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Abstract

Biy_,La,TizOy, (BLT) ceramics were prepared and studied in this work in terms of La**-modified microstructure and phase development as well
as electrical response. According to the results processed from X-ray diffraction and electrical measurements, the solubility limit (x; ) of La** into
the BiyTi3O, (BIT) matrix was here found to locate slightly above x=1.5. Further, La** had the effect of reducing the material grain size, while
changing its morphology from the plate-like form, typical of BIT ceramics, to a spherical-like one. The electrical results presented and discussed
here also include the behavior of the temperature of the ferroelectric—paraelectric phase transition as well as the normal or diffuse and/or relaxor

nature of this transition depending on the La3* content.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Bismuth titanate (BigTi3Oq2, BIT) is a ferroelectric mate-
rial with wide potential application in the electronic industry
as capacitors, memory devices and sensors, and the simplest
compound in the Aurivillius family which consists of (Bi202)2+
sheets alternating with (Bi»Ti3010)>~ perovskite-like layers
stacked along the crystallographic ¢ direction.!” In order to
improve the electrical properties of BIT, solid solutions with
other cations have been considered and explored. This is the
case of the La’*-doped BIT (Bi4_,La,Ti3012, BLT) system
which has shown to improve, for x =0.75 for instance, the fatigue
endurance of the resulting material upon repeated cyclic electric
fields.? This and other results have revived interest in properties
of the BLT solid solutions. Nevertheless, in spite of the various
studies that can be found so far in the literature on this sys-
tem, see, e.g. Refs. [3-9] there appears to be no comprehensive
work in which its main features, namely La®*-assisted sinter-
ing process and microstructure development, La’* tolerance,
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long-range order structural and electrical properties, have been
all together collected and correlatively investigated. This is the
purpose of the present work where the study of BLT ceramic
materials has been reconsidered. Important aspects such as
solubility limit of La3* into BIT, microstructure and phase devel-
opment, and resulting ferroelectric characteristics are closely
revisited in a correlative fashion.

2. Experimental procedure

The studied materials were prepared through the con-
ventional ceramic method starting from high-purity raw
materials (from Alfa Aesar): BipO3 (99.5%), Lay0Os3
(99.999%), and TiO; (99.9%). Powders from these oxides
were mixed according to the formula [2— (x/2)]BiyO3+
(x/2)Lay O3 + 3TiOy — Big_,La, TizO1,, where x=0, 0.5, 0.75,
1, 1.5 and 2, hereafter labeled as BLT100x, i.e., BLT000 = BIT,
BLTO050, BLT075, BLT100, BLT150 and BLT200, respectively.
The mixtures were ball-milled for 36 h in polyethylene vases
while dispersed in isopropyl alcohol. The applied calcination
(temperature and time) parameters are indicated in Table 1.
These were optimized so as to obtain starting single- or almost
single-phase powders, according to X-ray diffraction (XRD)
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Table 1

Calcination and sintering (temperature/time) parameters (C.P. and S.P., respectively), measured densities (pmeas), theoretical densities (piheo), relative densities and

average grain size (D) of all the prepared BLT samples

Composition C.P. (°C/h) S.P. (°C/h) Pmeas (g/cm3) P(heoa (g/sz) Pmeas/ Ptheo (%) D (um)
BIT 800/3 105072 7.722 8.0440R 96.00 3.0
BLT050 800/3 1180/2 7.522 7.799MO 96.44 1.6
BLT075 860/6 1195/2 7.274 7.688MO 94.61 1.5
BLT100 860/6 1180/3 7.082 7.575MO 93.49 1.4
BLT150 880/6 1250/5 7.040 7.333TE 95.99 12
BLT200 880/6 1310/5 7.037 7.327TEb 96.04 2.0

2 Values estimated from the corresponding XRD patterns (see text). The super-index quoted on the reported values responds to the crystallographic symmetry
(orthorhombic; OR, monoclinic; MO, or tetragonal; TE) from which the better fitting results were obtained.
b Value estimated assuming the unit cell mass of the BLT150 composition according to the result of solubility limit processed from the XRD analysis (see text).

