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The paper discusses different possibilities for controlling piezoelectric properties of ferroelectric materials and devices. The
piezoelectric properties engineering can be made on different scales. Tuning of the piezoelectric response by controlling con-
tributions from domain walls displacement is used to illustrate engineering on nanometer scale. Texture control in ferroelec-
tric films and grain size control is discussed as an example of property control on micrometer scale. Finally, engineering on
macroscopic (millimeter) scale is illustrated by amplification methods employed in multilayer actuators and different
bimorph-type structures as well as by control of electro-mechanical properties in polymer-ceramic composites. 

Key Words: ferroelectric, piezoelectric, thin films, domain-walls

Ingenier�a de propiedades piezoel�ctrias en cer�micas y l�minas delgadas ferroel�ctricas.

El presente trabajo discute las diferentes posibilidades existentes en el control de las propiedades piezoel�ctricas de materia-
les ferroel�ctricos y dispositivos piezoel�ctricos. La ingenier�a de las propiedades piezoel�ctricas se puede llevar a cabo a dife-
rentes niveles. El ajuste de dichas propiedades controlando las contribuciones del desplazamiento de paredes de dominios se
usa para ilustrar el dise�o a escala nanom�trica. El control de la textura en l�minas delgadas ferroel�ctricas y el control del
tama�o de grano ser�n tratados como un ejemplo del control de propiedades a nivel microm�trico. Por �ltimo, la ingenier�a
de materiales a escala macrosc�pica (milim�trica) ser� ilustrada mediante algunos m�todos de amplificaci�n empleados en
actuadores multicapa y diferentes estructuras de tipo bimorfo, al igual que por m�todos de control de las propiedades electro-
mec�nicas en materiales compuestos pol�merico-cer�micos.
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1. INTRODUCTION

Piezoelectric effect in ferroelectric materials is a basis for a
large number of devices including pressure, force and vibra-
tion sensors, accelerometers, displacement actuators, force
generators, transformers, gyroscopes, and high frequency
transducers. Piezoelectric materials are among the most pro-
mising candidates for active components in the new genera-
tion of so-called micro-electro-mechanical systems. In many
cases, properties of piezoelectric elements must be tuned to
better satisfy requirements of high-performance devices. 

Properties of piezoelectric devices may be controlled in
several ways, for example by intervening on piezoelectric
material itself (by doping, solid solutions, grain-size and
microstructure control) (1), by using advantages of composite
structures (2), or by adjusting macroscopic structure and
design of the piezoelectric element. On the most fundamental
level, piezoelectric properties may be engineered by contro-
lling the crystal-lattice (also called intrinsic) response. The best
known example is lead zirconate titanate (Pb(Zr1-xTix)O3 or
PZT) solid solution, whose electro-mechanical properties may
be changed over a wide range of values by varying Zr/Ti ratio.
(1,3) Another component of the piezoelectric response in ferro-
electric materials can originate from non-lattice (also called
extrinsic) contributions. The most commonly considered
extrinsic contributions are related to displacements of ferroe-

lectric domain walls, interphase boundaries and defects (4)
The extrinsic part of the piezoelectric effect may be very large,
up to 50-70% of the total response (5) The extrinsic component
is responsible for effects such as weak-to-moderate field pie-
zoelectric hysteresis, nonlinearity and frequency dependence
of the piezoelectric properties (6). Despite the fact that they
may increase the magnitude of the piezoelectric coefficient,
these extrinsic effects should be reduced in high-precision pie-
zoelectric applications. As will be discussed later, the extrinsic
component can be controlled in a number of different ways. In
ferroelectric ceramics and thin films engineering of micros-
tructure and texture can be used to control both the intrinsic
and the extrinsic response. Finally, the effective piezoelectric
properties of devices may be improved by clever device
design, and by building macroscopic composite and multila-
yer structures. 

