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Aurivillius ceramics: Bi4Ti3O12-based piezoelectrics
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Aurivillius oxides family has attracted great interest in the last years due to their promising electrical properties as high tem-
perature piezoelectric materials. Piezoelectric materials that could operate in extreme conditions of use (elevated temperatures
and hostile environments) could be of particular interest for different technological applications. Furthermore, increasing con-
cerns for environmental issues have promoted the study of new lead-free piezoelectric materials. This article examines how the
development of these materials has taken place from their discovery at the end of the 40’s and the existing knowledge about
their processing and properties.
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1. Introduction
Ferroelectric oxides belong to several crystalline structures:

perovskites (BaTiO3, KNbO3), pyrochlores (Cd2Nb2O7), tung-
sten-bronzes (PbNb2O6, PbTa2O6), illmenites (LiTaO3), layered
perovskites (Sr2Nb2O7) and Aurivillius compounds (Bi4Ti3O12,
PbBi2Nb2O9). A common feature to these structures is the exist-
ence of ions of small size and high charge (Ti4+, Nb5+, Ta5+, …)
inside an oxygen octahedron that shares corners to form oxygen-
metal-oxygen chains. This favours the appearance of ferroelec-
tricity in these structures.1),2) Table 1 resumes some examples of
ferroelectric oxides.1),3)–11)

Layered compounds were studied for the first time by Bengt
Aurivillius,12) who discovered a new phase with layered structure
in the Bi2O3-TiO2 system. Aurivillius synthesized some com-
pounds of this family and determined their crystalline structure

using single crystals. He described the structure as formed by
bismuth oxide based layers interleaved with pseudo-perovskite-
type layers. The general formula (Bi2O2)2+(Am–1BmO3m+1)2–,
where A is a mono, di or trivalent large cation (or a mixture of
them), B is a tri, tetra, penta or hexavalent small cation (or a mix-
ture of them), and m is an integer named integration factor was
proposed.2),13) After studying several isomorphic substitutions,
Aurivillius proposed a more general expression that includes all
possible compounds with this layered structure:14) (Me2O2)(Am–1

BnO3m–1). 
In 1959 Smolenskii15) described the ferroelectricity in the

PbBi2Nb2O9, and a better understanding of the favourable chem-
ical and crystallographic criteria for the formation of these lay-
ered compounds was given by Subbarao1) in 1962. 

Ferroelectricity in Bi4Ti3O12, also known as BIT, was
described by Subbarao16) and Van Uitert17) in parallel works, and
few years later Cummings18) described the monoclinic symmetry
and polar domain structure in BIT.

After these initial works, bismuth-based layered compounds
have been thoroughly studied and nowadays more than 70 com-
pounds of this family are known and more than 50 present fer-
roelectricity.

The best known compound within the Aurivillius family,
Bi4Ti3O12, attracted great interest during the 70’s due to its pos-
sible application in optical devices and ferroelectric memories.19)

BIT presents monoclinic symmetry at temperatures below the
Curie temperature, unlike the rest of the compounds belonging
to the Aurivillius family exhibit orthorhombic or tetragonal sym-
metry. The monoclinic symmetry allows two different possible
directions of polarization. A small vector of polarization appears
on the c-axis that can be switched independently from the main
polarization direction on the a-axis.18),19) Nevertheless, although
this anisotropy is interesting for optical applications, the devel-
opment of optical devices finds many limitations due to the dif-
ficulty in preparing size-suitable single crystals.

During the 80’s, the increasing demand for piezoelectric
ceramics operating at high temperatures renewed the interest for
the Aurivillius phases.20) Many of these compounds present fer-
roelectric properties up to temperatures much higher than the
most commonly used ferroelectrics. For example, Bi4Ti3O12 is
ferroelectric up to 675°C18) whereas the transition temperature of

Table 1. Different Ferroelectric Oxides with High Curie Tempera-
ture1),3)–11)

