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(4) Sdentific Progress and Accomplishments 

Ferroelectric materials are currently used in a variety of sensor and actuator applications. Con- 
ventional materials offer a high firequency, linear, response with useful, strains'of up to-0J%. 
Additional applications can be imagined for actuators that generate a greater degree of strain. 
The current investigation is aimed at offering increased actiiator performance over conventional 
materials. In addition, the study offers insight into the iinderlymg principles of behavior of those 
materials currently in use.' Experimental studies-of l«urge strain actuation has been carried oixt 
•using a single crystal m a novel configuration, and theoretical studies haive explored Ihe possibil- 
ity of extending this, idea to polycrystals and to the ferroelectric-antifeiroelectric phase transfor- 

mation. 

Experimental Studies 
■ The- basic principle of operation for large strain actuation using a ferroelectric single 

crystal is illustrated in figure 1. A thin single crystal plate, is subjected to a constaht^uniaxial 
compressive stress (P) and a variable electric field. At zero applied voltage, the applied stress 
forces the polarization to be in-plane, as illustrated in tbe figure. As-the voltage is increased, the 
electric field tries to align the polarization in the out-ofrplane direction, but this is resisted by the. 
stress. There is an exchange of stability at a critical vohage and the polarization switches with an 
accompanied strain. Finally as the voltage is decreased, the polarization reverts back to an in- 
plane direction, recovering the strain. Thus, as, the load is held fixed and the voltage cycled, do- 
main switching provides an electrostriction as large as 1.1%! Strains as large as 6% are predicted 
for-other materials of the same class. 

An experimental setup was designed to demonstrate the principle of large electrostriction 
in single crystal ferroelectrics through combined electromechanical loading and to further study 
the behavior of these materials under the combined loading conditions. The setup consists of a 
loading mechanism, displacement measurement transducer, high-voltage power supply and long 
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working distance >yideo microscope. The system was designed to apply a constant compressive. 
• load and variable elBptric field to a- ferroelectnc ocystaL It was. fijjrthe'r designed to allow accurate • 
measurement of strain and polarization,' as well as allow real time in situ observation of the do- 
main patterns diiring the cjqjcrioicnt. 

Experiments were perfonhed oh single crystals of bariijm titanate of (001) and(lOD) ori- 
entation at various.levels of stress. During the experiment, a slow voltag6 signal is generated aind 

■ the strain and polarization are measured. A series of strain-electric iield trajectories are shown in 
figure 2 at six values of compressive stress. The data are from the fifth cycle of each experiment. 

• for an initially (001) oriented crystal' .The'first plot has a compressive stress of apprp;iimately 
zero (there is asmaU stress present due to the measurement method). In this case, the total strain 
is lessthan 0.1%. .With subsequent increase in compressive stress, there is an increase in. the 
maximum strain up to 0-9 % at 2.14 MPa,. and a broadening of the butterfly hysteresis loops. As. 
the stress is fiirthcr increased, the maximum strain decreases as the apphcd field is-not able to 
overcome the applied stress. Figure 3 shows a series of polarization-electric field trajectories for 
tiie saine cases. For the zero'stress case, the hysteresis curve has very sharp comers as is usually 
observed for smgle crystal fertoelectrics. M the stress is increased, there is a blunting of the 
comers. ' '. ' 

The steady state actuation strain as a function of ccjmpressive stress is summarized in fig- 
ure 4. The.actuation strain is defined as the difference between the maximum and minimuni 
.s'txain for a given half cycle.and was calculated in the fifth cycle of each' experiment. X>ata for 
initidly (100) and (001) oriented crystals are shown. There is a clear increase in actuation strain 
with increasing stress in each case. This actuation strain reaches a maximum level md then be- 
gins" to decrease. • Coercive field, defined as the field required to reduce the polarization to zero, 
is shown as a function of compressive stress in 'figure 5^ .The coercive field is found to be rela- 
tively insensitive to stress with an increase of about'20-30 V/cm/MPa. The use of in situ rnicros- 
cqpy .yields images of the domain structure such as those in figuire 6. Further work is being done 
to correlate the observations from the images to the crystal averaged values of strain and polari- 
zation. •,. . 