data collected using a Rigaku-Rotaflex RU-200B diffractometer
(50kV x 100 mA) with Cu Ko (A =1.5405 A). In the following,
the powders were again ball-milled for 12 h in the above plastic
recipients with isopropyl alcohol. Shrinkage measurements
were carried out in a Netzsch Dil 402 PC dilatometer on
pressed powders, the results from which an optimal sintering
temperature to be applied in an attempt to obtain highly dense
bodies was evaluated for each BLT composition. The sintering
(temperature and time) parameters thus finally considered
are also indicated in Table 1. The values of the ceramics
density were measured through the Archimedes method. In
addition, scanning electron microscopy (SEM) observations,
accomplished in a Zeiss DSM960 microscope, and XRD
measurements of the ceramic materials were conducted in
order to evaluate the La**-induced microstructure and structure
development features involved. Finally, electrical measurements
were carried out in a Solartron SI 1260 impedance analyzer
at different selected frequencies: 10 kHz, 100 kHz and 1 MHz,
over a wide temperature range up to about 700 °C, and using
Pt as electrodes diffused onto the samples’ surfaces. From
these measurements, permittivity and dielectric losses of all the
ceramic samples were processed.

3. Results and discussion

Fig. 1 shows the room temperature XRD patterns of all the
calcined BLT powders. These are characterized by reflection
peaks isostructural with BisTizO1,. Moreover, according to the
calcination (annealing temperature and time) parameters applied
(see Table 1), some low-intensity, additional peaks associated
to impurity La;TioO7 (L2T2), LayTiO5 (L2T1) and BiyTipO7
(B2T2) phases were detected in the XRD pattern from the
BLT200 composition. The results of thermal shrinkage obtained
from the dilatometric analysis of samples prepared from the cal-
cined powders are shown in Fig. 2 in terms of AL/L, (left scale)
and its derivative d(AL/L,)/dT (right scale). The samples start to
shrink above about 800 °C and undergo a maximum shrinkage
rate from close to about 1200 °C above, depending on com-
position. The sintering temperatures finally considered (see also
Table 1) were selected according to each composition-dependent
temperature of maximum shrinkage rate (minimum values of
d(AL/Ly)/dT), except for the well studied BIT system, whose
melting process is known to occur at about 1210 °C and for
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Fig. 1. XRD patterns of the calcined Bis_,La,TizO12 (BLT100x) powders. All
the patterns show peaks corresponding to a phase isostructural with BisTizO12
(JCPDS: 35-0795). For x=2.0, additional low-intensity phases isostructural
with La; TioO7 (JCPDS: 81-1066), BixTi,O7 (JCPDS: 32-0118) and La;TiOs
(JCPDS: 75-2394) were identified.

which, following the literature,'%!! a relatively low temperature

of 1050 °C was assumed to be enough to obtain a dense mate-
rial. The values of density measured (pmeas) for all the ceramic
samples are given in Table 1. These reveal relatively high when
compared to the expected theoretical density values (pgeo) that
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Fig. 2. Results of thermal shrinkage from the dilatrometric measurements con-
ducted on compacted Bis_ La,TizO12 (BLT100x) powders, and presented in
terms of AL/L, (left scale) and d(AL/L,)/dT (right scale).
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Fig.3. XRD patterns of the sintered Bis_,La, Ti3012 (BLT100x) samples. Again
(as in Fig. 1), all the patterns show peaks corresponding to a phase isostructural
with BigTizO12 (JCPDS: 35-0795). For x=2.0, additional low-intensity phases
isostructural with La; Ti;O7 (JCPDS: 81-1066) and La; TiOs5 (JCPDS: 75-2394)
were still identified.

were estimated from the XRD results, as explained later. The
possibility of achieving sintering of the BLT samples at temper-
atures quite close to and above 1210 °C indicates that presence
of La®* has the effect of increasing the melting temperature of
the original BIT compound.

Fig. 3 shows the room temperature XRD patterns of all the
samples after sintering. The results are similar to those of Fig. 1,
with the particularity that presence of some impurity traces
associated now only to L2T2 and L2T1 still persisted for the
BLT200 composition. At this time, the solubility limit (xr) of
La3* into BisTizO12 so as to give the stoichiometric formula
Bis_,La,Ti3012 should be proposed as xp, <2.0. This statement
is further supported by the observation according to which,
during sintering, a compact thin layer of a white-like powder
accumulated around the BLT200 sample surface. The XRD pat-
tern illustrated in Fig. 3 for the BLT200 sample was recorded
after removing this powder layer. For the sake of a comparison,
Fig. 4 shows the full-intensity XRD results corresponding to the
sintered BLT200 sample before (BLT200a) and after (BLT200b)
removing the surface excess powder. A picture of the as-sintered
sample (BLT200a) has been also included. Presence of the three
original impurity phases, i.e., L2T2, L2T1 as well as B2T2, is
detected for BLT200a. According to the literature, B2T2 melts
at 1250°C,12 a value of which should increase if La3* cations
are involved. All these observations suggest that sintering of the
BLT200 composition involved the development of a liquid phase
from a Bi,TioO7-based phase. The formation of the white-like
powder layer around the BLT200 surface sample should thus
result from the elimination process of the liquid phase during
the sample densification.

