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Abstract

Ceramic materials have been prepared by natural
sintering and hot-forging M"BiyTi,0,,( M" = Ca,
Sr, Ba and Pb) powders synthesized using a molten
salt technique. The materials are ferroelectric at
room temperature and show strong dielectric
anisotropy in connection with the crystal structure.
In each case, a double anomaly of the dielectric per-
mittivity was found as a function of temperature.
The temperatures at which it occurs are dependent
on M. The origin of this phenomenon is assumed
to be closely related to a sequence of phase transi-
tions like those already observed in other mixed
Aurivillius phases.

1 Introduction

The so-called Aurivillius phases are a family of
layer bismuth compounds generally formulated as
Bi,A,, B, O,.5. Their crystal structure can be
regarded as a regular intergrowth of (Bi,0,)*"
layers and (A, |B,O5,,.1)* perovskite-type slabs.!?
In these compounds, A is a mono-, di- or trivalent
element allowing dodecahedral coordination, B is
a transition element suited to octahedral coordina-
tion and m an integer (1< m <8) which represents
the number of perovskite-like slabs intercalated
between the (Bi0,)** layers. As they generally
show ferroelectric behaviour, a number of them,
e.g. Bi,PbNb,Oy, (m = 2), Bi,Ti;0,;, (m = 3),
BaBi,Ti,0,5 (m = 4), have been thoroughly inves-
tigated from the point of view of both structural
and electric properties.*”’ The frequent occurrence
of disordered intergrowths — corresponding to
different values of m -— suggested that ordered
intergrowths would be obtained in suitable sys-
tems and under appropriate thermal treatment. In
fact, various ordered intergrowths have been

*To whom correspondence. should be addressed.
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recently prepared as macroscopic pure phase.®’
They always correspond to a regular intergrowth
of one half the unit cell of a m member structure
and one half the unit cell of a m + 1 member
structure, so that they have the general formula
BisA, 1Bt 1O6mess €8 BisTINDWO, (intergrowth
1 + 2), Bi,TiyNbO,, (intergrowth 2 + 3) and
MUBi,Ti;O,, (intergrowth 3 + 4). Several papers
have been devoted to the dielectric properties of
Bi,;Ti,NbO,,: the main characteristic of this ferro-
electric phase is the occurrence of a double
anomaly of the dielectric permittivity as a function
of temperature.”!® An interpretation of this phe-
nomenon was recently given from single crystal
structure investigations.!! On the contrary, there is
only few literature dealing with dielectric proper-
ties of phases with 1 + 2 or 3 + 4 intergrowths.

The aim of this paper is to present the results
of the investigation of the dielectric properties of
MUBi Ti,0,;(M" = Ca, Sr, Ba and Pb) as a func-
tion of temperature and frequency and to discuss
their evolution within the Aurivillius family.

2 Experimental

Polycrystalline powders were prepared by molten
salt synthesis. Stoichiometric mixtures of reagent
grade M"CO,, Bi,O; and TiO, were thoroughly
mixed with excess NaCl-KCl eutectic and ground
in agate mill for 2 h. The mixtures, placed in
closed platinum crucibles were heated up to 650°C
for 1 h to ensure homogeneization and then
soaked at 800-900°C (depending on the composi-
tion) for 1 h. After cooling, the salt was elimi-
nated by washing with hot water until the last
washing water does not react with silver nitrate
and the powders finally dried at 100°C.

Ceramic samples were obtained by natural sin-
tering of uniaxially pressed pellets at 1050-1120°C
for 1-3 h in air. High oriented materials were
elaborated by a hot-forging technique (920-1060°C,
4-12 MPa, 1-3 h) described elsewhere.°
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The morphology of powders and the micro-
structure of hot-forged ceramics were observed
with a Philips XL30 scanning electron microscope.
X-ray diffraction patterns were obtained with a
Siemens D5000 powder diffractometer (CuKa)
and the cell parameters refined by a least-squares
method. Dielectric measurements were made
between room temperature and 1000°C by
impedance spectrometry using a HP 4194A
impedance analyser. Disk-shaped samples (10 mm
diameter and 1 mm thick) of naturally sintered
ceramics and parallelepipedic bodies of hot-forged
materials (1 X 1 X 3 mm® were polished and
coated with platinum paste (Cerdec Pt 576402/1,
1000°C, 30 min), aged overnight at 110°C and left
for at least 24 h before measurements. For hot-
forged ceramics, electrodes were put on faces either
parallel or perpendicular to the forging direction.
D-E hysteresis loops were obtained at room tem-
perature using a classical Sawyer-Tower device
operating at 20 mHz. Piezoelectric coefficients ds;
were determined with a Berlincourt-meter and the
electromechanical coupling factors were derived
from resonance-antiresonance measurements.