Theoretical iStudies: Polycrystals 
Theoreticalstudies have examined whether this mode of large strain actuation could be 

extended to polycrystalline ceramics, and if so what textures would be required to maximize the 
actuation. Additionally, the theoretical smdies have addressed the widely known, but incom- 
pletely understood , observation that Lead Zirconate Titanate (PZT) is easier to pole at composi- 
tions close to the moiphotxopic phase boundary. 

A detailed model of the effective electromechanical properties of ferroelectric crystals 
that includes implicitly the domain patterns and the polycrystallme texture has been developed. 
It starts'with a Landau-Ginzburg type model adapted to heterogeneous materials, and finds the 
large scale behavior using the framework of relaxation and hdmogenization assuming separation 

' of scales between the macroscopic specimen, grains and domains. The important ideas arc illus- 
trated in Figure 7. The set of possible effective remnant polarizations and strains of single 
crystals with'multiple domains is characterized for various crystal systems. The set of possible 
effective remnant polarizations and strains of polyciystalline ceramics is also characterized and 
evaluated for different-toaterials and textures using the Taylor bound. 
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. It is csitaHished that a polycrj^kl of a. material which, i^ 
and <1Q0> polarized tetragonal below has no remnant polariaatioii or strain imless it has a stroiog 
<:i 00> texture. Similarly, a polycrystal of a material which is enhio above Curie temperatuire and. 
<11 l>polaria:edrhpiiibohedral below has no remnant polarization orstrain unless it has a strong 
<111> texture. Thus, it is necessary to use highly textured single, crystals to obtain large strain 
actuation in ceramics of these.two classes of naaterials. In stark contrast, a polyciystalof a mate- 
rial' which is. cubic above Gurie temperature and <Mw> polarized monochnic Always has some 
renmant.polarization and strain irrespective of texture, though there are. special .textures for 
which, it is inaximizeci. 

These observations also .explain the better polability of Lead Zirconate Titanate (PZT) 
near the ndotphotropic phase boundary. Titanium rich PZT is tetragonal, while Zirconiuni rich, 
Titanate is rhpmbohedial, but PZT is monoclinic atthe niiprphotropic phase boundary. 

Theoretical Studies: Ferroelectric-antiferroelectric transformation • 

• Diuing the final year, the attention focussed on ferrpelectric-antiferroelectric transformation! We 
discuss the specific case of lead-zirconate (FhZtOi) to explain the ideas! Pure lead-zireonate 

••(PbZrOa) undergoes a phase transformation irorn a cubic non-polar pcrovskite state at high-. 
temperature to a tetragonally distorted anti-ferroelectric state^AFE) at low tempeiatore. When 

. subjected to an electric field along a pseudo-cubic axis at low temperature, it -undergoes a:fiirther 
pliase transformation from the tetragonally distorted AFE to a rhombohedrally distorted ferroe-. 

: lectric state^ (FE). This is the so-called ferroelectric- aiitiferroelectric phase transformation. The . 
teinperature vs. electric field phase diagram is' shown schematically in Figure 8. 

This AFE-FE phase transformatioii potentially offers very interesting possibilities for actuation.- 
If we take a PbZrOs crystal at room temperature and subject it to an cycKc electric field along a-, 
pseudocubic direction (schematically indicated by the dashed line in Figure 8), the crystal 
switches (^elically andxeversibly between the AFE and FE states. This switching is accompa- 
nied with a large distorsion, which can be exploited as large actuation strain. Note in particular, 
that there, is no need to apply the mechanical loads to obtain reversal as we had to do in BaTi Oj. 

