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Large strain electrostrictive actuation in barium titanate
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Large strain electrostriction in single-crystal ferroelectric materials is investigated. The mode of
electrostriction is based on a combined electromechanical loading used to induce cyclic, 90° domain
switching. Experiments have been performed on crystals of barium titanate with constant
compressive stress and oscillating electric-field input. Induced strains of more than 0.8% have been
measured. Strains as large as 5% are predicted for other materials of the same class. The results
demonstrate a possible avenue for obtaining large actuation strains in electromechanical devices.
© 2000 American Institute of PhysidsS0003-695000)01137-3

Ferroelectric ceramics are used in a variety of sensor an@ihe analysis further suggests that there exists a low-energy
actuator applications. In particular, they are one of the basipath for switching from one polarization to another. Thus,
building blocks of smart structures which have been successtomain polarization can be switched by electric field or ap-
fully used for active damping and damage detection. Thglied stress. Furthermore, a combined mechanical and elec-
behavior of conventional materials is characterized by googkic loading, consisting of a constant compressive load and
high-frequency response and low hysteresis, but unfortugariaple electric field, can allow cyclic change in the domain
nately, very small straindimited to about 0.1% A variety  pattern. Electric-field-induced domain switching in barium
of methods have been. developed for creating large diSpIaCGcTtanate has been studied by a number of researéfers.
ment actuators by using monomorph or bimorph bendersgi ess induced domain switching was experimentally dem-
functionally graded ceramics, and single crystals. Researcgnstrated by Let al® The current study investigates the cou-

on single-crystal ferroelectric materials for sensor and acwabling between stress-induced and electric-field-induced do-

tor applications have recently focused on exotic relaxor-_ . oL
main switching.

based systems, formulated near the morphotropic phase A set of experiments were desianed and performed to
boundary, that take advantage of phase transition to produce P 9 P

large actuation strainsThe current investigation focuses on Investigate the possibility of achieving large electrostriction

the use of domain reorientation to generate a large actuatidf f€"oelectrics using combined electromechanical loading.

strain in a ferroelectric single crystal of a simple perovskite! € €xperiments were carried out with barium titanate be-

structure. Experiments have been performed on barium titarf@use it is well characterized, easily available, and has a
ate (BaTiQ), a common ferroelectric, generating strains of Wealth of polarized states. The basic mode of operation, il-
more than 0.8%. lustrated in Fig. 1, is the following: a thin single-crystal
The current study is motivated by the theoretical work ofplate, of(100) orientation, is subjected to a constant uniaxial
Shu and Bhattacharya who developed a model of a ferroele¢ompressive stress and a variable electric field. Since at room
tric single crystal using the setting of finite deformatidns. temperature barium titanate is spontaneously polarized in the
They assume the existence of a crystal free-energy densitt00 direction, at zero applied voltage the applied stress
W, which is dependent on the deformation gradieR),( forces the polarization to be in plane, e.g., {fd0] direc-
polarization @), and temperatured). For a flat plate con- tion. As the voltage is increased, the electric field tries to
figuration with electrodes on two faces, the total ene@y align the polarization in th¢001] direction, but this is re-
can be expressed in three terms consisting of the crystal fregisted by the stress. There is an exchange of stability at a
energy density, and external mechanical and electrical workgritical voltage and the polarization switcheg@®1] with an
accompanied strain of up to 1.1%. Finally, as the voltage is
decreased, the polarization reverts back to in plane, recover-

whereT, is stress andE, is the applied electric field. For a ing the strain. Thus, as the load is held fixed and the voltage
material such as barium titanate, there exist six possiblgycled, domain switching provides an electrostriction as
ground states with the polarization vector in one of the sixarge as 1.1%. Strains as large as 5% are predicted for other
pseudocubic(100 directions. These ground states corre-materials of the same cla$s.

spond to multiple energy wells dV. When considering a

compressive stress and electric field across the ferroelectric

plate, minimization of the total energy results in a phase P
diagram describing the exchange of stability of the different —H-LH-LH
directions of polarization in the stress—electric-field space. —H-ﬁ-ﬂ-ﬂ———T