Compound Tc/°C d33 10–12/C N–1 ρ*/Ωm Ref

Perovskites

PbTiO3 (ceramic) 470 51 1012 3

Pyrochlores

La2Ti2O7 (single crystal) 1500 16 4

Sr2Nb2O7 (single crystal) 1300 18 5

Tungsten-bronzes

PbNb2O6 (ceramic) 560 85 6

Layered structures

Bi4Ti3O12 (textured ceramic) 675 25 109 7

Na0.5Bi4.5Ti3O12 (ceramic) 660 18 1012 8

SrBi4Ti4O15 (ceramic) 530 17 1012 1

CaBi4Ti4O15 (ceramic) 790 8 1011 9

PbBi4Ti4O15 (ceramic) 560 12 1012 10

Bi3TiNbO9 (ceramic) 940 5 109 11

ρ* resistivity at 20°C
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PZT, PbZr1–xTixO3, in the morphotropic phase boundary does not
exceed 365°C.19) However, the low electrical resistivity of BIT
hinders the poling process and makes difficult the development
of piezoelectric properties in ceramic materials. Therefore, con-
trolling the electrical conductivity is a key point for the develop-
ment of BIT-based piezoelectric devices. Even so, some BIT-
based compositions are nowadays commercially available,21),22)

showing transition temperatures as high as 600°C and piezoelec-
tric coefficients d33 of about 18 pC/N.

Table 2 resumes the properties of some ferroelectric com-
pounds of the Aurivillius family1),16),18),23)–34)

2. Applications of aurivillius compounds
The development of new piezoelectric materials is driven by

the innovation in devices such as actuators and transducers.
Piezoelectric ceramics based on PZT are normally chosen for
these devices since they offer high piezoelectric response and
low dielectric losses. Traditional applications of PZT-based
piezoelectric materials include underwater loudspeakers, micro-
phones, sonar, ultrasound transducers for medical diagnosis and
non-destructive testing, as well as, actuators for precise position-
ing. However, due to the toxicity of lead, there is an increasing
concern by recycling and disposing of the devices containing Pb,
particularly those used in consumer goods.

New demands in the aeronautic, aerospace and automotive
industries implies the use of piezoelectric devices in a wider
range of temperatures and extreme operating conditions.35) The
detection of structural flaws and vibrations and the measurement

of pressures in structures and components that operate at high
temperatures (> 200°C) is normally restricted by the lack of
transducers that trustworthy work at these temperatures.

The maximum operation temperature of piezoelectric sensors
and actuators is limited by both the Curie temperature and the
sensitivity level, which is settled by the piezoelectric coefficients,
the dielectric losses and the electrical resistivity. Aurivillius-type
compounds are promising candidates, as both lead-free ferro-
electrics and high temperature piezoelectrics. Consequently, the
study of these materials, at basic and technological level, and the
search of new and better properties are of exceptional impor-
tance.

At present, transducers for high temperature applications are
made of quartz single crystals. However, the application of
quartz at high temperatures is limited by the α to β transition at
573°C which leads to the loss of the piezoelectric properties.36)

Other piezoelectric single crystals are LiNbO3 and LiTaO3, but
both show high electrical conductivity at high temperatures.37) In
the last years alternative materials like Li2B4O7, La3Ga5SiO14,
GaPO4 or AlN have been studied,38)–41) but the growth of high
quality defect-free multicomponent single crystals is more
expensive than quartz single crystals.

Nowadays, the disadvantages of piezoelectric ceramics for
their application at high temperatures have not been overcome.
Many polycrystalline ferroelectrics are extrinsic semiconductors
(due to impurities) and their conductivity increases with temper-
ature. Besides, they present additional problems that make diffi-
cult their use: depolarization, phase transitions and temperature
dependent piezoelectric coefficients.

On the other hand, an important advantage of the piezoelectric
ceramics over single crystals is that the composition can be eas-
ily modified and eventually, properties might be tuned according
to specific values. The piezoelectric and ferroelectric properties
in Aurivillius compounds can be improved by doping with one
or more elements.28),42) For example, Na0.5Bi4.5Ti4O15 (NBIT), a
member of the Aurivillius family, presents good piezoelectric
properties, high resistivity and high Tc (> 600°C).1),43) This mate-
rial is commercially available and is used for accelerometers
operated at temperatures up to 400°C.44)

