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ABSTRACT

This report documents work carried out largely over the fifth and final year of the
ONR sponsored University Research Initiative (URI) entitled “Materials for Adaptive
Structural Acoustic Control.” This program has continued to foster the successful
development of new electroceramic single crystal and composite material combinations for
both sensing and actuation functions in adaptive structural systems.

For the classical perovskite relaxor, dielectrics typified by lead magnesium niobate,
continuing studies of properties in the temperature region above the dielectric maximum T,
have added strong additional support to the superparaelectric/spin glass model for the
behavior developed earlier in the IMRL. The most exciting and important discovery of the
year has been the ultra high strain capability of relaxor ferroelectric single crystal actuators.
For crystal in the lead zinc niobate:lead titanate (PZN;PT) solid solution system, at
compositions in the rhombohedral phase close to the morphotropic phase boundary to the
tetragonal ferroelectric phase at 9 mole % PT in PZN, crystals cut and poled along the 001
cube axis exhibit massive field induced quasi linear anhysterestic strains up to 0.6%. For this
poling d; values up to 2,300 pC/N and coupling coefficients k33 of 94% have been achieved
and it was the original hypothesis that these extreme numbers must be largely due to extrinsic
domain wall motion. Now however it is very clear that the exact equivalence of the effect of
an 001 oriented E field on the lll,ill,li l,andﬁl rhombohedral domains precludes this field
from driving domain wall motion so that quite contrary to our earlier expectation the
polarization and associated strain phenomena are purely intrinsic. At higher field levels there
is an obvious step in both polarization and strain into an induced tetragonal phase which gives
total reproducible induced strains up to 1.7%. Clearly the PZN:PT crystals represent a major -
breakthrough into a completely new regimen for piezoelectric actuation and sensing.

For antiferroelectric:ferroelectric switching compositions in the lead lanthanum
zirconated titanate stannate family, new experimental studies have proven that the induced
polarization P; and the strain x3; onset at different field levels. A new domain re-orientation
model has been invoked to explain this startlingly unusual behavior. Both barium and
strontium additives have also been explored to control hysteresis between forward and
backward switching with good success. As well as being interesting for transduction we
believe these compositions are sure to be important for energy storage dielectrics.

In composite sensing it is pleasing to report that the moonie flextensional patent has
now been licensed to the Input:Output Corporation who have successfully fabricated and sold
more than 80,000 moonie sensors. Work is continuing on the cymbal type modification of
the moonie with focus now on array structures for large area panels. This topic is
transitioning to a joint study between the IMRL and Penn State’s ARL, on a new MURI
initiative. For the very small hollow PZT spheres produced by blowing, the emphasis has been
upon both poling and driving from outer surface electrodes, and exploring both by
experiment and by finite element theoretical methods, the resonant mode structures which can
be induced. Studies of the 2:2 composite structures confirm the very high effective
hydrostatic sensitivity and are permitting closer consonance between measurement and
theoretical analysis.

Actuation studies have been dominated by the initial exploration of the fantastic strain
capability of the relaxor ferroelectric MPB single crystals. Obviously the induced strains are
on order of magnitude larger than for conventional PZT ceramics, but the blocking force has



not yet been determined. It is expected that d;; will also be large and anhysteritic in these
crystals, as spontaneous strain depends on Qg which is a pure shear constant. The d;s
however may be significantly more complex as an E, field will certainly drive domain walls in
these E, poled crystals.

Reliability studies of conventional actuators are continuing with emphasis on using
acoustic emission to explore and separate domain wall motion and crack propagation. Most
earlier studies were indeterminate and difficult to interpret, recently for these strongly
piezoelectric samples we have shown that electrical noise in the power supply induces very
strong mechanical noise in the sample giving high spurious emission counts. New studies
using a long time constant filter in the supply have permitted clear and effective separation.
Over the last few years there has been a strong re-awakening of interest in bimorph type
transducer amplifiers with new concepts like rainbow, cerambow and thunder appearing.
Under our ONR program with Virginia Polytechnic it has been necessary to sort out the
conflicting claims for these ‘morph’ types and these data are included for completeness. We
have also begun serious study of the large electrostriction in the soft polyurethane elastomers
where it has been necessary to derive new techniques to measure strain with ultra low
constraint on the films.

