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bstract

n this study, (1 − x)BiFeO3–(x)PbTiO3 multiferroic ceramics, with x = 0, 0.1, 0.2, 0.25, 0.3 and 0.4, were processed through high-energy ball milling
ollowed by reactive sintering in air atmosphere. The optimization of the procedure for the preparation of highly-dense (1 − x)BiFeO3–(x)PbTiO3

eramics was carefully investigated and structural/microstructural effects on ferroic properties were carefully addressed. Shrinkage dilatometric
easurements revealed an expansion related to a sintering reaction that has occurred before densification. This sintering behaviour was highly
bTiO3 concentration-dependent. The sintering mechanism was found to be directly related with the aliovalent substitution of Pb and Ti ions on A

nd B sites of the perovskite structure. The obtained ceramics were confirmed as ferroelectric ordered in ferroelectric characterizations. Remnant
olarizations and coercive fields greatly dependent on grain size distribution and aliovalent substitutions were revealed. The magnetic hysteresis
isplayed a weak-ferromagnetic behaviour in all studied samples.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Multifunctional materials are classified as compounds that
ave more than one technological applicability and/or prop-
rty. These appear as potential candidates for revolutionary
echnological applications in smart devices, as shape mem-
ry, electrostrictive, and magnetorheological devices.1,2 In
articular, the multiferroic magnetoelectric materials, whose
olarization and magnetization can be simultaneously found,
ave attracted much academic and technological attention.3,4

n fact, they can be used in advanced electronic devices, as
ultiple state memories5,6 and high-power solid state transform-

7
rs, fundamentally exploiting the magnetoelectric coupling.
onsidering magnetoelectric materials, BiFeO3 (BF) is a well-
nown multiferroic magnetoelectric presenting two ferroic
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rders, i.e., antiferromagnetic and ferroelectric; in the same
hase.8,9 BF possesses a rhombohedral distorted perovskite
tructure (R3c space group), a ferroelectric Curie tempera-
ure at TC ∼ 830 ◦C, an antiferromagnetic Néel temperature at
N ∼ 367 ◦C,10,11 excellent ferroelectric properties and mag-
etoeletric coupling (dE/dH as high as 3 V/cm Oe).12Despite
aving exceptional dielectric and ferroelectric properties, single-
hased BF ceramics does not have good electrical resistivity.
n fact, elevated conductivity in ceramics confuses the mea-
urement of their electrical properties. Thus, a solution that
iminishes the conductivity besides an improvement of electri-
al and magnetic properties of BF is remarkably desirable. This
mprovement can be reached with an arrangement of BF in solid
olutions, notably with materials previously known for their
xcellent properties (ferroelectric or magnetic) and high electri-
al resistivity. In this sense, lead titanate, PbTiO3 (PT), which is a
ell-known piezoelectric compound - has a tetragonal distorted
erovskite structure (P4mm space group) and a ferroelectric

hase transition at TC ∼ 490 ◦C13,14 - seems to present the neces-
ary qualifications to fill these fundamental lacks.15,16 However,
n spite of PT properties, the most commercially exploited and
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mployed piezoelectric material is the lead zirconate titanate
PZT). The main technologically applied PZT compositions are
ear a not completely understood morphotropic phase boundary
MPB) between the rhombohedral and the tetragonal phases.
hese compositions possess some of the highest piezoelec-

ric coefficients found in the literature.17 Following the same
dea that for PZT and also an attempt to reduce resistivity and
mprove the ferroelectric properties of BF, some researchers had
een developing the (1 − x)BiFeO3–(x)PbTiO3 solid solutions
(1 − x)BF–(x)PT].18 These obtained compounds’ present fer-
oelectric, magnetic and piezoelectric characteristics, and also a