3 Results and Discussion

3.1 Powders

Strongly anisotropic platelet-like powders were
obtained using molten salt synthesis. As shown in
Fig. 1 for calcium and lead compounds, they
develop large faces with areas in the range 1-10 um?
and thickness less than 0-1 um. As expected, X-ray
diffraction patterns confirmed that the direction
perpendicular to the main faces correspond to the
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stacking direction of the Bi,O, sheets. All the
compounds are orthorhombic with lattice parame-
ters a and b close to 0-54 nm (=~ \/2 @perousiite) and
¢ inherently long (=~ 7-3 nm) due to the number of
perovskite and Bi,O, slabs involved in the unit
cell. The evolutions of the lattice parameters are

Fig. 1. SEM micrographs of CaBigTi;0,; and PbBigTi;O,,
powders prepared by molten salt synthesis.

0.56 74
B 0.555 T g
-2 Ks/‘/‘\xﬁ 1135 T
g 055+ £
E b T 7.3 5
£ 05451 g—® " & =
= et 1725 =
3 o054 .-

0.535 : $ : 7.2

013 014 015 016 017

M”[12] ionic radius (nm)

Fig. 2. Lattice parameters of MUBi;Ti;O,; as a function of
M?* ionic radii in coordinence.'?
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Fig. 3. Thermal variation of dielectric permittivity and loss of naturally sintered M"Bi;Ti;0,; ceramics at 1 MHz.
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given in Fig. 2 as a function of the ionic radii in
coordinence [12] of the M?* cations.!? From calcium
to barium, the lattice parameters roughly increase,
but the behaviour of the lead compound appears
to be out of the general trend. The abnormally
high values obtained for this compound would be
undoubtly related to the strong polarizability of
Pb?* due to the 6s° lone pair which is absent in the
alkaline earth compounds. Such a trend was already
observed in M!-containing Aurivillius phases, €.g.
M!Bi,Nb,0,, M'"Bi, Ti,O,5 or (M"),Bi,Ti;O.>*

3.2 Naturally sintered ceramics
After natural sintering in air atmosphere, ceramic
materials achieved densities lying within 92-96%

of theoretical and X-ray patterns did not show
any significant preferential orientation.

The thermal variations of the dielectric permittiv-
ity and dielectric loss at 1 MHz of M"Bi;Ti,0,; are
given in Fig. 3. For M = Sr, Ba and Pb, one
dielectric anomaly is observed at 580, 480 and 610°C
respectively for both € and tan 8. This behaviour
was already found by Kikuchi et al® On the con-
trary, the calcium compound is characterized by a
double anomaly at 660 and 720°C, similar to that
observed in the ‘mixed phase’ Bi;Ti;NbO,,.>!° For
all compounds, the anomaly temperatures of €, and
tan 6 are frequency independent and only a slight
decrease of €, as the frequency increases from 100
kHz to SMHz is observed as shown in Fig. 4.
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Fig. 4. Thermal variation of dielectric permittivity of naturally sintered M"BigTi,0,, ceramics as a function of frequency.
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Polarization—electric field curves confirm the
ferroelectric behaviour of these compounds at
room temperature. The observed loops are not
fully saturated due to experimental difficulties
(Fig. 5). Nevertheless they allow determination of
coercive field (42-58 kVem™) and remnent polar-
ization (2:3-3-9 uC cm™), (Table 1). These values
are slightly lower — but of the same order of mag-
nitude — than those obtained for Bi,Ti,NbO,,.