Processing studies now involved both single crystal flux growth and a wide range of
powder and ceramic processing. Current needs for integrity and better mechanical properties
are driving new needs for fine grained PZT piezoceramics and new processing is permitting
retention of excellent properties down to submicron grain sizes.

From the wide range of thin ferroelectric film activities in the laboratory, only those
which refer to the thicker films being produced on silicon for MEMS devices are included.
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ABSTRACT

Lanthanum-modified lead zirconate titanate (PLZT) ceramic materials have gained
considerable attention due to their photostriction, which is the superposition of photovoltaic and
piezoelectric effects. However, the photovoltaic effect and the induced strain response are also
influenced by the fabrication and processing conditions. The PLZT ceramics produced by
conventional oxide mixing process exhibit moderate photostrictive properties due to the
inhomogeneous distribution of impurities. In this study, ceramics of PLZT (3/52/48) doped with
WO3 and Nb205 were prepared by sol-gel technique using lead (II) acetate trihydrate, lanthanum

(I1) acetylacetonate hydrate, Zr, Ti, Nb, and W alkoxides. It was found that WO3 and Nb205 were

effective in suppressing the grain growth of PLZT, which lead to the enhancement of photovoltaic
and photostrictive properties. Photovoltaic and photostrictive responses showed a maximum for
samples with 0.5 at% W03 doped sol-gel PLZT. It has been shown that the sol-gel derived PLZT
ceramics with proper density possess the possibility of enhancing the photostriction over ceramics
produced by conventional oxide mixing process.
INTRODUCTION
Lanthanum-modified lead zirconate titanate (PLZT) ceramics are known to exhibit a range

of interesting electro-optical properties. The advantages of PLZT ceramics are their high optical




transparency, desirable electrooptic properties, and fast response (Xu, 1991). There have been
many successful demonstrations of the applications of PLZT. Recently, the application of
PLZT in photostrictive actuators has drawn considerable attention (Uchino and Aizawa, 1985;
Uchino ef al., 1985; Sada et al., 1987; Chuetal., 1994; Chu and Uchino, 1995)

Photostrictive effect is the superposition of the photovoltaic and piezoelectric effects.
This effect is of interest in the development of wireless remote control photodriven actuators.
Another promising application will be in the new generation photoacoustic devices.
Photovoltaic effect and the strain response has been shown to vary greatly for the different
preparation processes, even in the material with the same composition (Sada et al., 1987). Ina
ceramic material for electro-optic application, a combination of good ferroelectricity and high
transparency is required. This requirement can be met by a ceramic material with high density,
low porosity, and a homogeneous composition. However, the conventional oxide mixing process
provides inhomogeneous distribution of impurities, resulting in moderate photostriction
properties. The sol-gel process, involving chemical precipitation (solution reaction) for
preparation of powder materials, has gained attention in comparison to the conventional
techniques due to its inherent advantages in producing high density homogeneous powder with a
greater control on stoichiometry (Chiou and Kno, 1990; Rahaman, 1995). In addition, the
obtained powders are finely divided and greatly enhanced in reactivity, sinterability and
transparency over powders prepared by the conventional processing.

In this study, ceramics of PLZT (3/52/48) doped with WO3 and Nb205 were prepared
by both the conventional oxide mixing process and the sol-gel technique using lead (II) acetate
trihydrate, lanthanum (III) acetylacetonate hydrate, Zr, Ti, Nb, and W alkoxides. Photostrictive

effect and its dependence on dopant and fabrication method were investigated.