PB near 70 wt.% of BF.18

This way, the BF–PT solid solutions can be considered
n alternative among piezoelectric and ferroelectric materials
hat can be used in advanced technological applications.17,19

o date, the BF–PT ceramics are promising candidates to be
pplied in high temperature piezoelectric devices, with potential
pplicability in electromechanical transducers and high-power
olid state transformers.20,21 However, the routes employed for
rocessing BF–PT ceramics, and also the correlated characteri-
ations, deserve special attention from the scientific community
ecause those materials acquire properties of both end mem-
ers, BF and PT. BF–PT system became compounds with
igh ferroelectric temperature transition (TC ∼ 632 ◦C) in the
PB region,15,16 and also remain weak-ferromagnetic at high

emperatures (TN ∼ 377 ◦C).28 These properties provide poten-
ial advanced piezoelectric applications to BF solid solutions,
nce the vibration frequencies of piezodevices could be hypo-
hetically tuned by applying external magnetic fields, i.e.,
mploying the intrinsic magnetoelectric coupling.22 Neverthe-
ess, high-performance BF–PT piezoceramics are very difficult
o process by using the conventional ceramic method,23 because
hese ceramics request special characteristics, as high density,
ow porosity, high dielectric breakdown, and high electrical
esistance; which are necessary conditions for poling those
iezoceramics.24 In addition, a rigorous control of the tetrag-
nality factor (ratio between the c and a parameters in the
etragonal unit cell) should be done in BF–PT piezoceramics,
hereas the large lattice anisotropy, caused by PT substitution

c/a = 1.064 for PT), can lead the ceramic bodies to be brittle.25,26

In this sense, some works have been conducted addressing
tructural and microstructural issues concerning the produc-
ion of BF–PT ceramics.27 In this context, high total apparent
ensities (although lower than 95%) have been reached for
F–PT ceramics processed by the conventional ceramic method,
here high resistivity, at around 109 �m, were obtained.28

he tetragonality factor of the (1 − x)BF–(x)PT solid solutions
as also the focus of investigations through X-ray diffraction,

evealing tetragonalities as high as 18% for x = 0.3.29 Lately,
he morphotropic phase boundary (MPB) of BF–PT ceram-
cs obtained by the solid-state reaction route was carefully
etermined through X-ray diffraction.30 In fact, for x < 0.2, the
1 − x)BF–(x)PT solid solutions assume a rhombohedral sym-

etry (R3m), while for x > 0.4 the system adopts a tetragonal

ymmetry (P4mm). The MPB region, where the two sym-
etries (rhombohedral and tetragonal) coexist, was found for

.2 < x < 0.4.30

c
r
c
s
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Evaluating nonconventional routes for processing multi-
erroic compounds, the high-energy ball milling technique
as recently used by Comyn et al.31 to process adequately
igh-resistive BF–PT ceramics (∼140 M �m at 100 ◦C and
M �m at 150 ◦C). The microstructure of (1 − x)BF–(x)PT
ellets (the powders were obtained by attrition milled mixed
xides) was investigated by Woodward et al.18 through scan-
ing electron microscopy (SEM), revealing grains (∼1 �m) with
o preferred growth direction, and small porosity. Correas et
l.32 applied mechanosynthesis and spark-plasma sintering for
rocesses dense, homogeneous and nanosized BF–PT ceram-
cs at relatively low temperatures. The effect of Sm doping
n the densification behaviour of BF–PT ceramics processed
y high-energy ball milling were also investigated by Chu
t al.,26 resulting in ceramics with elevated total apparent den-
ity (7.5 g/cm3 for samples sintered at 1100 ◦C) and narrow
rain size distribution (∼1 �m). In fact, Cheng et al.33 pro-
oted SEM analyses on (0.7)BiGa0.05Fe0.95–(0.3)PT fractured

urfaces that showed noticeable more transgranular fractures
han intergranular ones, indicating that small isovalent modi-
cation on B site of the perovskite structure can contribute to
nhance the densification rates.33 Electrical characterizations, as
function of electric field and temperature, were conducted in

0.7)BF–(0.3)PT ceramics, exhibiting their ferroelectric nature
ith remnant polarization of 6 �C/cm2 and TC ∼ 650 ◦C.28,33

ecently, Freitas et al.34 reported piezoelectric coefficients as
igh as those found for PZT ceramics in high-energy ball milled
0.6)BF–(0.4)PT samples.