Table 1 also shows the piezoelectric constants dj,
and the planar electromechanical coupling coeffi-
cients measured on samples poled at 200°C for 10
min in silicone oil under 8 kV mm™. As for other

Table 1. Selected ferroelectric and piezoelectric data of
M"Bi;Ti,0,; naturally sintered ceramics

Coercive field  Remanent ds; k

(kV/imm)  polarization (pC/N) (%)
(uC/Cm?)
CaBlsTi7027 58 33 74 33
SrBigTi7027 48 3'9 8 32
PbBi;Ti,04, 45 3-35 63 22
BaBigTi;0,; 42 23 75 2:8
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Aurivillius phases, the obtained values are quite
low, but are kept almost the same up to about
450°C.

3.3 Hot-forged ceramics

The hot-forging technique gave strongly oriented
highly densified ceramics. Orientation factors —
calculated using the Lotgering method — higher
than 90% were currently obtained at 1050°C
under 12 MPa." The corresponding densities were
96-99% of theoretical. Figure 6 shows a SEM
micrograph of the lead compound taken in a direc-
tion perpendicular to the forging axis. The strong
anisotropy was confirmed by X-ray diffraction
experiments performed along two perpendicular
directions (// and L to the forging axis) and com-
pared with the powder pattern. As expected, the L
pattern shows only (001) lines which are absent in
the // pattern (Fig. 7).

The thermal variations of the dielectric permit-
tivity of hot-forged samples were measured along
both // and L directions. As previously noticed for
naturally sintered materials, the temperatures of
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Fig. 5. Polarization-electric field loops of naturally sintered M"BizTi,0,; ceramics.
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Fig. 6. SEM micrograph of hot-forged PbBigTi,0,; (L to the
forging direction)

the permittivity anomalies are frequency indepen-
dent. From Fig. 8, which gives the results obtained
at 1 MHz, two main features can be emphasized:
(i) in each case, €, is higher than ¢, the ratio
being maximum at anomaly temperatures.
Such a behaviour was already observed for
other hot-forged materials, e.g. M"Bi, Ti,0,;
and Bi;Ti,NbO,,, and was attributed to the
strong anisotropic microstructure of the
materials.'®'* As a matter of fact, the high
€, value was correlated to the direction of
the polarization which lies, for most
Aurivillius phases, in or close to the planes
of the Bi,O,/perovskite sheets, i.e. perpen-
dicular to the forging direction. In the same
way, the slight maxima observed for ¢,
would indicate the presence of a small com-
ponent of the polarization along the direc-
tion parallel to the forging direction (the
c-axis of the unit cell).””
in contrast with the results obtained on nat-
urally sintered ceramics, all €(T) curves
show a double anomaly more or less
defined according to the M?* cation (for M
= Pb, there is only a small hump just before
the maximum). In any case, when M is an

(i)

alkaline earth element, the gap between the

temperatures of the anomalies decreases
when the ionic radii increase.
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Fig. 7. X-ray diffraction patterns of hot-forged PbBi;Ti O,
ceramics.

By reference to Bi;TiyNbO,; (mixed 2-3 Aurivil-
lius phase), one may suppose that the double
anomaly would originate in a sequence of phase
transitions of the following type: orthorhombic
ferroelectric-(elastic) state I — orthorhombic ferro-
electric-(elastic) state II — tetragonal paraelectric-
(elastic) state.

The first phase transition within the orthorhom-
bic symmetry might not occur for the lead com-
pound because the behaviour of the lone pair Pb**
cannot be strictly likened to the spherical alkaline
earth cations.

4 Conclusion

Dielectric experiments on naturally sintered and

highly oriented hot-forged ceramics of the so-called

mixed Aurivillius family M"Bi,Ti,0,, have shown

that all materials:

— are ferroelectric with Curie temperatures in the
range 500-740°C depending on the nature of M™;
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Fig. 8. Thermal variation of the dielectric permittivity of hot-forged M"BisTi-O,; ceramics at 1 MHz (L and // to the forging direction).

— present a double dielectric anomaly as a func-
tion of temperature.

The overall behaviour of the ceramics is likely
to that already observed in other mixed Aurivillius
phases. To confirm the assumptions about the
nature of the phase transitions, further investigations
(crystal structure determination, dielectric and
optical microscopy measurements as a function of
temperature) are now in progress on CaBigTi,0,,
single crystal.
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