EXPERIMENTAL PROCEDURE
PLZT (3/52/48) ceramics with 3 at% La and a Zr/Ti ratio of 52/48 was selected due to its
highest photovoltaic effect (Uchino and Aizawa, 1985). PLZT (3/52/48) doped with 0.5 at%

WO3 and various concentrations of Nb2O5 were prepared by the conventional oxide mixing

process and the sol-gel technique. Figure 1 illustrates a flow chart for the sample preparation by

the conventional oxide mixing process. In this method, PbCO3, L2203, Zr02, TiO2 and dopants

(WO3 or Nb205) were mixed in the proper ratio corresponding to the composition and ball

milled for 48 h. The slurry was dried and calcined at 950 °C for 10 h. The calcined powder was

further ball milled for 48 h and subsequently sintered in air at 1270 °C for 2 h. The flow chart for
the sample preparation by the sol-gel technique has been shown in Fig. 2. In the sol-gel
processing, lead (II) acetate trihydrate, Pb(CH3CO0O0)2-3H20, lanthanum (III) acetylacetonate
hydrate, La(acac)3-H20, zirconium (IV) butoxide, Zr(OC4H9)4, and titanium (IV) isopropoxide.
Ti(OC3H7)4, were used as precursors while tungsten (VI) ethoxide, W(OC2H5)6 and niobium
(V) ethoxide, Nb(OC2H5)5, were used as dopants and 2-methoxyethanol (2-MOE) was used as a
solvent. Pb and La precursors were mixed in the proper ratio and dissolved in 2-MOE and used
as precursor site A. The solution was distilled and refluxed at 125 °C and cooled to the room
temperature. Precursor site B comprising of Zr, Ti and dopant were mixed in the proper ratio
using 2-MOE as a solvent. The solution was refluxed in Ar at 125 °C and cooled to room
temperature. Subsequently, the solution was added into the reflux solution of site A and was

refluxed in Ar at 125 °C. The pH of this solution was adjusted to 10 by using nitric acid, before

its hydrolysis. The solution was then aged to yield a gel which was dried to obtain the powder.



After the organic removal at 400 °C for 6 h, the powder was calcined at 600 °C for 1 h and

sintered at 1250 °C for 2 h in air.

Weighing
PbCO3, L8203, Zr02, TiO2
and doping (WO30r Nb209

‘Wet ball mill mixing|
48h

( Calcination 950 °C, 10 h )

‘Wet ball mill mixing 48 h
and drying

Mixing with binder

( Binder burn out (300 °C, 2h and 550 °C. 4h) '
Sintering
1270%C. 2h
PLZT samples

Fig. 1. Flow diagram of sample preparation by
oxide mixing process.
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!
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Fig. 2. Flow diagram of sample preparation by sol-gel process.
2-MOE: 2-methoxyethanol. Ti(OPr)4: Titanium (IV) isopropoxide.
Zr(OBt)4: Zirconium (IV) butoxide, W(OEt)g: Tungsten (VI) ethoxide.
Nb(OEt)sz Niobium (V) ethoxide.

The density of the sintered samples was determined by the Archimedes method.

Microstructure and grain size of the samples were observed by scanning electron microscopy

(ISI-SX-40X Scanning Electron Microscope, International Scientific Instruments, Inc., NY).

Dielectric properties of PLZT samples were measured with an impedance analyzer (HP-4274A).

Samples for dielectric measurements were polished to about 10 mm in diameter and 1 mm in

thickness, then electroded with platinum (Pt) by sputtering. Piezoelectric properties of all the

samples were measured by using a Berlincourt d33 meter (Channel Products, Inc.) at 100 Hz.



Samples for piezoelctric measurement were of the same configuration as for dielectric
measurements, except they were poled in silicone oil at 120 °C under a 2 kV/mm electric field for
10 min.

