and the bulk con-
ductivity are in the same order, being slightly higher for the former
than for the latter. The grain boundary conductivity in pure BiFeO3
can be three orders of magnitude lower than the bulk one [29]. In
view of the results shown in Fig. 7, it can be concluded that the
doping with Sr increases the grain boundary conductivity, proba-
bly due to the increase of the amount of oxygen vacancies close to
the grain boundary, together with a higher diffusivity associated
with those interfaces. The conductivity is an important factor to be
controlled in these materials, as it determines other properties as
the leakage current [30], which deep study is out of the scope of
this work.

4. Conclusions

The high energetic milling of precursors of Bi0.60Sr0.40FeO2.8 in
stainless-steel media produces an amorphous and highly reactive
ceramic precursor that allows the synthesis temperature of this
material to be reduced in 50–100 ◦C with respect to that needed by
classical solid state method. The stability of the perovskite phase is
increased due to the presence of Sr in the structure.

Ceramics with high relative density (up to 98%) are obtained
at relatively low sintering temperature (1000–1050 ◦C) due to the
high reactivity of the precursors and the probable aid of a liquid
phase. The dielectric permittivity increases with respect to the pure
bismuth ferrite, due to the influence of the oxygen vacancies. The
conductivity is also higher for Sr-doped ceramics, due mainly to the
increase of the grain boundary conductivity, in a result reported for
the first time for these materials.
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