According to the requirements of the different applications,
the piezoelectric materials are fabricated in different forms: sin-
gle crystals, bulk ceramics and thick or thin films. Many piezo-
electric materials that cannot be grown as single crystals and do
not show piezoelectricity as polycrystalline materials can be used
in piezoelectric applications as thin films with high degrees of
orientation and polarizability which, upon poling, show high
remnant polarization. This has important technological conse-
quences because thin films are deposited onto different substrates
to be integrated with other electronic or mechanical compo-
nents.45) Therefore, the preparation of thin films with Aurivillius
compounds is one of the most interesting fields within electro-
ceramics.45)–54)

3. Crystalline structure
The terminology used to describe Aurivillius-type compounds

is not standardized. In the literature they are mentioned as bis-
muth-based layered compounds, perovskite-based layered struc-
tures, layered bismuth oxides, layered bismuth ferroelectric com-
pounds or other similar denominations. Anyhow, as it has been
already mentioned all these Aurivillius phases correspond to
general formula (Me2O2)(Am–1BmO3m+1).

As it is shown in Fig. 1, these compounds are characterized
by a crystalline structure formed by alternating (Bi2O2)2+ and

Table 2. Electrical Properties of Some Aurivillius Type Compounds

Compound m εr* Tc/°C
P*/10–2

C m–2
ρ/103

kg m–3 Ref.

Bi2WO6 1 60 926 9.5 23.24

Bi3TiNbO9 2 100 940 6.4 25

Bi3TiTaO9 2 140 870 8.5 1

SrBi2Nb2O9 2 190 440 6.9 1

BaBi2Nb2O9 2 280 200 6.3 1

PbBi2Nb2O9 2 170 560 7.6 1

SrBi2Ta2O9 2 180 335 Ps = 5.8 7.5 1, 26

BaBi2Ta2O9 2 400 110 8.4 1

PbBi2Ta2O9 2 180 430 9.0 1

Bi4Ti3O12 3 180 675
Ps = 50 (a-axis)
Ps = 4 (c-axis)

8.04 18, 27

Na0.5Bi4.5Ti4O15 4 200 655 6.3 28 

K0.5Bi4.5Ti4O15 4 140 550 6.7 1

CaBi4Ti4O15 4 120 787 4.7 1

SrBi4Ti4O15 4 190 530 Pr = 29 (a-axis) 6.8 29,30

PbBi4Ti4O15 4 220 570 7.4 16, 31

BaBi4Ti4O15 4 150 395 Pr = 14 (a-axis) 5.7 1, 32

Bi5Ti3FeO15 4 200 730 5.3 33

Sr2Bi4Ti5O18 5 280 285 5.3 1

Pb2Bi4Ti5O18 5 400 310 6.6 34

εr*: dielectric constant at room temperature
P*: polarization at room temperature
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(Am–1BmO3m+1)2– layers, the latter with pseudo-perovskite
structure3). In the perovskite blocks the number of oxygen octa-
hedrons, in one crystalline direction, is equal to m. In the
Aurivillius family, the compounds with an odd number of per-
ovskite layers crystallize in B2cb, while even-layered members
prefer A21am. Therefore, if m is even, the centre of the pseudo-
perovskite set of layers is the A position and there is a mirror
plane normal to c-axis. On the other hand, if m is odd then the
centre is in B position and the mirror plane divides the octahe-
drons.55) The parallel plane to (Bi2O2)2+ layers is defined as the
ab plane (basal plane) of the unit cell, so the piling up of layers
occurs along the c axis.

In this structure the O–B–O chains along the c axis are inter-
rupted not only by the presence of the (Bi2O2)2+ layers but also
by the translation of the perovskite in the normal plane to c axis,
as can be seen in Fig. 2. This structure originates the anisotropy
of the physical properties observed in these compounds.18),56)

When substitutions are done, it is important to take into
account the stability of these layered compounds. One parameter
that predicts the stability of the perovskite structure ABO3 is the
tolerance factor introduced by Goldschmidt,57) defined as Eq. (1):

(1)

where RA, RB and RO are the ionic radii of A, B and oxygen ions,
respectively. This factor can be applied to Aurivillius structure,
but the stability region is smaller, being determined not only by
the stability of the perovskite layer but also by the need to fit the
same lateral dimensions in the (Bi2O2)2+ layer and the adjacent
pseudo-perovskite layers.