Photovoltaic measurements were done by using a high-input-impedance electrometer
(Keithley 617), while the photostriction measurement was done by using the displacement
sensor (LVDT, Millitron model 1301). These measurements were done by radiating the light
perpendicular to the polarization direction. The samples of 5x5x1 mm3 were cut and polished
for these measurements. The 5x1 mmZ surfaces were silver electroded. Poling was performed by
applying 2 kV/mm electric field for 10 min. in silicon oil at 120 °C. A high pressure mercury
lamp (Ushio Electric USH-500D) was used as a light source for the measurement. The white
radiation was passed through an IR blocking filter and an UV bandpass filter to obtain a beam
with a maximum strength around 370 nm and an intensity of 3.25 mW/cm2, before illuminating

the samples (5x5 mm? polished surface). The light beam with this wavelength has been reported
to yield the maximum photovoltaic properties (Uchino e al., 1985). The experimental set-up for

photovoltaic and photostriction measurements are shown in Figs. 3 and 4, respectively.

Light
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— - 9
. »velt [-X]
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High pressure IR Bandpass  Sample Electrometer i il i i
mercury lamp blocking fiter p (Keithley 617) Displacement sensor  Millitron displacement meter Oscilloscope
filter  (248-390 nm)
(>700 nm)
Fig. 3. Experimental set up for photovoltaic measurement. Fig. 4. Experimental set up for photostrictive measurement.

- High pressure Mercury lamp
- Without polarizer
- Filter - IR blocking filter

- Bandpass filter
-Wavelength - 370 nm

- Intensity - 325 mW/em2



RESULTS AND DISCUSSION
Relative density

Figure 5 shows the relative sintered density of Nb205 doped PLZT as a function of
sintering temperature. A relative density of 98% was achieved for PLZT oxide samples sintered

at 1200 °C. The sintered density saturated and remained constant as the sintering temperature
increases to 1300 °C. On the other hand, in the sol-gel PLZT a maximum density of 91% was

observed at a sintering temperature of 1250 °C. The sintered density decreased as the sintering

temperature was further increased. This was probably due to the evaporation of PbO during
sintering. As evident from Fig. 5, the sol-gel PLZT exhibits lower density as compared to the
oxide PLZT at all the sintering temperatures. This lower density was probably due to finer and
agglomerated particles, resulting in aggregation which was observed in some areas of NbyOs
doped sol-gel PLZT. However, the aggregation was not observed in 0.5 at% WO3 doped sol-gel
PLZT, which is one reason for the higher relative density of this ceramic (93%) than Nb,Os
doped sol-gel PLZT. The high density in PLZT oxide samples is probably due to higher packing
density without agglomeration as compared to sol-gel ceramics. Figure 6 shows the SEM
micrographs of the sintered ceramic surfaces. The 1.0 at % Nb;Os doped sol-gel PLZT in (b)

clearly showed large pores which caused by the particle agglomeration.
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(a) (b)
Fig. 6. SEM micrographs of 1.0 at% Nb,O; doped PLZT ceramics prepared by
(a) oxide mixing (b) sol-gel methods.

Grain size
The average grain size is shown in Fig. 7 as a function of doping concentration. The

average grain size decreases with increasing doping concentration. Nb2O5 was found to be more
effective in suppressing the grain size as compared to WO3 as a dopant. The grain size of the

sol-gel ceramics was smaller than that of the oxide mixing ceramics when sintered at 1250 °C for

2h.
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Dielectric and piezoelectric properties
Figure 8 (a) shows the change in the maximum dielectric constant with doping

concentration. The number shown in the figure represents the relative density of the samples at

each composition. The dielectric loss (tan 8) as a function of doping concentration is shown in

Fig. 8 (b). The maximum dielectric constant was found to decrease with increasing doping
concentration for the case of oxide mixing samples. This was partially due to the lower grain size
observed in PLZT doped oxide mixing ceramics. The dielectric constant showed a minimum at
1.0 at% Nb205 doped oxide PLZT. Also, the sol-gel PLZT doped with WO3 has a lower
dielectric constant compared to the oxide PLZT due to the smaller grain size. However, the
Nb205 doped sol-gel PLZT exhibits higher dielectric constant as compared to the oxide PLZT at
the same composition. This may be due to the high dielectric loss observed in this ceramic (Fig.8
(b)). Higher dielectric loss in sol-gel samples may be due to loss through grain boundaries and