In any given piezoelectric device, it is often necessary to
carry out control of its properties on several levels, as illustra-
ted in Figure 1 using the example of multilayer piezoelectric
actuators. First, the composition of piezoelectric ceramic is
chosen, taking into account several parameters including tem-
perature range of operation, desired piezoelectric displace-
ment, operating voltage, and tolerance of the device to piezo-
electric nonlinearity, hysteresis and depoling. These parame-



Boletín de la Sociedad Española de Cerámica y Vidrio. Vol. 38 Núm. 6 Noviembre-Diciembre 1999

ENGINEERING OF PIEZOELECTRIC PROPERTIES IN FERROELECTRIC CERAMICS AND THIN FILMS

539

ters can be controlled by chemical modifications and dopants.
In this case, modification of the material is made on nanome-
ter level with dopants entering the crystal lattice, segregating
into grain-boundaries or diffusing into domain-walls region
(7) (see section 2). On the next level, careful control of the
microstructure and grain-size of ceramics is essential for tape-
casting process as well as for optimal functional properties of
the actuator (see section 3). In this case material's engineering
is carried out on micrometer scale (typically 0.1 µm to 10 µm).
Finally, the fabrication of multilayers from tape-casted sheets
is employed to amplify displacement of the actuator.  The pie-
zoelectric element engineering (shape and thickness of active
elements, electrical connections, electrodes arrangement etc.)
is made in this case on the scale from tens of micrometers to
several millimeters.  

In this paper different methods of piezoelectric properties
engineering in ferroelectric ceramics and thin films are outli-
ned, focusing on microstructural engineering and various
means to control domain-wall contributions to the piezoelec-
tric response. 

2. NANOSCALE EFFECTS

One of the most interesting means to control piezoelectric
properties of ferroelectrics is through chemical doping with
suitable aliovalent cations. The amount of dopant is usually a
fraction to few atomic percent. The best known examples are
acceptor and donor doped PZT ceramics.  In acceptor doped
or "hard" PZT, domain-walls are pinned (immobilized) by
defects and are difficult to move by an external field (7).
"Hard" PZT exhibit a lower hysteresis and are more difficult to
depolarize than "soft" PZT, which are obtained by donor
doping. Despite the fact that PZT materials have been used
and studied for nearly fifty years, the mechanism which ren-
der donor-doped PZT piezoelectrically "soft" (large piezoelec-
tric coefficient, large hysteresis and nonlinearity) are presently
not understood. On the other hand, it is now well documented
(7,8) that the mechanism of piezoelectric "hardening" in accep-
tor (usually Fe) doped materials is related to alignment of FeTi-
VO dipole pairs along polarization vector. Displacement of
domain-walls of those domains that contain defect dipoles
requires not only switching of the ferroelectric polarization but
also reorientation of defect dipoles. This reorientation takes
place through migration of the oxygen vacancy.  The energy
required for domain-wall displacement is thus increased and
domain-walls are said to be clamped or pinned. This and rela-
ted mechanisms have been studied in detail by several groups

(7,8). Another mechanism that leads to immobilization or pin-
ning of domain-walls is caused by migration of free charges
into domain-wall region that is electrically charged. If these
mobile charges are trapped in deep levels in the wall region,
domain wall becomes more difficult to move (9). It should be
pointed out that whereas general ideas of domain-wall pin-
ning mechanisms have been in some cases worked out, the
exact details and quantitative understanding of underlying
microscopic processes are not well understood. On experi-
mental level, direct evidence of domain-wall pinning and
dynamic domain-wall contributions to the electro-mechanical
properties are also scarce (10).

There are relatively few studies on piezoelectric properties
control in other materials than PZT. I this section we present
some recent results obtained on bismuth titanate family of
Aurivillius structures. Some members of this family are impor-
tant high temperature piezoelectrics and others have been
intensively studied for non-volatile ferroelectric memories.
Bismuth-titanate based Aurivillius structures consist of alter-
nating perovskite and bismuth oxide layers. The number of
perovskite-like units which are separated by bismuth oxide
layers varies for different structures, as shown in Figure 2.

