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New Materials for Large Strain Actuator Applications

Kurt M. Rittenmyer and Robert Y. Ting

U.S. Naval Research Laboratory
Undewater Sound Reference Detachment

P.O. Box 568337
Orlando, Florida 32856-8337

ABSTRACT

Several new materials capable of generating large strains under an electric field are being
developed for applications as actuators and high-drive sonar projectors. These materials are capable
of generating strains which are several times larger than those produced by conventional lead
zirconate-titanate ceramics. The first group of materials are the class of lead magnesium niobate-
lead titanate (PMNPT) ceramics. These materials are electrostrictive and, therefore, are operated
under dc bias fields. The largest strains are obtained when the temperature is maintained in the
region of the order-disorder phase transition of the material. This, however, makes the properties of

the material temperature depencient. An alternative material is the family of lanthanum-modified
lead zirconate-titanate (PLZT) ceramics. These materials have been developed extensively for

electrooptic applications. They can generate even higher levels of strain compared with the PMNPT
ceramics with less temperature dependence. They, however, suffer from higher dielectric hysteresis
and are more suitable for actuator applications because of dielectric heating. Results are presented
for measurements on several compositions of PMNPT and PLZT.

INTRODUCTION

Two new families of materials have been developed which are capable of generating strains
that are several times larger than those of PZT ceramics. The first group of materials are the lead
magnesium niobate-lead titanate (PMN-PT) ceramics[I-6]. The second family of ferroelectric
materials is the lead lanthanum zironate-titanate (PLZT) ceramics[7,8]. These materials show
promise for applications as actuators and in small reduced-weight sonar projectors because they

exhibit large field-induced strain, low electromechanical hysteresis, high effective d33 and high
energy density. The electromechanical properties of these materials are analagous to
magnetostrictive materials such as Terfenol in that the strain and electric polarization (which is
analagous to magnetization) are related quadratically. Both PMNPT and PLZT belong to a class of
materials known as relaxor ferroelectrics[2] which are distinguished from normal ferroelectric
materials by a ferroelectric phase transition from a nonpolar phase to a polar phase that occurs over

a very broad range of temperature of up to 100°C or more. The phase transition is characterized by
a high dielectric permittivity peak value which is dependent on frequency, and shifts in temperature
as a function of frequency as shown in Fig. 1. Also shown is the behavior of the polarization which,
unlike ordinary ferroelectrics, starts to decrease below the temperature of the maximum in the
dielectric permittivity and tails off slowly toward zero rather than showing the usual abrupt drop to
zero at the Curie temperature. The phase transition is also characterized by ferrolectric hysteresis
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loops which do not open abruptly at the Curie temperature but rather decay slowly into just
nonlinear dielectric behavior over a range of temperature. In addition, X-ray diffraction patterns of
the material shows no line splitting due to the loss of symmetry of the unit cell of the crystal lattice
as the material is cooled through the ferroelectric phase transition temperature. Instead, the phase
transition results from an ordering of some of the ions within the unit cell from a disordered state at
high temperature. There are three distinct regions in the dielectric permittivity versus temperature
curve (Fig. 1). Below Td, the depolarization temperature, the material has large polarization and the
material is piezoelectric (region I). Above the temperature of maximum dielectric pemittivity, T.,
purely electrostrictive behavior occurs (region III). In between T" and Td, the material shows a
mixed behavior (region 11). In region II, there is great potential for applications because of the large
dielectric permittivity which induces large strains via the electrostrictive effect. Of course, for many
applications, region I, where the material behaves as a normal piezoelectric, is of interest. Because
the transition occurs at low temperatures and over such a broad range of temperature, and the
properties of the material likewise vary slowly with temperature, it is possible, unlike ordinary
ferroelctrics, to utilize relaxor ferroelectrics within the temperature region of their phase transition
where the dielectric and piezoelectric properties of the materials are greatly enhanced. In the
following, results of the investigation of the temperature-dependent piezoelectric properties of
several compositions of PMNPT and PLZT which were chosen specifically for transducer
applications are described.

EXPERIMENTAL

Sample Preparation

Pellets of each composition listed in Table I were processed by a modified columbite
precursor technique[6] where MgO and Nb 2O5 are reacted at I I000C and then PbO is added and
calcined at 8000 C. After the powders are milled, they are pressed into pellets with a binder which is
then burned out at 5000C. The pellets were then pressed at 300 MPa and fired at 1185'C for
3 hours.

The PLZT material (Pbo93Lao.o0 (Zr0.58Ti0o4 2),.xNb1 +O3 was prepared by mixing PbO, TiO 2,
ZrO2 powders and calcining them at 700-800C; the calcined materials were ball-milled in acetone
to reduce the particle size to approximately 6 pim and the powders were cold-pressed into pellets
and then hot forged at 1175-1200°C at pressures greater than 1000 psi in oxygen to over 98% of
theoretical density. This particular composition of PLZT is piezoelectric. Therefore, it was poled at
20-25 kV/cm in a silicone oil bath.