pores.
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The piezoelectric constant as a function of doping concentration is shown in Fig. 9. The

measured value of d33 decreases with increasing doping concentration. Also, the sol-gel ceramics
exhibit lower d33 as compared to the oxide ceramics. With decrease in grain size, the domain wall

contribution to the piezoelectric properties drops off, leading to this decrease in piezoelectric

constant.
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Photovoltaic and photostrictive properties
Figure 10 shows the variation of photovoltaic responses with doping concentration for

the samples doped with WO3 and Nb20s. All dopants were found to enhance the photovoltaic

responses. The photovoltage reached more than 1 kV/cm and the photocurrent was of the order
of nA/cm. As in the previous papers, the current density was normalized only with respect to
the width of the illuminated surface, but not to the depth. Both the photovoltage and

photocurrent revealed a maximum at 1 at% of doped Nb205 in the oxide PLZT. WO3 doped

sol-gel PLZT showed the maximum photovoltaic response among all the samples. This may be
attributed to higher degree of homogeneity and uniform distribution of dopant and a
stoichiometry in compositions for this sample. Lower photovoltatic properties were observed in

Nb205 doped sol-gel PLZT. In general, increase in photovoltage will enhance photostriction and

increasing photocurrent will increase the response speed. The photostriction is estimated as the
product of the photovoltage and the piezoelectric coefficient (Uchino and Aizawa, 1985, Sada er
al., 1987; Chu and Uchino, 1995). It can be expressed by
Xh = d33 Eph (1- exp (-/RC))

where X, is photoinduced strain, dj; is piezoelectric coefficient, Ey, is the saturated
photovoltage, t is time, R is the resistance, and C is the capacitance of samples. The RC is
referred to as time constant or response speed which suggests that sample with high
photocurrent will give fast response speed as compared to slow response samples. These effects
are confirmed in Figs. 11 (a) and 11 (b), where the change in photostriction and response speed
are shown as a function of doping concentration. Similar changes in photovoltaic behavior with

doping concentration was observed in photostrictive effect. The maximum photostriction was



found in WO3 doped sol-gel PLZT. In the NbpO5 doped oxide PLZT, the largest photostriction
was observed in the sample with 1.0 at% Nb205. Also, the WO3 doped sol-gel PLZT exhibited
the fastest response time among all the samples. The fastest response time among Nb20O5 doped
oxide PLZT, was obtained at 1.0 at% Nb205. The lower photostriction and the slow response
speed in NbpO5 doped sol-gel PLZT can be due to the agglomeration of fine powder which

resulted in a lower density.
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CONCLUSIONS

WO3 and NbpO5 were effective in suppressing the grain growth which leads to the
enhancement of photovoltaic and photostrictive properties in PLZT. Although, WO3 was less

effective in suppressing the grain size, due to its inherent dopant property, it was more effective
in enhancing the photovoltaic and photostrictive responses. Dielectric and piezoelectric
properties were found to decrease with increasing doping concentration due to the smaller grain
size. In general, the dielectric and piezoelectric properties can be enhanced by doping with

donors such as WO3 and NbpO5. However, they also decrease with decreasing grain size due to

drop in domain wall contribution. The lower dielectric and piezoelectric properties found in
doped ceramics indicate the dominance of the grain size effect. Although the relative density of
sol-gel PLZT is lower than oxide PLZT. at the same composition, the preliminary results showed
that the maximum photovoltaic and photostrictive effect were obtained for 0.5 at% WO3 doped
sol-gel PLZT. This may suggest that a better homogeneity and a closer control of stoichiometry
in sol-gel technique as compared to oxide mixing process give rise to higher photovoltaic and
photostrictive properties. The aggregation and low density observed in Nb20O5 doped sol-gel
PLZT was the reason for lower photovoltatic and photostrictive responses as compared to the
WO3 doped sol-gel PLZT. In conclusion, the preliminary results in this study suggests that the
sol-gel technique possess the possibility in enhancing the photostriction in PLZT. It must also
be noted that if the density of sol-gel processed PLZT can be increased through particle size
distribution and by controlling the agglomeration, even further improvement in photostrictive

response will be achieved.
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Abstract-Reliability of ceramic actuators
i{s dependent on complex factors, which are
divided into three major categories:
reliability of the ceramic material,
reliability of the device design and drive
technique. The reliability issues are reviewed
from whole points of view, with a particular
focus on multilayer structures.