Figure 3 shows piezoelectric nonlineartity as a function of
Nb concentration in Nb doped Bi4Ti3O12 (BTO12). Clearly, the
nonlinearity (and hysteresis) can be completely suppressed by
large enough concentration of Nb. It is interesting that role of
donor dopant in BTO12 is opposite to that in PZT. In PZT, Nb
softens the piezoelectric response, increasing hysteresis and
nonlinearity. In BTO12, hysteresis first becomes larger as Nb is
added but then drops rapidly as amount of Nb is increased.
Nb appears to be completely soluble in BTO12 up to the largest
concentration used, so that effects of a second phase can be
excluded. The following hypotheses may be proposed to
explain the effect of Nb concentration on the reduction of pie-
zoelectric hysteresis and nonlinearity in BTO12. First, when
added in large amounts, Nb might suppress monoclinic dis-
tortion of BTO12. It is known that in orthorhombic Sr4Bi4TiO15
(SBTO15) the piezoelectric hysteresis and nonlinearity are
absent, probably as a consequence of a particular sequence of
ferroelectric and ferroelastic phase transitions, which in
SBTO15 material do not appear to take place simultaneously
(11). If, above some critical concentration of Nb, doped BTO12
becomes orthorhombic, a behavior analogous to that in
SBTO15 is not impossible. Unfortunately, monoclinic distor-
tion of BTO12 is very small and difficult to detect.  Second, Nb
decreases grain size of BTO12 and can affect domain wall con-

Figure 1  Illustration of three-level engineering essential for optimal
design of piezoelectric multilayer actuators. From left to right: multi-
layers with internal electrodes; microstructure showing electrode
section and individual grains; and domainÐwalls within grains.

Figure 2 Schematic representation of selected bismuth-titanate based
Aurivillius  phases. The illustration shows basic building blocks of
each compound.
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tribution to the piezoelectric properties by changing configu-
ration and density of domain walls (see Section 3). Third, char-
ges introduced in the material by donor dopant may diffuse
into domain-walls region and pin domain walls [9]. Fourth,
defect structure in complex ferroelectrics such as BTO12 may
be different from that in simple perovskites, so that Nb may
not have the same role in BTO12 as in PZT. Fifth, there is expe-
rimental evidence (12) that at room temperature the conducti-
vity in BTO12 is controlled by grain boundaries. Doping with
Nb reduces conductivity of BTO12, reduces grain size and,
consequently, increases grain boundary area. If mobile charges
get trapped in low-conductivity grain-boundary region, they
could serve as pinning centers for domain-walls. Finally, there
is evidence that a density of structural faults in Nb-doped
BTO12 increases with Nb concentration. These faults could
increase internal stress and imobilize domain walls.

Another way to obtain interesting piezoelectric properties in
bismuth titanate family is by making solid solution of two
phases (13). Figure 4 shows piezoelectric nonlinearity in two
solid solutions of BTO12 and Bi3TiNbO9 (BTNO9), one with
relatively small amount (5%) and other with a large amount
(20%) of BTNO9.  A strong nonlinearity in
0.95BTO12+0.05BTNO9 is accompanied with strong piezoelec-
tric hysteresis (see Figure 7 below). In 0.8BTO12+0.2BTNO9,
which exhibits a weak nonlinearity, piezoelectric hysteresis is
absent. Again, there are several possible origins of this beha-
vior. An intriguing possibility is suggested by the study of the
two materials using transmission electron microscopy (TEM).
As presented in Figure 5, TEM observations show that
0.95BTO12+0.05BTNO9 forms a complete solid solution of two
phases so that crystal structure consists of regular and uniform
layers of BTO12 modified by BTNO9. This material exhibits a
low density of structural faults. In 0.8BTO12+0.2BTNO9, den-
sity of staking faults is higher. The stacking faults have been
identified as intergrowth layers of BTNO9 which, once the
solubility limit is reached, is not dissolved in BTO12, and
which breaks the regular sequence of modified BTO12 layers.
The intergrowth layers are expected to create significant inter-
nal stress in the structure, which can make displacement of

domain walls more difficult. The internal stress would thus
have the similar role as internal electric field. Other possibili-
ties for reduction of domain wall contributions to piezoelectric
effect in 0.8BTO12-0.2BTNO9 are related to the presence of
large concentration of Nb, and include mechanisms similar to
those observed in NbÐdoped BTO12, discussed above. 