Most of the compounds with perovskite structure have a tol-
erance factor, t, that varies between 0.77 and 1.01;58) however,
Ismailzade59) proposed that the value of t in the layered structures
is within the limits 0.86–0.97, whereas Subbarao60) reduced this
interval to 0.81–0.89 with t value decreasing with m. 

Armstrong and Newnham,61) Subbarao62) and Dorrian63) found
that the ions in perovskite A position can be substituted with
alkaline, alkaline earth and rare earth ions being the largest cat-
ions those with greater solubility limits. Nevertheless, the B posi-
tion presents lower tolerance to substitutions although can accept
ions with ionic radii between 0.58–0.65 10–10 m (W6+ to Fe3+).61)

Other empirical conclusion from the first studies was the fixed
composition of the (Bi2O2)2+ layer. However, it has been recently
observed that cations with lone electron pairs, like Pb2+, can
replace Bi3+ because the substitution in this position (pyramidal
coordination) is more favourable for asymmetric cations.64),65)

Aurivillius compounds can be classified into three different
groups depending on the number of pseudo-perovskite units
between (Bi2O2)2+ layers, i.e., as a function of m. These groups
are as follows:

a) Structures with an even value of m (Fig. 3). In even com-
pounds the displacement of B cations takes place towards the
octahedron face whereas the octahedrons rotate in the opposite
direction.55)

b) Structures with an odd value of m (Fig. 3). In this case
the displacements are more complicated because there are two
different oxygen octahedrons with different surroundings. B cat-
ions are displaced towards an edge of the octahedron in the cen-
tral octahedrons, and towards a face of the octahedron in the apex
ones.23) The chemical bond, in the apex octahedrons, between the
closest oxygen to the (Bi2O2)2+ layer and the bismuth ion in this
layer, causes the rotation of this octahedron on a-axis.55)

c) Structures with two different values of m by unit cell unit
or intergrowth compounds (Fig. 3).66) Here the perovskite blocks
between the (Bi2O2)2+ layers contains, alternatively and in an
ordered form, a different number of perovskite units. For this
type of compounds it is necessary to introduce a new parameter,
n, in their general formula: 

(Bi2O2)2+(Am–1BmO3m+1)2–(Bi2O2)2+(A’n–1B’nO3n+1)2–

Fig. 1. Half of the cell unit of the crystalline structure of the Aurivillius
compound Bi4Ti3O12, m = 3, between c/4 and 3c/4. Adapted from 12).

t
R R

R R
= +

+
A O

B2( )O

Fig. 2. Schematic structures of (a) Bi2PbNb2O9, (b) Bi4Ti3O12 and (c)
Bi4BaTi4O15 showing the O-B-O chains along the [001] direction. ‘A’
denotes the perovskite regions in the structures. Adapted from 1).
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Thus the parameter m designates the number of perovskite
units in one half of the unit cells of the structure and the param-
eter n the number of perovskite units in the other half. It is not
possible to obtain compounds with m–n > 1 since they would
decompose in an alternative structure with m = n or m–n = 1
without changes in composition. A typical example of this type
of compounds is Bi7Ti4NbO21.67)

Aurivillius initially assigned the tetragonal or pseudo-tetrago-
nal symmetry to these layered structures in the ferroelectric
state.12) However, further research showed that in most of the
Aurivillius compounds the ferroelectric phase is orthorhombic.
This ferroelectric phase derives from small distortions of the pro-
totype crystalline structure belonging to the I4/mmm space group
that corresponds to the high temperature paraelectric phase.1)

Unlike other Aurivillius compounds, Bi4Ti3O12 presents mon-
oclinic symmetry with B1a1 space group in the ferroelectric
phase. For BIT single crystals, the measured lattice parameters
have the following values at room temperature: a = 5.411 × 10–10

m, b = 5.448 × 10–10 m, c = 32.83 × 10–10 m.62) The angles between

the axes were determined by Rae et al.68) BIT exhibits a slight
monoclinic distortion; however it is usually considered as orthor-
hombic, although the choice of the axes does not follow the con-
vention c < a < b assumed in the orthorhombic systems. When
increasing the temperature, the orthorhombic distortion b/a
decreases and at 675°C the system transforms to tetragonal sym-
metry, Fig. 4. This temperature corresponds to the ferroelectric-
to-paraelectric transition.16)