Property Measurements

A laser Doppler vibrometer (Dantec model 55L) was used to measure the strain in the
ceramic samples as a function of frequency, temperature and electric field. The range of frequency
which can be measured is 0.1-100 kHz. The technique and experimental procedures have been
described previously[9]. A diagram of the apparatus is shown in Fig. 2. The d33 coefficients were
determined by measuring the longitudinal strain of a rectangular sample with nominal dimensions of
17x8x2 mm. For measurements of d31, the sample was mounted on edge with epoxy and the laser
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was focused on the opposite edge. A variable dc bias voltage was applied to the sample through a
10-kM resistor using a power supply which is capable of supplying 0-10 kV dc. The power amplifier
outputs an audio signal (0.1-10 kHz) of magnitude from 10-50 V,,. that is then applied to the
sample through a blocking capacitor (0.2 jaF) which protects the output of the of the signal amplifier
from the large dc voltage but allows the

Table 1.

Compositions of PMN-PT investigated

"%PMNi Dopant 0TDa Designation

92.5 7.5 Sr 2.5 S250075

91.0 9.0 Sr 2.5 S250090

91.0 9.0 Sr 4.0 S400090

90.0 10.0 Ba 3.0 B300100

90.0 10.0 Ba 5.0 B500100

88.0 12.0 Ba 2.0 B200120

85.9 14.1 Sr 2.5 S250141

ac signal to pass with minimal influence. The velocity amplitude of the vibrating sample surface is
measured by the LDV system and the strain is calculated from the velocity. The appropriate
piezoelectric coefficient (d33 or d3O) is then calculated from the measured strain and the ac-electric
field. The dc-bias fields up to 10 kV/cm were applied to the samples. Silicone grease was used on
the edges of the sample to prevent dielectric breakdown.

The temperature dependence of the dielectric and piezoelectric properties of the materials
was determined by placing the sample and holder in a liquid nitrogen-cooled environmental chamber
equipped with a window through which the laser can be focused at a point on the sample surface.
The temperature was varied in the range from 5oC to 60°C which covers the temperature range
where the generated strains of the material are large. In some cases, this range was extended from
-20*C to 90°C. The dielectric properties of relaxor ferroelectrics such as PMN and PMNPT are

time-dependent in the region of the order-disorder phase transition. The values of the dielectric and
piezoelectric properties are therefore dependent on the rate at which the sample is heated and cooled
as well as the amount of time the sample is left to stabilize. The sample was therefore left to
stabilize at least 20 mins after each temperature change. The change in the sample measurements
after this time was fairly negligible.
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RESULTS

Results of the laser Doppler measurements of d 33 for a sample of composition S250075 are
shown in Fig. 3. The d33 coefficient increases monotonically with applied electric field up to
10 kV/cm and is seen to be strongly dependent on temperature. The highest d 33 values of
500x10- 2 m/V are observed at the lowest measured temperature and the highest field used. The
values are seen to decrease steadily with increasing temperature. At 60*C, the highest observed
value of d33 is 170x10-2 m/V at 10 kV/cm. The d31 coefficient was measured and has a field and
temperature dependence similar to that of the d 3 3 coefficient. The ratio of d3, to d33 is fairly constant
with values between 0.33 and 0.37 and is independent of the applied field.

Results of the d 33 measurement for S250090, which has 1.5% higher PbTiO 3 content is
shown in Fig. 4. At 5-10TC, a maximum of 550x10-12 m/V in the d33 is observed at an applied field
of about 7 kV/cm. This maximum shifts to higher fields as the temperature increases. The d 33 value
decreases steadily as the temperature is increased and above 200C, no maximum is observed as a
function of field. Unlike S250075, the ratio of d3, to d 33 is observed to decrease steadily from 0.42
to 0.26 as the temperature is raised (Fig. 5). This implies that d31 is falling more rapidly with
temperature compared with d33.

Increasing the level of Sr doping from 2.5% to 4.0% shifts the peaks in the d 33 versus
E curves to higher field levels and decreases the d33 values as shown in Fig. 6 for S400090 where
the peak d33 value is about 440x10-12m/V at 50C. The maximum d33 was measured at the lowest
temperature and steadily decreases with temperature. The ratio of d3, to d 33 decreases slightly with
temperature.

The d33 values of 5250141 are plotted in Fig. 7 as a function of electric field and
temperature. Maximums in d 33 are observed at nearly all measured temperatures. The maximum is
observed to shift with electric field at 150C per kilovolt for this composition and the highest d33 of
650xl0"2 mN is observed in the range of temperature 20-30TC. The ratio, -d31/d33, was found to be
independent of temperature with a value of 0.38.