3. MICROSTRUCTURAL ENGINEERING

In this section the grain-size effects in ceramics, averaging of
ceramics properties over contributions from individual grains
and texture effects in thin films, are discussed as examples of
control of extrinsic and intrinsic piezoelectric properties at
microscopic level.

3.1 Apparent grain size effects 

3.1.1. PZT CERAMICS

Effects of grain-size on properties of ferroelectric ceramics
have been a subject of many studies (14). Perhaps the best
known example is the grain size dependence of dielectric per-
mittivity in barium titanate (BaTiO3 or BT) (15).  There are
comparatively fewer systematic studies of the grain size effects
on piezoelectric properties. While the correlation between
grain-size and piezoelectric properties has been well establis-
hed experimentally in ferroelectric ceramics, the mechanisms
by which grain size controls piezoelectric response in multi-
oxide systems are presently not well understood. The main
reason for this is the difficulty to separate the effects of several
other parameters that may change simultaneously with the
grain-size. This is well illustrated on the example of apparent
grain-size dependence of piezoelectric coefficients in
Pb(Zr0.53Ti0.47)O3 ceramics doped with 2 % Nb and prepared
by classical mixed oxide method,. Despite the scattering in
data, a clear trend in piezoelectric coefficients vs. grain size
relationship is observed. Careful examination of ceramics

Figure 3 The relative direct longitudinal piezoelectric d33 coefficient
in Nb-doped Bi4Ti3O12 as a function of the driving pressure strength.
Numbers represent the concentration of  Nb in atomic percent.

Figure 4 The direct longitudinal piezoelectric d33 coefficient in two
compositions of (1-x)BTO12+xBTNO9 solid solution as a function of
driving pressure strength.
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using X-ray diffraction, temperature dependence of elastic
modulus and chemical analysis with TEM reveal that the
dependence in grain size is accompanied with changes in crys-
tallographic structure of ceramics and chemical homogeneity
within grains. Ceramics with fine grains (~1 µm) exhibit a mix-
ture of tetragonal (Ti rich) and rhombohedral (Zr rich) phases,
and show a large variation of Ti/Zr ratio within grains. Large
grain ceramics (~8 µm) exhibit tetragonal structure and much
less variation in Ti/Zr ratio within grains.  Lower degree of
homogeneity in fine-grained samples is expected since low
temperature and a short sintering time limit diffusion of ions.
An attempt to thermally anneal fine-grained ceramics and
improve homogeneity led to grain growth. Thus, grain growth
on one side and structural and chemical homogenization on
other side are found to be linked, making difficult interpreta-
tion of the principal and secondary mechanisms responsible
for the apparent grain size dependence of piezoelectric pro-
perties. It is interesting to note that the study of grain-size
dependence of electro-mechanical properties is more compli-
cated in PZT than in BT which contains only one cation on B-
site and grain size can be more easily controlled independently
of other parameters. It should be mentioned that the true grain
size dependence of piezoelectric properties in PZT may be
established by studying ceramics prepared by chemical met-
hods which, at least in principle, may lead to a better chemical
homogeneity even in fine-grained materials. 