Fig. 5 shows the SEM micrographs from the BIT, BLT075
and BLT200 samples, and summarizes well the general La3*-
induced microstructural features of the samples during sintering.
That is, while the starting ceramic sample of BIT shows grains
with the usual plate-like form, these undergo a transformation
to a spherical form with adding and increasing La’* into the
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Fig. 4. Full-intensity XRD patterns from the BLT200 sample before (BLT200a)
and after (BLT200b) removing the powder accumulated at the surface sample
from sintering. A picture of the as-sintered sample is included.

BIT system. The average values of grain size directly deter-
mined from the SEM micrographs, by using the classical linear
intercept method,'3 are also given in Table 1 for all the studied
compositions. A process of grain growth inhibition is observed
as La>* is added to the BIT system up to x=1.5, after which
the grain size augments for a further increase of La’* to x=2.0.
The grain growth inhibition should be viewed as a result of the
development of a grain-boundary pinning process induced by the
own presence of (substitutional and/or interstitial) La3* ions at
the grain surface.'* Besides involving the application of a higher
sintering temperature, the increase of grain size from x=1.5 to
x=2.0 appeared to specially involve the presence of the liquid
phase during the sintering process, as it usually happens in the
synthesis of many other ceramic systems.!>-16

Fig. 6 illustrates the temperature dependence of permittivity
for sintered ceramics of BIT, BLT075 and BLT100 measured at
100 kHz. The curves show dielectric peaks that correspond to
the ferro- to paraelectric phase transition expected in ferroelec-
tric materials. Moreover, from x = 1.0 above, the phase transition
was seen to change from normal (sharp-like dielectric peak) to
diffuse (broad-like dielectric peak). For all the studied samples,
the room temperature values of permittivity (err) and dielectric
losses (tan 8rT) as well as the temperature values of maximum
permittivity (7j,) are given in Table 2. All these values com-
pare well with those values typically found in the literature for
BIT-based ferroelectric materials.”?!7 In particular, the values
of Ty, are also plotted in Fig. 7 for better visualizing the behav-
ior of this parameter upon variation of the La3* content. It is
seen that Ty, significantly decreases as La>* increases up to
x=1.5, after which the Ty, variation turns relatively insignifi-
cant. As previously noted in the literature,%” different from the
results extrapolated in BIT compounds doped with diverse rare-
earth cations (Big_R,Ti301; R =rare earth), where T, was
proposed to vary monotonically as a linear function of the rare-
earth content,* variation of T with La3* does not really reveal
such a linear behavior trend when extending further the compo-
sition range of study. Of special interest for this work, what is
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Fig. 5. SEM micrographs of the sintered: (a) BisTizO52 (BIT), (b)
Bi3A25LaOA75Ti3012 (BLT075) and (C) BizLazTi:,'O[z (BLTZOO) samples.

important to observe from the Tp,-versus-composition figure is
that the solubility limit of La** into BIT, initially proposed as
xr, < 2.0 following the XRD results, should be actually regarded
as approaching xp = 1.5. The small variation still observed for
T from BLT150 to BLT200 (Table 2) however suggests that xp,
should indeed be slightly higher than 1.5.

From the crystallographic viewpoint, on the other hand, there
is a general agreement in the literature that the lattice symme-
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Fig. 6. Temperature dependence of permittivity measured for the sintered
BisTi3O12 (BIT), BizpsLag75TizO1 (BLT075) and BisLaTizOq, (BLT100)
samples.

Table 2

Temperature of maximum permittivity (7p,), room temperature permittivities
and dielectric losses (¢rt and tan Sgr, respectively) of all the prepared BLT
ceramic samples

Composition Tm (°C)* ERT tan SRt
BIT 670 130 0.022
BLT050 508 145 0.023
BLTO075 424 147 0.024
BLT100 246 186 0.022
BLT150 —137 168 0.017
BLT200 —149 101 0.014

 Values corresponding to the data processed at 100 kHz.