4. Electrical response in Bi4Ti3O12

4.1 Origin of ferroelectricity
Ferroelectric Aurivillius compounds with an even integration

factor, m, only have spontaneous polarization along the a-axis.
On the contrary, if m is odd, the spontaneous polarization has, in
addition to the main component along the a-axis, an additional
weak component along the c-axis.55) As an example, at room
temperature BIT has a spontaneous polarization of ~50 μC/cm2

along the a-axis and of 4 μC/cm2 in the normal direction (c-axis).
The corresponding coercive fields are ~50 kV/cm and 7.8 kV/cm,
respectively.18),27)

Dorrian et al.63) proposed that the component of the polariza-
tion in the c direction was originated by the reorientation of the
lone electron pairs associated to the bismuth ions in the A posi-
tions of the perovskite. This reorientation also causes a slight
rotation of the oxygen octahedrons on the c-axis that is added to
their main rotation on the a-axis.

Most of studies devoted to explain the origin of ferroelectricity
in Aurivillius family have been made on compounds with m = 1,
2 or 3 (Bi2WO6, Bi4Ti3O12 and Bi3TiNbO9). According to Newn-
ham et al.55) similar distortions take place in these three materi-
als, with rotational movements accompanying the polarization in
a-axis. Two main distortions giving rise ferroelectricity are pro-
posed. First, the displacement in the a-direction of the cations in
B positions with respect to its octahedral surrounding. These dis-
placements are the main contribution to the spontaneous polar-
ization. Second, the Bi–O bonding between the (Bi2O2)2+ layer

Fig. 3. Crystalline structure of a) Bi4Ti3O12, and b) Bi3TiNbO9 showing the rotations of the oxygen octahedrons with respect to the [100]
axis. Adapted from 55). c) Prototytpe structure of Bi7Ti4NbO21. Adapted from 66).

Fig. 4. Variation of lattice parameters in Bi4Ti3O12. Adapted from 16).
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and the perovskite unit that causes the rotation of the octahedrons
giving rise to antiparallel displacements normal to the polar axis.

More recent studies are critical with the validity of the results
presented in preceding works. Structural refinements of the com-
pounds above mentioned result in three modes of displace-
ment.68)–70) Mode 1 would be the origin of the macroscopic spon-
taneous polarization observed along the a-axis, and is due to
three types of atomic deviations with respect to the [001] bis-
muth cations chain, virtually stationary. A quantitative analysis
shows that the larger deviation corresponds to the type 1a, an
almost rigid deviation in the a-direction of the [BmO3m+1] part of
the perovskite layers, being also the main contribution to the
spontaneous polarization. Additionally, in the last years some
works devoted to the study of the defect structure in Aurivillius
compounds and the influence on the ferroelectric properties have
been published.71)

Other important point is the existence of an electric dipole
alignment in certain regions of the crystal.72) These regions with
uniform polarization are designated as ferroelectric domains and
the regions between adjacent domains are called domain walls.
Fousek and Janovek73) showed that it is possible to predict the
orientation of the domain walls in any ferroelectric crystal if the
symmetry of the paraelectric phase and the orientation of the
possible polarization vectors are known. These authors described
18 possible domain wall structures in BIT. Cummins and Cross18)

studied the domain walls in single crystals of BIT by optical
methods finding a great agreement between the structures exper-
imentally observed and those previously predicted by Fousek and
Janovek.

Later Zhang et al.74) studied the domain structure in Nb-doped
Bi4Ti3O12 by Atomic Force Microscopy showing the presence of
90° domain walls as well as other parallel to ab plane. Both
geometries have been observed in single crystals of BIT where
the stable domain walls are those of 90°, parallel to c-axis. Other
domain walls parallel to the ab plane can also be observed.18) The
domain walls parallel to the bc plane only appear under the appli-
cation of an electric field. Using a HF-NH4F-H2O solution it is
possible to reveal the microstructure of BIT ceramics by chemi-
cal etching.75) This microstructure shows the crystalline domains
in the absence of applied field which correspond to the ferroelec-
tric domains previously observed by other authors.18),74)

4.2 Electrical transport in Bi4Ti3O12

As it has been already mentioned, the bismuth-based layered
compounds present a relatively high electrical conductivity in the
ab plane, which makes difficult the poling of the ceramic, and
therefore the existence of piezoelectric response. The electrical
conductivity in BIT is highly anisotropic being the ratio between
ab and c conductivity of one order of magnitude, at 500°C.