3.1.2. BISMUTH TITANATE BASED CERAMICS

One important disadvantage of ferroelectric ceramics for
high precision sensor and actuator applications is the piezoe-
lectric hysteresis between driving electric field (or pressure)
and piezoelectric strain (or charge). In most cases the origin of
the hysteresis is in the displacement of ferroelectric domain
walls [6]. The best-known method to immobilize domain walls
and reduce hysteresis is to pin or clamp the walls with suita-
ble defects, as discussed in section 2. On the other hand, it is
reasonable to expect that microstructure can also affect
domain-wall contributions to electro-mechanical properties.
First, it is well known from the studies made on barium tita-
nate that the domain-wall structure and domain-wall density

are very different in fine and coarse-grained ceramics (16, 17).
Clearly, domain-wall contributions to electromechanical pro-
perties coming from different types and density of domain
walls may not be the same. Second, some theoretical studies
indicate that domain walls of narrow domains (usually found
in fine-grained materials) are more difficult to move than
domain walls of wide domains (found in coarse-grained mate-
rials) (18). Third, specific domain-wall structure of fine grains
may lead to high internal stresses in ceramics (19). A large
internal stress may affect intrinsic (lattice) properties of the
material as well as displacement of ferroelastic-ferroelectric
domain walls. In the latter case internal stress can have a simi-
lar role as internal electric field. These arguments were used as
a possible explanation of grain size effects on piezoelectric pro-
perties in barium titanate ceramics (20). 

In this section we discuss recent results on grain-size effects
on piezoelectric hysteresis and nonlinearity in bismuth titana-
te based Aurvillius phases. In these layer -structured ferroelec-
trics domain wall configuration may be more complex (21)
than in tetragonal and rhombohedral perovskite materials so
that simple extrapolation of results observed in PZT and BT to
bismuth titanate family is not always justified. shows piezoe-
lectric hysteresis for solid solution of 0.95Bi4Ti3O12 and
0.05BiTiNbO9, for a coarse-grained and a fine-grained mate-
rial. It is evident (taking into account difference in piezoelectric
coefficient) that the piezoelectric hysteresis is much weaker in
the fine-grained material. The reduction in hysteresis is accom-
panied with the reduction in piezoelectric nonlinearity (13).
The weaker nonlinearity, lower hysteresis and piezoelectric
coefficient in fine-grained 0.95BTO12+0.05BNTO9, suggest (6)
weaker domain-wall contributions to the piezoelectric proper-
ties than in coarseÐgrained material.  As in the case of barium
titanate, one can speculate that the reduction in domain-wall
contributions is related to internal stresses or smaller width of
domain walls in fine-grained material. Another possibility for
reduction in domain wall contributions would be that fine-
grained ceramics possess a higher density of stacking faults.
The mechanism would thus be similar to that discussed in sec-
tion 1 for 0.8BTO12+0.2BNT. The origin of stacking faults in

Figure 5 TEM image of layered structure of 0.95BTO12+0.05BTNO9
and 0.80BTO12+0.20BTNO9 solid solutions. Intergrowth layers are
seen in 0.80BTO12+0.20BTNO9 where the limit of complete solubi-
lity of the two phases might have been reached. 

Figure 6 Longitudinal d33 and transverse d31 piezoelectric coeffi-
cients in Pb(Zr0.53Ti0.47)O3 ceramics doped with 2%Nb. Ceramics
were prepared by mixed-oxide method.
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fine-grained 0.95BTO12-0.05BNTO9 could be in low sintering
temperature and short sintering time, which may not be suffi-
cient for a complete solubility of two phases. Note that, if stac-
king-faults were indeed responsible mechanism for suppres-
sed domain wall contributions to piezoelectric properties, the
grain-size would again be a secondary effect. 

3.2 Averaging of piezoelectric properties in ceramics

Global properties of a ferroelectric ceramic are average
values of properties of (usually) randomly oriented crystallites
(grains) which form ceramic. In ferroelectric ceramics, grains
are divided into ferroelectric domains, which can also have
different orientations. This averaging of properties of all grains
and domains can lead to unusual but very useful piezoelectric
properties, as shown on the following example. An interesting
feature of modified lead titanate (PbTiO3 or PT) ceramics is a
large anisotropy in piezoelectric coefficients (a large (~50
pC/N) longitudinal d33 and a small transverse d31 coefficient)
(22).  In most ferroelectric materials the d33/d31 ratio is 2-3
whereas in modified lead titanate ceramics it may become
many times higher. Materials with a small d31 are useful in
applications where high directivity and low lateral coupling to
longitudinal mode are needed. 