try of BIT-based compounds is tetragonal (TE) above Ty, in
the paraelectric phase.'>>1® Meanwhile, below Ty, in the ferro-
electric phase, BIT-based compounds have been treated as either
orthorhombic (OR) or monoclinic (MO),->#18-20 provided that
the deviation between both systems is in this case small and often
hardly detectable. In the present work, we chose to fit the exper-
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Fig. 7. Dependence of the temperature of maximum permittivity (7y,) of the
sintered BLT100x samples upon variation of the La** content.
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Fig. 8. Dependence of the calculated lattice parameter a of the sintered BLT100x
samples upon variation of the La** content. For x = 1.5 and x = 2.0, the parameters
were converted from tetragonal to orthorhombic just for comparison with the
other sample data (see text).

imental XRD patterns of the prepared BLT ceramics through
the “Le Bail” method,?! using the professional Full Proof pro-
gram, from which the values of lattice parameters (a, b, ¢, o, 8
and y) and resulting volume (V) were automatically obtained.
The values of theoretical density (oweo) reported in Table 1
were estimated from the values of unit cell mass and volume,
where Vg = a?c, Vor = abc and Vo = abe sin 5.22 As the solu-
bility limit (x ) of La** into BIT finally resulted slightly higher
than x=1.5, that is, according to the electrical measurements
(T1n), one should thus conclude that the value of theoretical
density given in Table 1 for the BLT200 sample (to which we
attributed the unit cell mass of BLT150) was indeed slightly
over-estimated.

In special, Fig. 8 shows the behavior of the estimated lat-
tice parameter a upon variation of the La** content. For a better
comparison with the orthorhombic and monoclinic data, the esti-
mated values of atg from the BLT150 and BLT200 samples (that
showed TE symmetry at room temperature) were converted into
the equivalent apr applying the relation aor = v2ate.® Keep-
ing in mind that from the XRD results the solubility limit (x1,) of
La* into BIT falls below x = 2.0, Fig. 8 ratifies the observation
finally deduced from the electrical results in the sense that xp,
should situate close to but slightly above x=1.5. At this time,
it is important to point out that the location of xi,, as estimated
here from considering XRD as well as electrical measurements,
lies below an earlier value of x;, =2.8 reported in the literature
for the BLT formulation,*> a result about which we could not
find however any independent, similar statement. It is unlike to
evaluate the total preciseness of that x;, value provided that the
purity grades of the used raw materials were not given in those
Refs. [4,5]. We could just speculate that those starting materials
were perhaps less pure than the ones used in this work.

Finally, Fig. 9 shows the temperature dependence of permit-
tivity for sintered ceramics of BLT100 (Fig. 9a) and BLT150
(Fig. 9b) measured at three different frequencies. In general, no
frequency dispersion was observed for the permittivity behav-
ior around the transition temperature in the BLT samples with
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Fig. 9. Temperature dependence of permittivity from the (a) BLT100 (x=1.0)
and (b) BLT150 (x=1.5) samples at three different frequencies (10 kHz, 100 kHz
and 1 MHz).

x < 1.0, while a relaxor (frequency-dependent) behavior char-
acterized the phase transition for those BLT samples with
x>1.0. This observation agrees well with a previous similar
statement in literature where the relaxor behavior in the BLT
system was observed for x > 1.25.° Further, as is well known,
the permittivity of ferroelectric materials should monotonically
decreases above Ty, as the measuring temperature increases
(Curie—Weiss-like law). Presently, the observation of both (i)
an increase of permittivity as well as (ii) a permittivity disper-
sion above the transition temperature for, respectively, BLT075
and BLT100 in Fig. 6 and BLT100 in Fig. 9a should arise
from interfacial polarization processes most likely involving
grain boundary-associated blocking effects of charge carriers
during electric field-induced migration in the electrically het-
erogeneous medium.”3?* In terms of fixed-frequency dielectric
spectra from electroceramics, as found, such effects are well
known to become resolvable especially towards higher temper-
atures.

4. Conclusions

Ceramics of Bis_,La,Ti3012 were prepared and studied in
this work. During sintering, La** was found to promote a
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grain-boundary pinning process that reduces the material grain
size, while changing the grain morphology from the classi-
cal plate-like form, typically observed in BIT ceramics, to
a spherical-like form. In particular, starting from high-purity
raw materials, the solubility limit (xp) of La* into BIT was
found to locate slightly above x=1.5, that is, below an ear-
lier value of x; =2.8 previously reported in the literature. On
the other hand, within the solid solution solubility region here
detected, it is observed that the ferro- to para-electric transition
temperature (7,) of the BLT system decreases monotoni-
cally but not linearly with La**, while inducing this rare-earth
cation a relaxor permittivity—temperature behavior around Tr,
for compositions above x=1.0. The values of permittivity and
dielectric losses processed in this work compare well with those
typical values reported elsewhere for BIT-based ferroelectric
ceramics.
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