The shape and size of the plate-like grains, Fig. 5, influences
the electrical behaviour of BIT with the electrical conductivity
increasing with the size of the platelets.76),77) An exponential rela-
tion for the dependence of the conductivity on the aspect ratio
(length/thickness) of the plate-like grains has been proposed.77)

For this reason the microstructure, especially large anisotropic
grain growth, needs to be strongly controlled. As it is well known
the mobility of the grain boundaries is controlled by diffusion
processes and the use of dopants and small particles of a second-
ary phase have been proved to be an effective approach to control
grain growth during sintering of BIT-based materials.78),79) On
the other hand, in the Bi2O3-TiO2 system small local stoichiom-
etry variations can lead to the appearance of liquid phase.80),81)

This promotes densification at low temperatures82)–85) but

increases the grain growth rate. Nevertheless, by balancing both
effects is possible to obtain dense materials at low sintering tem-
peratures with improved piezoelectric properties. 

In the case of textured ceramics, Swartz et al.56) showed that
in samples with an orientation of 98%, obtained by tape-casting,
the conductivity was one order of magnitude higher in the ab
plane than in c-direction (between 500–700°C). This anisotropy
in the conductivity is slightly lower than that present in single
crystals.86) However, an undesired feature of textured ceramics is
that polarization and electrical conductivity are maximized in the
same direction. Doping BIT ceramics with donor cations, like
Nb(V) and W(VI), reduces the conductivity at least one order of
magnitude.77),86),87) Lopatin et al.28) worked on doped BIT, Bi4–x

(Ti1–xMx)3O12, where M = Nb, Sb, Ta, W, V or Mo and with x in
the range 0 to 0.08. The most effective dopant was niobium
(x = 0,03) which decreases the conductivity in three orders of
magnitude.

Shulman et al.76) observed that the annealing of BIT cercamics
in a oxygen-rich atmosphere increased the conductivity, being
this effect coherent with a p-type behaviour. 

More recent publications point out that the anisotropy is not
only present in the conductivity values but also in the conductiv-
ity mechanisms. In this way, the conductivity presents two
components: the conductivity along the c axis, which is elec-
tronic p type, and in the ab plane, which is ionic by oxygen
vacancies.88)–91) At high temperatures the conductivity by oxygen
vacancies would predominate over the electronic whereas the
conduction by holes would do at low temperatures.

4.3 Piezoelectric properties
Improving the piezoelectric response of Aurivillius com-

pounds implies the design of poling strategies that take into
account the strength of the electrical field, the temperature and
the poling time.92) Normally in undoped BIT poling with a dc
field at high temperatures (~200°C) is unsuccessful because of
the high electrical conductivity, of about 10–5 S/m.

Seth et al.7) employed the pulse poling technique at room tem-
perature to overcome the high conductivity in ab plane of BIT
textured ceramics. They obtained high piezoelectric properties
with a d33 of 26 pC/N in the ab-direction, and of 11 pC/N in the
c-direction. These results are the expected ones since the polar-
ization vector in the c direction is one order of magnitude smaller
than in the ab-direction.

Takenaka et al.93) obtained a similar value of d33 in the ab

Fig. 5. Typical microstructure of BIT ceramics observed by SEM
showing the characteristic randomly oriented plate-like grains.
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plane in Mn-doped BIT prepared by hot-forging. In this case the
poling was successfully performed using a dc field.

Lopatin et al.28) prepared samples Nb-doped BIT by conven-
tional method obtaining ceramics with randomly oriented micro-
structure. The high values of d33 (16 pC/N) obtained were due to
the decrease of the electrical conductivity by donor doping.
However, the poling of randomly oriented ceramics gives rise to
low remnant polarization and therefore to poor piezoelectric
properties when compared to textured ceramics. However, the
materials with randomly oriented microstructure present several
advantages over textured ones. First, the piezoelectric properties
are homogeneous in any polarization direction; second, the
smaller cost because no sophisticated manufacturing methods are
needed and third no restrictions in the shape of the samples are
imposed.