L INTRODUCTION

The application field of ceramic actuators has
become remarkably wide [1,2]. There still remain,
however, problems in durability and reliability that
need to be addressed before these devices can become
general-purpose commercialized products.
Investigations are primarily focused on the areas of
ceramic preparation, device design and drive technique
to improve the reliability.

II. MATERIALS IMPROVEMENTS

The reproducibility of the strain characteristics
depends strongly on grain size, porosity and impurity
content. Increasing the grain size enhances the
magnitude of the field-induced strain, but degrades the
fracture toughness and increases the hysteresis [3].
The grain size should be optimized for cach
application. Hence, fine powders made from wet
chemical processes such as coprecipitation and sol-gel
will be required.

Porosity does not affect the strain behavior
significantly. Figure 1 shows the tip deflection of a
unimorph made from Pb(Mg1/3Nb2/3)03 based
material plotted as a function of sample porosity {4].
The deflection did not show a difference below 8 % of
porosity.

The impurity, donor- or acceptor-type, provides
remarkable changes in strain. Figure 2 shows dopant
effect on the field induced strain in (Pbg.73Bag 27)
(Zr9.75Tig.25)03 (5]. Since donor doping provides
"soft" characteristics, the sample exhibits larger
strains and less hysteresis when driven under a high
electric field (1 kXV/mm). On the contrary, the
acceptor doping provides "hard” characteristics,
leading to a very small hysteretic loss and a large

mechanical quality factor when driven under a small
AC electric fizld (i. e. ultrasonic motor applications!).
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Fig.1. Tip deflection of a PMN unimorph plotted as a
function of the sampie porocity.
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Figure 3 shows the temperature rise versus
vibration velocity for undoped, Nb-doped and Fe-
doped Pb(Zr,Ti)O3 samples. The suppression of heat
generation is remarkable in the Fe-doped (acceptor-
doped) ceramic (6].
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Fig.3. Temperature rise vs. effective vibration velocity
for PZT sampies doped with Nb or Fe.

The temperature dependence of the strain
characteristics must be stabilized using either
composite or solid solution techniques [7]. The
recent new trends are found in developing high
temperature actuators for engine surroundings and
cryogenic actuators for laboratory equipment and
space structures.

Ceramic actuators are recommended to be used
under bias compressive stress. Figure 4 shows
compressive uniaxial stress dependence of the weak-
field piezoelectric constants d in various PZT. Note
the significant enhancement in the d values for hard
piezoelectric ceramics (8]. Systematic studies on
stress dependence of induced strains are eagerly
awaited, including the composition dependence of
mechanical strength.

Although the aging effect is very important, not
many investigations bave been done so far. The
aging effect arises from two factors: depoling and
destruction. Creep and zero-point drift of the
displacement are caused by the depoling of the
ceramic. Another serious degradation of the strain is
produced by a very high electric field under an elevated
temperature, humidity and mechanical stress. Change
in lifetime of a multilayer piezoelectric actuator with
temperature and DC bias voltage has been reported by
Nagata (9]. The lifetime under DC bias voltage
obeys an empirical rule:

toc = A E™? exp(Wpc/ kT) (¢))

where Wpc is an activation energy ranging from 0.99
- 104 eV.
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IIL. RLIABILITY OF DEVICES

Popular silver electrodes have a serious problem
of migration under a high electric field and high
bumidity. This problem can be overcome with usage
of a silver-palladium alloy (or more expensive Pt).
To achieve inexpensive ceramic actuators, we need to
introduce Cu or Ni electrodes, which requires a
sintering temperature as low as 900°C. Low
temperature sinterable actuator ceramics will be the
next target to research.