Several attempts to model piezoelectric response of modi-
fied lead titanate ceramics have shown that the origin of the
piezoelectric anisotropy in PT-based ceramics is in averaging
of the single crystal coefficients over all possible orientations
of grains and domains (23, 24).  The effect of averaging can be
seen by considering the simplest formula (24) which relate
effective (averaged) coefficients of ceramics and single crys-
tals:

[1]

[2]

where dij and  dij
sc denote ceramic and single-crystal coeffi-

cients, respectively. In this simple model ceramic grains are
assumed to be single-domain crystallites. ϑ is then the maxi-
mum angle between direction of the polarizing electric field
and the spontaneous polarization vector of the crystallites.
Furthermore, single-crystal piezoelectric coefficients may be
related by phenomenological theory to dielectric permittivity,
spontaneous polarization and electrostrictive coefficients (25).
Calculations show that particular values of these properties
and their temperature dependencies lead to a small  d31 and a
relatively large d33 in many modified lead titanate composi-
tions over a wide range of temperatures. It is seen from equa-
tion [1] that, under right conditions,  d31 can become zero or
even positive. This has been indeed observed experimentally,
as shown in Figure 8 for (Pb,Sm)(Mn,Ti)O3 and (Pb,Ca)TiO3
ceramics (26). A detailed discussion of microstructural effects
on the piezoelectric anisotropy in modified lead titanate cera-
mics can be found in Ref. (27). 

3.3 Effects of crystallographic orientation in PZT thin films

Ferroelectric thin films are very interesting from the aspect
of control of electro-mechanical properties. Besides composi-
tional and microstructural effects already mentioned for bulk
materials, thin films offer additional possibilities to engineer
piezoelectric properties. For example, it is well known that
variations in thickness, crystallographic orientation or texture,
and substrate properties affect properties of ferroelectric films.
Take as an example the most widely used ferroelectric piezoe-
lectric, PZT. Because single crystals of PZT are not available,
crystal orientation effects can be studied only on thin films,
which can be readily grown in different orientations, either as
polycrystalline or epitaxial (28). Furthermore, not only does
effective intrinsic piezoelectric coefficient of films change with
orientation, but domain-walls configuration and their contri-
butions to the properties also depend on film orientation. This
is illustrated below on example of sol-gel derived rhombohe-
dral thin films (29). 

Figure 7 Piezoelectric hysteresis for coarse and fine-grained samples
of 0.95BTO12+0.05BTNO9 solid solution. 

Figure 8 Temperature dependence of transverse piezoelectric d31

coefficient of (Pb,Ca)TiO3 and (Pb,Sm)TiO3 ceramics. 
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Piezoelectric effect in PZT single crystals has been recently
calculated as a function of crystal orientation [30]. The calcula-
tions showed that the largest longitudinal d33 piezoelectric
coefficient should be observed in rhombohedral (Zr rich) crys-
tals near the morphotropic phase boundary, along (100) direc-
tion. It is interesting that this direction is not the direction of
the ferroelectric polarization, which is oriented along (111)
direction of the rhombohedral unit cell. shows the effective
d33 longitudinal piezoelectric coefficient measured in rhom-
bohedral Pb(Zr0.6Ti0.4)O3 films with different orientation. As
predicted by calculations, (100) films have significantly higher
piezoelectric coefficient than other orientations. From the
application point of view, it is significant that (100) film also
shows the weakest nonlinearity. The weak nonlinearity is a
consequence of particular configuration of ferroelectric
domains for this orientation. As in the case of (111) oriented
tetragonal films, displacement of non-180¡ domain walls in
(001) oriented rhombohedral films will not change dimensions
of the film along direction perpendicular to the film plane, and
will thus not directly contribute to the longitudinal piezoelec-
tric effect. 