We undertook a theoretical study to understand if tiiis potential could be exploited in practice for 
large strain actuation. The key issue is to.understand the energy barriers for such a transition and 
to design a configuration that maximal actuation. This requires us to develop a model that is de- 
tailed enough to study the domain patterns, but at the same time tractable enough to study mac- 
roscopic specimens. A purely atomistic theory would not be able to deal with macroscopicbod- 
ies, and a macroscopic atomistic continuum theory will not be able to deal with details of the 

An anti-ferroelectric material is one where the crystal lattice is spontaneously polarized at a 
molecular scale, but the polarization alternates between opposite directions so that there is no 
macroscopic polarization. 

A ferroelectric material is one where the crystal lattice is spontaneously polarized at both the 
microscopic and macroscopic states.. 
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'domains. Therefore we chose to proceed along the lines of Shu and Bbattaiiharya'. Their model. 
and theoretical: investigation motivated the successful experiments on BaTiOj.that were reported 
during the previous years; Therefore, it was natural to extend the Shu-Bhattacharya model to 
aoiti-fetroelectrics.   . •     - 

The key idea of this model is to introduce a "meso'*-scale between the atomistic (niicro-scale) 
and-the conidnuuiu (macro-scale). ,The meso-scale is the scale ou which'the polarizations are aj-. 
most constant so that it represents the scale of domains.; Specifically, at'this scale-lhe polariza- 
tion is non-zero is a FE while it is non-zero in an AFE! We then introduce an energy fiinctional 
at this meso-scalc. It is important that this meso-scale energy correctly represents the underlying 
physics at the micro-scale. In particularj it is crucial and difficult to understand the non-local 
(dipole-dipole interaction) energy of the polarizations since they can oscillate at the micro-scale' 
in.an AFE. We accomplished this step using a coarse-grainttig (micro to meso passage) using a 
method first pfoposed'by James and Miiller in the context of magnetism. We showed ttiat the 
non-local dipole-dipole interaction at the micro-scale manifests itself completely locdly in an 
AFE but non-locaHy in a FE, We fuially used eiiergy wells to capture the spont^eous polariza- 
tion and distorsions.      '. 

We used the energy functional to study the bebavibr at the meso-scale (dom^n patterns) and its 
influence on the macroscopic behavior of the material during the AFE-FE transition. In particu- 
lar we studied all possible interfaces between the FE and AFE states. An important result is that 
there is ho low energy interface between a homogeneous AFE, and homogeneous FE states*. In- 
stead all interfaces would, require either the FE or the APE states to be frustrated. This in turn 

•means diat either the AFE-FE transformation will yield very little strain or will require large 
electric fields. We conclude therefore that the APE-FE transfomiation, despite all its attractive 
.features is riot feasible for large strain actuation. This will not be pursued further. 

While the application to actuation is disappointing, it is a; demonstration of modeling that guides 
experkaents and design. Further, the model we have developed will fmd a variety of tises in 

• Other q>plications which we plan to ijursue in the future. 

^ Y-C. Shu and K. Bhartachaiya, "Domain patterns and macroscopic behavior of ferroelectric 
materials", Philosophical Magazine 
812021-2054,2001. 

R.D. James and S- Miiller, "Internal variables and fme-scale oscillations in micromagnetics". 
Continuum Mechanics and Thermodynamics 6 291-336,1994. 
' Unless the spontaneous polarization and distortions satisfy some.highly non-generic conditions. 



10/24/2003 09:05 1&265834963 PAGE 08 

REPORT DOCUMENTATJON PAGE (SF298) 
(Continuation Sheet)    : 

• Figure 1 • Mode of operation for large-straia ftjectrostriction in a ferrociectfic-siiigle crystal. 
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Figure 4 - Steady slate actuation.strain vs. compfessive stress for barium titanate crystals. 
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Figure 6 -Images of domain pattern in initially (001) oriented crystal under 3.2 MPa compressive 
stress at an'electric field of 30 V/cm 14-00 V/cm. 
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Figure 7 -The multi-well structufc of stored energy density W, die effective energy density of a sin- 
gle crystal W, and thp effective energy density of a polycrystal W . 
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Figua-e 8: The temperature vs. electric field phase diagram for Lead Zirconate (PbZrOa) 