Taking the scientific and technological requests for pro-
essing high-quality BF–PT ceramics, some issues concerning
he protocols used to synthesize highly dense BF–PT ceram-
cs still need to be investigated to optimize these processes.
ven though, promising BF–PT piezoceramics demand a
light control of their microstructural and structural char-
cteristics. Moreover, a rigorous control of their electrical
onductivities, obtained mainly through microstructural con-
rolling, needs to be achieved for poling BF–PT ceramics.

ith these questions in mind, in this work, thermal, struc-
ural, microstructural, ferroelectric and magnetic investigations
n (1 − x)BF–(x)PT ceramics, synthesized by high-energy
all milling, were carried out. The samples were care-
ully investigated through X-ray diffraction, scanning electron
icroscopy, dilatometric measurements, differential scanning

alorimetry, ferroelectric hysteresis measurements and mag-
etic hysteresis measurements. Dense BF–PT ceramics (>90%
f the theoretical density), with narrow grain size distribu-
ion (with average grain sizes decreasing with x from ∼8
ntil 1 �m) of morphologically homogeneous grains, and
lectrical resistivity higher then 106 �m, were obtained for
amples where the sintering time and temperature showed
o be highly dependent on the PT content in the BF–PT
olid solution. Ferroelectric hysteresis loops revealed ferro-
lectrically ordered samples, with remnant polarizations and

2
oercive electric fields as high as 2.5 �C/cm and 22.5 kV/cm,
espectively. The magnetic hysteretic loops revealed typi-
al weak ferromagnetic magnetic behaviour in all studied
amples.
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Fig. 1. X-ray diffraction patterns for high-energy ball milled (1 h) BF–PT
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scope, equipped with an Energy dispersive X-ray spectroscopy
(EDS) detector. Differential scanning calorimetric studies were
performed by using a Netzsch STA 409 Luxx equipment, in
owders annealed at 950 C for 1 h. r = R3c, R = R3m and T = P4mm space
roups. (a) (0.9)BF–(0.1)PT; (b) (0.8)BF–(0.2)PT; (c) (0.75)BF–(0.25)PT; (d)
0.7)BF–(0.3)PT, and (e) (0.6)BF–(0.4)PT.

. Experimental

Stoichiometric powders of (1 − x)BiFeO3–(x)PbTiO3 com-
ounds, with nominal compositions of x = 0, 0.1, 0.2, 0.25,
.3 and 0.4, were synthesized from analytical graded (Aldrich)
i2O3, Fe2O3, La2O3, PbO and TiO2 precursors. These pow-
ers were mechanically processed by high-energy ball milling
HEBM), with a Retsch PM100 planetary ball mill, using vial
80 cm3 of volume) and balls (10 mm of diameter) of hardened
teel, in air atmosphere, as previously reported.35,36 The opti-
ized milling conditions were: ball-to-powder mass ratio (30:1),

illing speed (32 rad s−) and time (1 h). After milling, the pow-

ers were separated in two parts. The first was annealed at 950 ◦C
or 1 h, while the second one was conformed in disc shapes

ig. 2. Linear shrinkage and sintering rate (inset) for high-energy ball milled
1 h) BF–PT samples. Heating rate of 3 ◦C/min.

F
d

ig. 3. Differential scanning calorimetry and dilatometric results for the
0.75)BF–(0.25)PT sample. Heating rate of 3 ◦C/min.

ith 6 mm in diameter and 1 mm in thickness. The discs were
ubmitted to cold isostatic pressing (146 MPa) and reactively
intered at different temperatures (from 933 ◦C to 1075 ◦C)
or different times (from 1 h to 3 h). Only in x = 0.3 and 0.4
amples, tiny amounts of La2O3 (3 wt.% and 5 wt.%, respec-
ively) were added before sintering to reduces the tetragonality
f these samples and to permit subsequent ferroelectric char-
cterization. X-ray diffraction (XRD) analyzes were conducted
ith a Shimadzu XRD-7000 X-ray diffractometer (Cu k� radi-

tion). Scanning electron microscopy (SEM) was performed
ith a Shimadzu SS550 SuperScan scanning electron micro-
ig. 4. X-ray diffraction patterns for (0.75)BF–(0.25)PT powders annealed at
ifferent temperatures for 1 h.
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Table 1
Total apparent density (ρA), theoretical density (ρTH), relative density (ρR), rhombohedral (aRh) lattice parameter, tetragonal aT and cT lattice parameters, tetrag-
onality factor (t = cT/aT), and electrical resistivity (ρ) for BF–PT ceramics sintered at optimized temperatures and times: 0.10: (0.9)BF–(0.1)PT, 982 ◦C/1 h; 0.20:
(0.8)BF–(0.2)PT, 1043 ◦C/2 h; 0.25: (0.75)BF–(0.25)PT, 1022 ◦C/2 h; 0.30: (0.7)BF–(0.3)PT, 1052 ◦C/2 h; and 0.40: (0.6)BF–(0.4)PT, 1065 ◦C/1 h.