5. Synthesis and processing of Bi4Ti3O12-based ceramics
Numerous techniques for obtaining BIT ceramic powders have

been proposed in the literature. These include molten salt
method,94) co-precipitation,95) sol–gel,96) self-propagating high
temperature synthesis (SHS),97) microwave-assisted pro-
cesses,98),99) mecano-chemistry100) or other novel methods like
flash creation.101) However, depending on the purity and charac-
teristics of the raw materials, the conditions of preparation can
be completely different as well as the microstructure of the final
material.

Chemical methods are used for the synthesis of this type of
compounds to improve the electrical and mechanical properties
through microstructure control,102)–104) being the co-precipitation
routes the most commonly used. Macarovici and Morar105) used
Bi(NO3)3 · 5H2O and TiO(NO3)2 (from TiCl4) as raw materials.
Villegas et al.106) used Bi(NO3)3 · 5H2O and Ti(OC4H9)4 with
oxalic acid to obtain the corresponding oxalates. Recently Uma-
bala et al.107) have described the co-precipitation method more
exhaustively and the influence of some factors like pH on the
characteristics of the final product has been established.

In the conventional method a deeper knowledge about the
kinetics or the influence of the characteristics of the raw materi-
als is needed. Several calcining temperatures have been proposed
from 800°C53),108) to 1100°C.61) Galasso proposed a two-step heat
treatment, with the samples first calcined at 700°C, and then
ground, pressed and calcined again at 920°C.109)

Some authors have made studies on the reaction path during
the formation of Bi4Ti3O12 from Bi2O3 and TiO2. Jovalekic et
al.82) indirectly studied the reaction between bismuth and tita-
nium oxides measuring the density of the mixture as a function
of time and temperature. These authors concluded that the for-
mation of Bi4Ti3O12 at temperatures over 825°C proceed by two
reaction paths: the direct reaction between both oxides favoured
by the melting of Bi2O3 at 825°C, and the formation of Bi-Ti-O
compounds with different stoichiometry that melt at low temper-
atures to transform to the final Bi4Ti3O12. This reaction sequence
has not been completely proved.

Shrout110) described an expansion of about 8 vol% in the mix-
ture Bi2O3 and TiO2 when calcining at temperatures between
750°C and 900°C. This result is in opposition to that of Jovalekic
who described a density increase for these temperatures.

Jardiel et al.111) have recently study how the processing
method and the calcining step influence the diffusion processes
that take place during the densification of BIT materials. Never-
theless, the mechanisms of solid state reaction in BIT have not
been yet clarified and are still under discussion.

As it has already been mentioned, the Aurivillius ceramics

present plate-like grains as a result of their crystalline structure.
The conventional processing leads to randomly oriented materi-
als but several processing techniques can be used to obtain tex-
tured ceramics with a high degree of orientation. These ceramics
have high remnant polarization and d33 and coupling constant k33

higher than randomly oriented ceramics. There are basically two
methods reported for preparing highly oriented ceramics: align-
ing grains by the application of pressure during the sintering (hot
pressing and/or hot-forging) or obtaining green ceramics with
aligned particles (tape-casting).108),112),113) A more sophisticated
method, like the use of a magnetic field, has been also
reported.114) Nevertheless, the preparation of bulk ceramics is
mainly made by conventional sintering on uniaxial or isostati-
cally pressed samples. In this case, the ceramics are randomly
oriented and their properties are practically homogeneous in all
directions. 

6. Summary
Bismuth titanate, Bi4Ti3O12 (BIT), belongs to the Aurivillius

family, in which the characteristics of the crystalline structure
give rise to anisotropic properties. BIT-based ceramics typically
show a microstructure constituted of big platelet shaped grains
that preferentially grow in the ab plane of the structure. At the
same time, both the electrical conductivity and the spontaneous
polarization show the maximum values along the a-axis, this hin-
ders the poling process and makes difficult the development of
piezoelectric response in this type of ceramics. Therefore, to
obtain useful piezoelectric ceramics, the electrical conductivity
must be decreased, and in this way the microstructure control
and the donor doping are the best approaches. The use of sec-
ondary phases, as well as the appearance of liquid phase by small
deviations in the composition, can be used to modify the micro-
structure evolution during the sintering process.
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