Delamination of the electrode layer is another
problem in muitilayer types as well as bimorphs. To
enhance adhesion, composite electrode materials with
metal and ceramic powder colloid, ceramic electrodes,
and electrode configurations with via holes are
recommended for use [10]. To suppress the internal
stress concentration which initiates the crack in the
actuator device, several electrode configuations have
been proposed, as shown in Fig.5: plate-through
type, slit-insert type, and float-electrode-insert type
[11]. The reason why the lifetime is extended with
decreasing layer thickness has not yet been clarified.

- ' 0 3
‘ f ) B S
i B o = g &
E A 8 Ct - =1
| 4 d L
(a) ) (c) )
Interdigital Plate-through Interdigital Interdigital
wislit wifloat electrode

Fig.5. Various electrode configurations for muitilayer
ceramic actuators.

Lifetime prediction or health monitoring systems
have been proposed using failure detection techniques
(12). Figure 6 shows such an "intelligent” actuator
system with AE monitoring. The actuator is
controlled by two feedback mechanisms: position
feedback, which can compensate the position drift and
the hysteresis, and breakdown detection feedback
which can stop the actuator system safely without
causing any serious damages to the work, e.g. in a
lathe machine. Acoustic emission measurement of a
piezo-actuator under a cyclic electric field is a good
predictor for lifetime. AE was detected largely when a
crack propagates in the ceramic actuator at the
maximum speed. During a normal drive of a 100-
layer piezoelectric actuator, the number of AE was
counted and a drastic increase by three orders of
magnitude was detected just before complete
destruction. Note that part of the piezo-device can be
utilized as an AE sensor.

oD

A recent new electrode configuration with a strain
gauge type (Fig.7) is another intriguing alternative
for the health monitoring. By measuring the
resistance of the strain gauge shaped electrode
embedded in a ceramic actuator, we can monitor both
electric-field induced strain and the symptom of cracks
in the ceramic.

Feedback(1) * ’
Strain Sensor

> Position drift .
> Hysterssis

Destruction M}kor'
Feedback(2)

Controlied driving
4 vore*  (Oupun
Destruction Dstector r
> ElectricalMechanical
breakdown
anls uon§§I
A S gong
Computer-controtied Power Supply

Fig.6. Intelligent actuator system with both position
feedback and breakdown detection feedback mechanisms.

Disptacement Sensor

Fig.7. Multilayer ceramic actuator with a strain-gauge
type electrode.

IV. DRIVE TECHNIQUES

Pulse drive of the piezoelectric / electrostrictive
actuator generates very large tensile stress in the
device, sometimes large enough to initiate cracks. In
such cases, compressive bias stress should be
employed on the device through clamping
mechanisms such as a helical spring and a plate
spring.

Temperature rise is occasionally observed
particularly when the actuator is driven cyclically, i.e.
in pulse drive or ultrasonic motor applications.




Temperature rise is due to the imbalance between heat
generation basically caused by dielectric hysteresis
loss and the heat dissipation determined by the device
size (surface area!) [13]. Figure 8 shows a linear
relation between temperature rise and the ve/A value,
where ve is the effective volume and A the surface
area of a multilayer actuator, when driven at a fixed
magnide and frequency of the electric field. We need
to select a suitable drive power or a driving duty ratio
;c()) as not to produce a temperature rise of more than
0,
C.
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Fig.8. Temperature rise versus ve/A for various size
multilayer ceramic actuators (applied field: 3 kV/mm at
300Hz).

Regarding uitrasonic motors, the usage of the
antiresonance mode has been proposed [14]. Quality
factor Q and temperature rise have been investigated
on a PZT ceramic rectanguiar bar, and the results for
the fundamental resonance (A-type) and antiresonance
(B-type) modes are illustrated in Fig.9 as a function
of vibration velocity. It is recognized that QB is
higher than QA over the whole vibration velocity
range. In other words, the antiresonance mode can
provide the same mechanical vibration level without
geoerating heat.