x ρA (g/cm3) ρTH (g/cm3) ρR aRh (Å) aT (Å) cT (Å) t ρ (M �m)

0.10 7.55 ± 0.03 8.42 ± 0.01 0.90 ± 0.07 3.948(1) 3.982(8) 4.042(8) 1.015 1.84
0.20 7.60 ± 0.03 8.23 ± 0.01 0.92 ± 0.08 3.972(9) 3.862(8) 4.271(1) 1.105 6.22
0.25 7.50 ± 0.03 8.32 ± 0.02 0.90 ± 0.09 3.951(1) 3.812(2) 4.566(5) 1.197 4.37
0.30 7.55 ± 0.02 8.45 ± 0.04 0.89 ± 0.08 3.934(8) 3.802(1) 4.503(5) 1.184 5.21
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SEM and XRD analyses discussed below.

The differential scanning calorimetry signal and the lin-
ear shrinkage, for the (0.75)BF–(0.25)PT sample, is shown in
.40 7.75 ± 0.02 8.36 ± 0.04 0.93 ± 0.07

ir flux and a heating/cooling rate of 10 ◦C/min. Dilatometric
easurements were performed with a Netzsch dilatometer (Dil

02-PC) in air flux and at a heating rate of 3 ◦C/min. The electri-
al resistivity of ceramics was determined using a LCR bridge
Agilent E4980). Grain size distributions were determined ana-
yzing SEM images and applying the standard circular method.37

otal apparent densities (ρAP) were determined by applying the
rquimedes method in distilled water, while the theoretical den-

ities (ρTH) were calculated from the lattice parameters obtained
rom the X-ray diffraction patterns and the respective molecular
eight of the batch formula. The relative total apparent den-

ities (ρR = ρAP/ρTH) were calculated using the total apparent
nd theoretical densities. The ferroelectric hysteresis loops were
ollected with a Sawyer-Tower circuit at 60 Hz. The magnetic
ysteresis loops were obtained by using a LakeShore (7307-7
nch) vibrating sample magnetometer.

. Results and discussion

.1. Structural and calorimetric characterisations

Fig. 1 shows the XRD profiles for (1 − x)BF–(x)PT powders
ubmitted to high-energy ball milling, and heat treated at 950 ◦C
or 1 h. In contrast with Zhu et al.,30 which report a MPB since
= 0.2, here samples with x = 0.1, 0.2, and 0.25 only had crys-

allized in the rhombohedral perovskite structure (R3c space
roup). However, for x = 0.3, and 0.4 samples, rhombohedral
R3m) and tetragonal (P4mm) phases could be identified, cor-
oborating with the existence of a morphotropic phase boundary
MPB) in this system.20,30 It is worth noting that formation of
F–PT compounds take place at temperatures very lower than

hose used in conventional ceramic method.30 These results are
clear indicative that the employed milling time makes these

amples reach the first mechanical alloying stage.35,36 In this
tage, the starting oxides were highly lowered in both particle
nd crystallite sizes, so that the final crystallization process could
e reached by using heat treatments at lower temperatures for
hort times, as indicated in Fig. 1.

The dilatometric results (linear shrinkage and sintering rate)
or as-milled and subsequently cold pressed BF–PT samples are
resented in Fig. 2. In this work, the starting points for sintering

tudies were the maximum contractions obtained in dilatomet-
ic studies (inset). As can be seen, an almost linear correlation
etween the temperatures of maximum contraction and the PT
oncentration was observed. In fact, for each specific PT concen-

