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Figure 5. Schematic diagram of experimental setup and specimen dimensions 

function as an electrode. The use of the glass plates and transparent electrodes allows direct observation of the 
specimen during the test. Wires are attached to the electrodes using a conductive epoxy (Chemtronics CW2400). 
The electrode wires are connected to a high voltage power amplifier (Trek, Inc. Model 10/lOB) used to generate 
large electric fields. Electric field and current are measured by monitoring the amplifier voltage and current outputs 
and are recorded with a digital oscilloscope. 

The crystal strain is measured by recording the load frame displacement during the course of the experiment, 
which corresponds to the change in thickness of the specimen. The displacement is measured using a high-resolution 
LVDT (Lucas-Schaevitz 025-MHR). The LVDT core is attached to a beam which is actuated at the center of the 
loading frame, as shown in figure 5. This mechanism allows actuation of the transducer proportional to load frame 
translation while eliminating any effects of angle change. The core moves a proportional amount to the loading 
frame relative to the LVDT coil. The signals from the LVDT pass through a signal conditioner and are recorded by 
a digital oscilloscope. Because the force remains constant during each experiment, load frame compliance is not an 
issue in strain measurement. 

A helium-neon laser is used to illuminate the specimen from below. The light passes through crossed polarizers. 
one below the specimen and one above, and the image is captured on video using a CCD camera. Tetragonal barium 
titanate is optically birefringent within the (100) and (010) planes but is optically isotropic in the [001] direction. 
For this reason, 90° domain boundaries can be observed with polarized light. At this point, the video images have 
only been used for observational purposes. 

4. RESULTS 
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Experiments have been performed at different levels of compressive stress. Figure 6 shows the strain history for two 
experiments with compressive stress of (a) 3.6 MPa and (b) 2.0 MPa. The dashed curve is the input electric field 
signal which is sinusoidal with a frequency of 1/20 Hz. The solid curve is the strain history. Note that the response 
is electrostrictive in nature since it is the same for both positive and negative field polarity. The maximum strain 
occurs during the first cycle for each experiment with strain of about 0.83% for the 3.6 MPa case and 0. 77% for the 
2.0 MPa case. These values are less than the theoretical maximum of 1.1%. The 3.6 MPa experiment ends midway 
through the fifth cycle at which point arcing occurs. The arcing event causes the current limit for the power supply 
to be exceeded, automatically cutting off the input signal. Note that the strain continuously decays at zero electric 
field after the input signal is cut off. An arcing event occurs at the beginning of the eighth cycle in the 2.0 MPa case. 

The same data are shown in figure 7 with strain plotted as a function of electric field. The curves bear strong 
resemblance to the familiar 'butterfly' strain hysteresis loops. In each case the signal begins at point (0,0). As the 
electric field increases, the strain increases linearly up to a critical value of electric field, at which point the strain 
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Figure 6 . (a) Strain vs. time for a compressive stress of 3.6 MPa. (b) Strain vs. time for a compressive stress of 
2.0 MPa. The dashed line is the input electric field signaL The solid line is the strain response. 

increases much more rapidly. At a higher value of electric field , the strain levels off and increases in an approximately 
linear fashion up to the maximum electric field with a strain of 0.83% for the first case and 0. 77% for the second 
case. As the electric field is decreased, the strain decreases slowly and then drops suddenly. The strain reaches a 
minimum, though it does not return to zero and the minimum does not occur at zero electric field as proposed in 
section 2.3. The strain again increases as the magnitude of the electric field continues to increase. As it exceeds a 
critical value, the strain levels off again. With a decrease in magnitude of the electric field , the strain again decreases 
and reaches a minimum at some positive value of electric field. For each half-cycle (half of the sinusoidal input cycle). 
the amount the strain increases from its relative minimum will be referred to as the strain envelope for the half-cycle. 
The subsequent decrease in strain will be referred to as the strain recovery. 

In the number of cycles considered, the hysteresis loops do not reach a steady state. Each cycle is somewhat 
different from the previous. In the later cycles the strain does not level off as much and the strain recovery decreases. 
This is especially evident in the 2.0 MPa case. The strain recovery during the initial cycle is about 0.55% with an 
initial strain envelope of 0. 77%. The hysteresis loops shift downward with each cycle and, for the later cycles, do 
not level off at the maximum electric field. The same is true for the 3.6 MPa case, but to a lesser extent. In this 
case the initial strain recovery is about 0. 77% with an initial strain envelope of 0.83%. The changes in the hysteresis 
loops ·with time may be due to the formation of cracks. The video images and inspection after the experiment 
reveal that cracks form during domain switching. Experiments have shown that these cracks initially form during 
the ferroelectric switching rather than the ferroelastic recovery. 