For the Ba-doped material, B500100, the maximum d33 value of about 310x-0"' 2 m/V is
observed (Fig. 8). The d 3,/d 33 ratio varies from 0.38 at 600C to near 0.6 at 5PC. The composition
B200120 exhibits the highest d 33 coefficients of any of the compositions examined (Fig. 9) with a
maximum effective d 33 of about 800x10-12 m/V. The peak, however, shifts fairly drastically with
field and temperature. Destruction of the sample prevented determination of d3,.

The results of the d33 measurement for the piezoelectric PLZT sample are shown in Fig. 10.
It is seen to be somewhat temperature dependent but less so than the PMN-PT material. Values of
d33 range from 650x10"12 m/V at 10°C to nearly 900x10"12 mN at 600C. The values are not strongly
dependent on field if the field is applied in the direction of polarization. The polarization however is
easily reversed in the material. It can be stabilized by applying a dc-bias field of the correct
polarity to the material.
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Table 2. Summary of Results for PMN-PT materials at peak values of d33

Sample max d33  at field, E. at Temp, T. -d33/d 33  dh at
Eo,To (pm/V) (kV/cm) (deg C) (pm/V) (pm/V)

S250075 500 9.0 5+ 0.34 160

S250090 550 7.5 Y 0.26-0.41 100

S400090 440 10.0* 5* 0.36 120

S250141 700 7.0 20 0.38 170

B300100 480 7.8 10 0.45 50

B500100 310 10.0* 10+ 0.57 20

B200120 800 4.4 30 ......

*-indicates maximum electric field tested.
+- indicates minimum temperature tested.

DISCUSSION

The results show that all the tested PMN-PT materials generate substantial piezoelectric
effects under moderate dc field levels, but the materials with higher PT/PMN ratios yield higher
piezoelectric coefficents at least up to the highest ratio (14%) tested. The materials generally show
maximums in their field-dependent effective d33 values so that, to achieve maximum sensitivity, a
particular bias field must be applied. This is shown in Table 2. Comparison of the two 9% PT
materials (S250090 and S400090, Figs. 4-6) show that small differences in doping change the
behavior of the material fairly drastically although the peak obtainable d 33 values are within 10% of
each other. The decrease in the d3, value relative to d33 (Fig. 5) for S250090 is interesting for
academic reasons because it implies that at high temperature (60'C), the dh value should increase
since

2 d3l
dh=d3 3 (11+-) (1

7 3 3

and the ratio of d3, to d33 is negative. Unfortunately, d33 decreases with temperature also and at 600C
and a bias field of 10 kV/cm, d33 is only about 175x1 0.12 inN. However, the possibility of finding a
material with low d31 and consequently high dh even over a limited temperature range is intriging.
The material itself has reasonably high effective piezoelectric coefficients and could be a useful
material.

The Ba-doped material appears to be strongly affected by small changes in composition.

Comparison of the results for B300100 , B500100 (Fig. 8), and B200120 (Fig. 9) demonstrate this.
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The latter material shows the highest d33 coefficent of any of the materials at a bias field of
4 kV/cm and a temperature of 30°C with a value of about 800x10"12 m/V.

The PLZT material appears to be an interesting material for actuator applications. Its high d33

and lower dependence on temperature possibly make it an attractive alternative to the PMN-based
materials. The polarization, however, was observed to reverse slowly with time but at low applied
fields. This will generate significant hysteresis. The material is therefore not suitable for sonar
transducer application.

From the standpoint of piezoelectric properties, the material S250141 appears to be very
attractive. The peaks in the d33 coefficient occurs at 25°C which is around room temperature for
many applications. For most underwater applications, the material could be thermally stabilized at
25°C. The effective d33 of the material at a field of 7 kV/cm was about 650xl0"2 which is almost a
factor of three larger than that of the Navy type Ill lead zirconate-titanate ceramic commonly used
in sonar projectors. However, the high-field dielectric and electromechanical losses hve not been
considered yet. These must be considered for a high-drive sonar material before any conclusions can
be drawn. The other materials considered still have high effective d33 coefficients relative to PZT
materials and remain viable candidates depending on whether their high-field dielectric losses are
sufficiently small. All of the materials could have application in actuators where electromechanical
losses are not as deleterious to performance.
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Fig. 4. Piesoelectric coefficient d for composition S250090 as a function of
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Fig. 5. Ratio of piesoelectric coefficents, -d, /d.., for composition s2500o0
as a function of temperature.
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Fig. 7. Piezoelectric coefficient d for composition 8250141 as a function of
electric field for various tnperatures.
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Fig. 8. Piesoelectric coefficient d for composition BSO0100 as a function of
electric field for various t aperatures.
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Fig. 10. Piezoelectric coefficient d. for composition PLZT sample as a function
of temperature.

SPIE Vol. 2189 113