F
a
(
(

.944(7) – – – 4.36

ration there is just one appropriate sintering temperature. These
esults contrast with those reported in the literature, where none
ifferences in the temperatures of sintering, referring to the PT
oncentrations, was observed or pointed out for conventionally
rocessed samples.28,33 In this way, studies concerning opti-
ization of sintering temperatures of BF–PT ceramics need to

e conducted carefully, whereas the presence of more than one
actor, as crystal symmetries with possible habit for grain growth
P4mm, for example), can affects the sintering kinetics. Also,
ilatometric results indicate the possible existence of different
ctivation energies for active sintering processes in BF–PT solid
olutions, which can be directly related with the dissimilar ionic
atios and valence numbers of the Bi and Pb (perovskite A site)
nd Fe and Ti (perovskite B site) ions. In fact, the gain of energy
rovided by the mechanical activation (high-energy ball milling)
s almost the same for all studied samples, i.e., they reached the
rst mechanical alloying stage. These differences in activation
nergies can affect the grain growth mechanism for each sample,
eading to different grain sizes distribution, as revealed by the
ig. 5. XRD patterns for BF–PT ceramics sintered at optimized temper-
tures and times: (a) BiFeO3–900 ◦C/1 h; (b) (0.9)BF–(0.1)PT, 982 ◦C/1 h;
c) (0.8)BF–(0.2)PT, 1043 ◦C/2 h; (d) (0.75)BF–(0.25)PT, 1022 ◦C/2 h; (e)
0.7)BF–(0.3)PT, 1052 ◦C/2 h; and (f) (0.6)BF–(0.4)PT, 1065 ◦C/1 h.
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Fig. 6. Scanning electron microscope images for thermal attacked surfaces of BF–PT ceramics sintered at optimized temperatures and times: (a) (0.9)BF–(0.1)PT,
9 h; (d
c
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a

82 ◦C/1 h; (b) (0.8)BF–(0.2)PT. 1043 ◦C/2 h; (c) (0.75)BF–(0.25)PT, 1022 ◦C/2
oncentration.

ig. 3. The curves shown, which are representative for all studied
amples, reveal anomalous dilatation occurring at temperatures
etween 550 ◦C and 800 ◦C, which are also shown in Fig. 2. It is
orth noting that in this same temperature range, two endother-
ic peaks also appear in the DSC curve (Fig. 3). Taking this

bservation into account, the thermal kinetics for phase for-
ation in the 0.75BF–0.25PT sample was investigated through
RD analysis. The XRD results, obtained for sample batches
eat-treated at different temperatures for 0.5 h, are shown in
ig. 4. As can be observed, the rhombohedral 0.75BF–0.25PT
hase starts at temperatures as low as 580 ◦C, and is completely
ormed at 850 ◦C. Then, BF–PT compounds were stabilized

irectly from oxide precursors, avoiding undesirable phases.
hese results also corroborate with our previous XRD anal-
sis, where no spurious or residual phases were observed in

fi
(
i

) (0.7)BF–(0.3)PT, 1052 ◦C/2 h; and (f) mean grain size as a function of the PT

owders heat treated at 950 ◦C for 1 h (see Fig. 1). In this
ay, the thermal expansion observed in dilatometric curves

Figs. 2 and 3) can be associated with the sintering reaction
owards BF–PT compounds directly from oxide precursors in
artially reacted mixture. As BF–PT compounds have molar
olume higher than those of oxide precursors, a thermal expan-
ion would be expected, corroborating with previous reports
oncerning the synthesis of lead titanate zirconate (PLZT) and
ead zirconium niobate–titanate (PZN–PT) by high-energy ball

illing.38,39

The X-ray diffraction patterns for BF–PT ceramics, sintered
t optimized temperature and time, are shown in Fig. 5. In this

gure, most of phases were indexed as being rhombohedral
R3m or R3c) perovskite. The tetragonal profiles (P4mm) were
dentified in all patterns, except for x = 0.4. In x = 0.3 and 0.4 sam-
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Fig. 7. Scanning electron microscope images for fractured BF–PT ceramics sintered at optimized temperatures and times: (a) (0.9)BF–(0.1)PT, 982 ◦C/1 h; (b)
( –(0.3
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0.8)BF–(0.2)PT, 1043 ◦C/2 h; (c) (0.75)BF–(0.25)PT, 1022 ◦C/2 h; (d) (0.7)BF

les tiny amounts of La2O3 (3 wt.% and 5 wt.%, respectively)
ere added to guarantee ferroelectric characterizations. In fact,
hen x = 0.3 and 0.4 compositions without La are sintered at
ptimized temperatures (as those obtained from the previous
ilatometric investigations) the tetragonal phase emerges with
very high tetragonality that causes microstructural instabil-

ty, which become these samples highly brittle, preventing the
ubsequent ferroelectric characterization. In this way, the La
ddition is necessary considering the ferroelectric characteri-
ation. The rhombohedral and tetragonal lattice parameters, as
ell as the tetragonality factors, are listed in Table 1. It is worth
oting that the tetragonal a lattice parameter (a ) decreases
T
ith the increase of the PT concentration, while the tetrago-
al c ones (cT) increase. It is important to mention that those
amples with x = 0.25 and 0.3 reached tetragonalities as high