G(F,P,0)=W(F,P,0)—E,- P(detF)—T,-F, (1)

dE|ectronic mail: burcsu@caltech.edu FIG. 1. Mode of operation for large strain electrostriction by domain switch-
YElectronic mail: ravi@caltech.edu ing in a tetragonal ferroelectric crystal.
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An experimental setup, shown in Fig. 2, has been de- Electric field (V/cm)

signed to provide a constant stress and variable electric fielgig, 4. strain response as a function of electric field for a barium titanate
to a ferroelectric crystal and measure the induced electrosrystal under a constant compressive stress of 3.6 MPa with a 1/20 Hz
trictive strain. The experimental setup consists of a loadinginusoidal input signal.
mechanism, displacement measurement transducer, elec-
trodes, and charge-coupled-device camera. The |oadin§train response of the crystal. The same data are shown in
mechanism uses dead weight and a lever to deliver a force fold- 4 with strain as a function of the electric field. All
a loading frame. The force is transmitted to a pair of opti_strains are relative to the initial configuration. The experi-
cally flat, glass plates that sandwich the specimen. Glas&ent begins at point 1 with the strain increasing linearly with
plates are used so that the entire load axis is transparerfle electric field. At about 6000 V/cm, the strain begins to
allowing direct observation of the specimen during the testfapidly increase until the electric field reaches about 10 000
Semitransparent, gold electrodes deposited on the surface ¥fcm, at which point the strain levels off. The strain again
the g|ass p|ates are connected to a high-vo|tage-p0wer arﬁlcreases ”nearly to a maximum strain of about 0.83%. As
plifier to generate an oscillating electric field across the crysthe electric field is decreased, the strain decreases linearly
tal. The electric field is measured by monitoring the amp"ﬁeruntil the electric field reaches about 1200 V/cm. The strain
voltage. The crystal strain is measured by recording the loathen decreases rapidly as the electric field reaches zero and
frame displacement during the course of the experimentt,he polarity is reversed. The minimum strain is reached at an
which corresponds to the change in thickness of the specglectric field of about—3600V/cm, although the entire
men. The disp|acement is measured using a h|gh_reso|ut|0%83% strain is not recovered. As the magnitude of the elec-
linear variable differential transformétVDT). A helium—  tric field is increased(with negative polarity, the strain
neon laser is used to illuminate the specimen from belowvalue again increases in a similar manner as before with a
The light passes through crossed polarizers, one below trdightly lower value of maximum strain. The minimum strain
specimen and one above, and the image is captured on vidd§.reached after the electric field passes through zero at about
This allows observation of domain switching and failure that2600 V/cm. Subsequent cycles proceed in a similar manner,
may occur during the course of the experiment. although with degraded performance. The data for this ex-
Experiments have been performed at different levels oPeriment end halfway through the fifth cycle, at which point
applied stress. Data are shown in Fig. 3 for a compressivarcing occurs.
stress of 3.6 MPa. The dashed curve is the input electric-field Figure 5 shows the strain envelope, i.e., the difference
signal with a frequency of 0.05 Hz. The solid curve is thebetween the maximum and minimum strain in each cycle, as
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FIG. 5. Strain envelop&ifference between maximum and minimum strain

FIG. 3. Electric-field input signal and strain response as a function of timefor a given half cyclg¢ as a function of normalized time for three different

for a barium titanate crystal under a constant compressive stress of 3.6 MPaxperiments and two stress levels.
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a function of normalized time (time/period of input signal  related to the mechanical and electrical boundary conditions,
Data are shown for three experiments at two different stresmcluding friction and the choice of electrode matefials
levels. The top curve is for the case mentioned in the previwell as the presence of defects in the material. The use of
ous paragraph with a stress of 3.6 MPa and an input fremore suitable electrode materials may be helpful in delaying
guency of 0.05 Hz. The middle curve is for an experimentthe degradation of the crystal. Indeed, preliminary experi-
with the same stress with an input frequency of 0.12 Hz. Thenents using platinum electrodggnstead of gold have
lower curve is for a stress of 7.2 MPa and an input frequencghown significant improvement. Further improvement may
of 0.05 Hz. In each case, the maximum strain is obtainedbe possible with conductive metal—oxide electrodes which
during the first cycle with the level decreasing with eachhave been successfully used to extend the fatigue life of
subsequent cycle. The maximum strain is less than the thederroelectric memory. In situ studies of the interaction of
retical maximum of 1.1%, indicating that complete domaindomain walls with defects, such as vacancies and preexisting
switching does not occur in any of the cases. This may beracks, will also be useful. These issues and their influence
because domains near the loaded surfaces of the crystal ava the failure modes are being pursued and will be reported
unable to switch due to friction. The reduction of the strainin the future.

envelope with ensuing cycles is most likely due to accumu- .
lation of damage in the crystal, i.e., the formation of cracks. ~ 1N€ authors graciously acknowledge the support of the
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