The data are summarized in figure 8 for several cases with (a) the strain envelope and (b) the strain recovery at 
zero electric field as a function of the normalized time, T (time/period of input signal). The previous two cases are 
included along with two others , a second 3.6 MPa case at 1/8 Hz. input signal and a 7.2 ~1Pa case. The 7.2 :\ifPa 
case ended due to arcing during the second half of the first cycle so there is limited data for this case. For each case, 
the maximum strain envelope occurs during the initial cycle and it decreases with time. For the 3.6 MPa cases, the 
envelope decreases steadily with time. In the 2.0 MPa case, the strain envelope decreases rapidly and then stabilizes. 
The magnitudes of the strain recovery at zero electric field are much smaller than that of the strain envelope, between 
0.1 and 0.2% for the lower stress cases and about 0.3% for the 7.2 MPa case. In addition, the recovery at zero field 
appears to be independent of stress for the 3.6 and 2.0 MPa cases. This indicates a strong kinetic influence on the 
switching process. 

5. DISCUSSION 

In the experiments. the strain envelope does not reach the theoretical maximum strain of L 1% indicating that 
complete domain switching does not occur. Incomplete domain switching may be due to cracks that develop during 
the experiment and friction at the crystal-electrode interface that prevents some domains from switching. In most 
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Figure 7. (a) Strain vs. electric field for a compressive stress of 3.6 MPa. (b) Strain vs. electric field for a 
compressive stress of 2.0 MPa. 
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Figure 8. (a) Strain envelope (difference between maximum and mm1mum strain for a given cycle) as a function 
of normalized time. (b) Strain recovery at zero electric field (difference between maximum strain and strain at zero 
electric field) as a function of normalized time. 
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of the experiments that have been attempted, the experiment ends prematurely due to arcing. This arcing problem 
does not appear to be due to dielectric breakdown or contamination on the outside of the crystal. Instead it appears 
to be related to cracking of the crystal. In several cases, the spark path was observed in the interior of the crystal, 
along a crack surface. Most of the cracks are observed to initiate during the initial poling and the process continues 
during subsequent cycles. This may be responsible for the observed decay in the strain envelope with time. 

For compressive stresses of 3.6 and 2.0 MPa, there is a stress dependence on strain envelope but not on strain 
recovery at zero electric field. For both cases, the strain recovery at zero electric field is quite low, however, at the 
end of the experiments, there is a greater recovery of the strain after the input signal is cut-off. The time scale 
for this decay, however, is on the order of the input signal period. This suggests a strong kinetic influence on goo 
switching, at the current loading conditions. The introduction of a field of opposite polarity is able to overcome the 
activation energy of goo domain nucleation and growth, thus the minimum strain occurs at a negative (or positive) 
electric field bias. Further experiments are needed to investigate the effect of stress on the frequency response of 
domain switching. 

The problem can be looked at in another way. Since there is effectively a 180° switch between strain peaks in 
the experiments, the mechanism of polarization reversal should be considered. In polycrystals, the mechanism for 
polarization reversal has been observed to consist of two goo domain rotations, rather than a direct 180° switch.4 

This observation is consistent with the results of Lynch5 whose data show that compressive stress has little effect on 
the strain envelope of polycrystalline PLZT. though it does effect the shape of the hysteresis loops. A single crystal. 
however, is not subject to the same residual stresses or mismatch at grain boundaries, so the two step process need 
not occur. In fact direct 180° switching has been observed in single crystals in absence of compressive stress.7•8 In 
the presence of a compressive stress, it seems reasonable that a two step mechanism should occur, however there is 
again a kinetic influence. Assuming that a two step mechanism occurs, not all domains need switch at the same time. 
The global strain will be determined by the fraction of domains in the original, rotated and reversed polarization 
states. The magnitude of compressive stress will have an influence on the evolution of combinations of these states 
with time. In addition, at low stresses, a dual mechanism of one step and two step reversal may occur. The specifics 
of the influence of stress on the switching mechanism should be a subject for further research and may be useful in 
modeling domain switching in a grain of a ferroelectric polycrystal. 

Finally, the experimental results bring insight into the applicability of the proposed mode of electrostrictive 
actuation and the difficulties and limitations associated with its implementation. First of all, there is a large 
hysteresis associated with actuation. This would limit use of actuators of this mode of operation to switching rather 
than continuous displacement applications. This precludes its use in many current applications for piezoelectric 
actuators , however there are other applications where a large strain switching device could be useful. Application 
of a compressive prestress would be required, but this could be incorporated by appropriate design of the structure. 
Finally. there is the problem of reliability due to cracking and the arcing that is associated with it. It is possible that 
there may be other materials of the same class that are more resistant cracking. In addition other changes in design, 
such as use of an appropriate lateral confining stress, may limit the cracking to an acceptable level. Considering the 
potential for applications of large strain electromechanical actuators, further investigation of this operating mode is 
warranted. 

6. CONCLUDING REMARKS 

An experimental setup has been designed to investigate electrostr ictive strain in a ferroelectric single crystal. Exper
iments have been performed on single crystals of barium titanate (BaTi03 ) exposed to a constant compressive stress 
and variable electric field. The experiments have demonstrated that large electrostrictive strains of greater than 0.8% 
can be generated, somewhat lower than the maximum predicted strain of 1.1 %. The influence of compressive stress 
on the strain envelope of the electric field-strain hysteresis curves has been demonstrated. It has been found that for 
some range of stress, the strain envelope increases with increasing compressive stress. Further work is necessary to 
further investigate the effect of stress on the electrostrictive response as well as the frequency dependence and the 
mechanism of polarization reversal. 
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