3

s

)PT, 1052 ◦C/2 h; and (f) energy dispersive X-ray results for BF–PT ceramics.

s ∼18% (Table 1). However, these samples were not brittle,
s reported by Cheng et al.40 In face of results, the synthe-
is mechanism for phase formation in BF–PT system can be
onsidered as being fundamentally controlled by the aliova-
ent substitutions on A and B sites of the perovskite structure
nce these samples were submitted to the same milling pro-
ocol. In this way, the densification behaviour favours to be
ffected by the coexistence of tetragonal and rhombohedral
hases, as evidenced by as follows presented SEM investiga-
ions.
.2. Densification behaviour

The SEM images, for polished and thermal attacked ceramic
urfaces, are shown in Fig. 6(a)–(e). Morphologically homoge-
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Fig. 8. Ferroelectric hysteretic loops (60 Hz) at different temperatures
for BF–PT ceramics sintered at optimized temperatures and times: (a)
(
(

b
r

(

V.F. Freitas et al. / Journal of the Europ

eous grains and narrow grain size distribution can be observed
n each case. The PT content dependence on average grain sizes,
btained from the analysis of the surface in the SEM images by
sing the circular method,37 is shown in Fig. 6(f). As the aver-
ge grain size tends to decrease almost linearly with PT content
Fig. 6(e)), this result indicates that the aliovalent substitution of
i for Pb, and Fe for Ti, in A and B perovskite sites, respectively,
ontribute to prevent the grain growth fundamentally through
he formation of tetragonal phase. These results are in accor-
ance with those obtained in the XRD analyses and indicate
hat the average grain sizes turn to decrease with the increase
f the tetragonality factor and aliovalent substitution in BF–PT
eramics.

The densification studies, which resulted in the theoretical
nd apparent densities listed in Table 1, revealed high-dense
F–PT ceramics, with relative densities reaching 93% of the-
retical ones. The lower total apparent density obtained in this
ork (ρA > 7.55 g/cm3), was still higher than those obtained by
hang et al. (ρA > 7.5 g/cm3).15 Interesting, the densification
ata contrast with those obtained by SEM, whereas the ceramic
hich presented an elevated quantity of surface porous (x = 0.4)
as those that presented the higher relative density. This result

s related with internal porous in ceramics, as evidenced by the
urface fracture analysis shown in Fig. 7. As can be observed, for
ower PT concentrations the intergranular fractures are majority
Fig. 7(a) and (b)), indicating the existence of possible amor-
hous or spurious phases at the grains boundary. In fact, for
igh PT concentrations the transgranular fractures are predomi-
ant (Fig. 7(d) and (e)). The chemical analysis (EDS) performed
n fractured surfaces (Fig. 7(f)) reveal stoichiometries very close
o nominal values.

.3. Ferroelectric and magnetic properties

The Fig. 8 shows the polarization loops measured at different
emperatures for sintered BF–PT ceramics, as examples of their
erroelectric behaviour. This figure reveals clear hysteretic fer-
oelectric loops with remnant polarizations and coercive fields
anging from 0.1 �C/cm2 to 17 �C/cm2 and from 4.5 kV/cm
o 20 kV/cm, respectively, and that the coercive field and rem-
ant polarization had increased with the increase of the PT
ontent. Recently, Sakamoto et al.41 demonstrated, through
ow and room temperature polarization loop measurements that
erroelectric characterization conducted at low temperatures pre-
ent the detrimental electrical conductivity effects observed in
F–PT thin films. As the ferroelectric characterisation results
resented in Fig. 8 were also obtained at relatively high elec-
ric fields (as high as 60 kV/cm), we believe that, in spite of
he relative low electrical resistivity of high-energy ball milled
F–PT samples, the ferroelectric loops shown in this figure
re in fact ferroelectric, with minor contributions of capac-
ty losses. Also, similar results were also obtained at 10 Hz
or (0.7)Bi[Ga0.1Fe0.9]O3–(0.3)PbTiO3 (Pr ∼ 0.5 �C/cm2) and