This example illustrates how control of film orientation
affects both intrinsic (through crystal anisotropy) and extrinsic
(through domain wall contribution) components of piezoelec-
tric effect in PZT thin films.

4. LARGE SCALE ENGINEERING

Several examples of piezoelectric engineering on macrosco-
pic scale (tens of microns to one millimeter) are illustrated in.
Figure 10. One of the most interesting and elegant examples is
a ceramic-polymer composite. The macroscopic engineering in
piezoelectric composites is based on symmetry, connectivity,
shape and the volume ratio of the two phases (2). The soft
polymer matrix has multiple roles. It reduces cross talk betwe-
en elements in a transducer array by dampening acoustic
waves propagating in lateral directions. By the same mecha-
nism (reduction of the effective lateral piezoelectric coeffi-
cient), the polymer matrix increases hydrostatic piezoelectric

coefficient in hydrophones. Finally, by reducing density and
increasing elastic compliance of the composite, the soft poly-
mer matrix improves acoustical impedance matching between
transducer and water (in hydrophones) or biological tissue (in
medical imaging transducers).

Next example demonstrates how large-scale engineering of
piezoelectric properties can be used to amplify displacement
of piezoelectric elements. Amplification may be achieved by
classical multilayer structures and by several types of bimorph
structures and so-called flextensional devices. A recent new
concept called RAINBOW (Reduced and Internally Biased
Oxide Wafer) illustrates well the idea (31).  A piezoelectric disk
is placed in contact with a block of carbon and heated. The side
of the ceramic disk that is in contact with carbon will get che-
mically reduced creating a relatively thick metallic layer. On
cooling, the disk bends due to difference in thermal expansion
between metallic layer and ceramic. When partially reduced
and polarized ceramic is driven with electrical field applied on
major faces, disk changes dimensions due to the piezoelectric
effect. In thin disks with large diameter, change in lateral
dimension is very high. Since the reduced layer is piezoelec-
trically passive, the whole structure must further bend under
the driving field, giving a large displacement (tens of microns)
in the direction parallel to the field.  Disadvantage of
RAINBOWs is in difficulties to partially reduce ceramics in a
reproducible way.

Amplification of the longitudinal displacement by lateral
bending can be induced in a number of ways. For example,
two piezoelectric disks or beams glued to each other and poled
in opposite directions will also lead to bending of the "sand-
wich" structures when driven by an electric field. Because of
their geometry, disk benders are expected to be more robust
and to generate larger forces than beam-type bimorphs. It is
certain that in future we shall see many other designs based on
this simple concept. Similar idea for displacement amplifica-
tion is used in metal-ceramic moonie structures, (32). Besides
questions associated with the choice of two materials used to
build a bimorph, their relative dimensions and shape, one of
the most important material engineering problems to solve is
stability of the interface between two materials with different
piezoelectric properties (one can be passive). 

5. CONCLUSIONS

Engineering of piezoelectric properties in ferroelectric mate-
rials presents many challenges both on practical and funda-
mental level. Whereas control of piezoelectric properties can
be achieved and materials with useful properties can be engi-
neered, understanding of underlying processes is in many
cases inadequate. Further development of improved piezoe-

Figure 9 Effective longitudinal d33 coefficient for three orientations
of Pb(Zr0.6Ti0.4)O3 thin films as a function of driving electric-field
amplitude. 

Figure 10 Examples of engineering of piezoelectric properties on
macroscopic scale: a) piezoelectric disk bimorph, b) Rainbow cera-
mic, c) Moonie flextensimas actuator, and d) piezoelectric polymer-
ceramic composite.

a) b)

c) d)
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lectric materials will depend on progress in both experimental
and theoretical studies of mechanisms that control piezoelec-
tric behavior.  
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