2
0.6)Bi[Ga0.4Fe0.6]O3–(0.4)PbTiO3 (Pr ∼ 0.4 �C/cm ) com-
ounds processed by the conventional ceramic route,29 attesting
he ferroelectric characteristics of the BF–PT samples obtained
y high-energy ball milling. However, no direct correlation

s
P
r
c

0.9)BF–(0.1)PT, 982 ◦C/1 h; (b) (0.7)BF–(0.3)PT, 1052 ◦C/2 h; and (c)
0.6)BF–(0.4)PT, 1065 ◦C/1 h.

etween electrical resistivities (Table 1) and coercive field or
emnant polarization was observed.

Fig. 9 shows magnetic hysteretic loops for
1 − x)BiFeO3–(x)PbTiO3 (x = 0.1, 0.2, 0.25, 0.3, and 0.4)
amples. The remnant magnetization as a function of the

T concentration is shown in Fig. 9(a). As can be seen, the
emnant magnetization decreases with the increase of the PT
oncentration. The samples magnetizations were not saturated
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Fig. 9. Magnetic hysteretic loops for BF-PT ceramics sintered at optimized tem-
peratures and times: 0.10: (0.9)BF–(0.1)PT, 982 ◦C/1 h; 0.20: (0.8)BF–(0.2)PT,
1043 ◦C/2 h; 0.25: (0.75)BF–(0.25)PT, 1022 ◦C/2 h; 0.30: (0.7)BF–(0.3)PT,
1052 ◦C/2 h; and 0.40: (0.6)BF–(0.4)PT, 1065 ◦C/1 h. Insets: (a) remnant mag-
n
l

w
r
i
w
t
i
A
h
o
s
i
w

4

b
i
w
p
m
e
t
w
v
p
c
g
m
n
a
i
c

o
a
t
c
a

A

a
v
a
2
C
a

R

etization as a function of the PbTiO3 concentration. (b) Magnetic hysteresis
oops evidencing the coercive fields.

ith the increase of the magnetic field in the investigated field
ange, indicating an antiferromagnetic behaviour. However,
n all studied samples were observed magnetic hysteresis
ith remnant magnetizations ranging from 5 × 10−3 emu/g

o 10 × 10−3 emu/g (Fig. 9(b)). This magnetic behaviour
s commonly described as a weak ferromagnetic order.40

ccording to Zhu et al.,20 the arising of this small magnetic
ysteretic behaviour is due to the formation of chemically
rdered microregions (magnetic nanoclusters) in BF–PT
amples. The freezing in these magnetic nanoclusters would
nduce the residual magnetization, which is recognized as a
eak ferromagnetic response.

. Conclusions

Dense (1 − x)BiFeO3–(x)PbTiO3 ceramics were synthesized
y using high-energy ball milling followed by reactive sinter-
ng. Their structural, microstructural and ferroelectric properties
ere carefully investigated. The sintering behaviour of milled
owders were also investigated and elucidated by using dilato-
etric and X-ray diffraction measurements. An anomalous

xpansion, observed in dilatometric measurements, indicates
hat the sintering reaction has occurred before densification,
hich is highly dependent on the PT concentration and alio-
alent substitution of Pb and Ti ions on the A and B sites of the
erovskite structure. The results also point to structurally relaxed
eramics, with morphologically homogeneous grains of narrow
rain size distribution. It was observed that the grain growth
echanism is highly dependent on the structural and chemical

uances, as the existence of a morphotropic phase bound-

ry, tetragonal symmetric phases and aliovalent substitution
n (x)BF–(1–x)PT solid solutions. Ferroelectric and magnetic
haracterizations reveal ferroelectric and weak-ferromagnetic
eramic Society 31 (2011) 2965–2973

rdered ceramics, with remnant polarization and magnetization,
nd coercive fields highly dependent on the PbTiO3 concentra-
ion. The whole set of results indicate that the obtained samples
an be employed as piezodevices once they present ferroelectric
nd magnetic ordering at room temperature.
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