All the previous ultrasonic motors have utilized
the mechanical resonance mode at the so-called
“resonance” frequency. However, the mechanical
resonant mode at the "antiresonance” frequency reveals
higher Q and efficiency than the "resonance” state.
Moreover, the usage of "antiresonance,” whose
admittance is very low, requires low current and high
voltage for driving, in contrast to high current and
low voltage for the "resonance.” This means that a
conventional inexpensive power supply may be
utilized for driving the ultrasonic motor.

V. CONCLUSION

There are many possibilities to improve the
durability and reliability of ceramic actuators. Future
wide commercialization will be rather promising.
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HIGH ELECTROMECHANICAL COUPLING PIEZOELECTRICS
. HOW HIGH ENERGY CONVERSION RATE IS POSSIBLE ? -

KENIJI UCHINO
International Center for Actuators and Transducers, Materials Research Laboratory
The Pennsylvania State University, University Park, PA 16802

ABSTRACT

A new category of piezoelectric ceramics with very high electromechanical coupling was
discovered in a lead zinc niobate:lead titanate solid solution in 2 single crystal form. The maximum
coupling factor k33 reaches 95%, which corresponds to the energy conversion rate twice as high
as the conventional lead zirconate titanate ceramics. This paper reviews the previous studies on
superior piezoelectricity in relaxor ferroelectric: lead titanate solid solutions and on the possible
mechanisms of this high electromechanical coupling.

KEY WORDS: electromechanical coupling, piezoelectric. relaxor ferroelectric. domain motion

INTRODUCTION

Lead zirconate-titanate (PZT) ceramics are well known piezoelectrics widely used in many
transducers. Their applications include gas igniters, force/acceleration $ensors, microphones,
buzzers, speakers, surface acoustic wave filters, piezoelectric transformers, actuators, ultrasonic
motors, ultrasonic underwater transducers, and acoustic scanners {1,2]. Particularly in recent
medical acoustic imaging, higher electromechanical coupling materials are eagerly required to
improve the image resolution. Under these circumstances, relaxor ferroelectric: lead titanate solid
solution systems with superior electromechanical coupling factors to the conventional PZT have
been refocused, which were initially discovered in a lead zinc niobate:lead titanate system by the
author's group in 1981 [3].

This paper reviews the previous studies on superior piezoelectricity in relaxor ferroelectric: lead
titanate solid solutions. then on peculiar domain motions in these materials. finally possible
mechanisms are considered for this extremely high electromechanical coupling.

ELECTROMECHANICAL COUPLING FACTORS

The terminologies, electromechanical coupling factor and efficiency are sometimes confused.
Let us consider them at first. The electromechanical coupling factor k is defined as

k2 = (Stored mechanical energy / Input electrical energy) (1)
or

= (Stored electrical energy / Input mechanical energy). (2)
When an electric field E is applied to a piezoelectric actuator, since the input electrical energy is
(1/2) e0e E2 per unit volume and the stored mechanical energy per unit volume under zero external
stress is given by (1/2) x2 /s = (1/2) (d E)2 /s, k2 can be calculated as

12 =[(1/2) (A E)2 / s}/ [(1/2) £0¢ E2]
=d2/ gpe's. 3)




On the other hand, the effi

1 = (Output mechanical energy) / (Consumed electrical energy)

or
= (Output electrical

In a work cycle (e. .

into mechanical energy and the remaining is stored as
Then, this ineffe

capacitor) in an actuator.

leading to near 100 % efficiency,

about 1 - 3 %.
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HIGH ELECTROMECHANICAL COUPLING MATERIALS

Morphotropic Phase Boundary Composition

Conventionally, Pb(Zr,T1)03 (PZT), PbTiO3 (PT) and PZT based ternary ceramics with a
small amount of a relaxor ferroelectric have been utilized for piezoelectric applications. Figure 3
shows the composition dependence of permittivity and electromechanical coupling factor kp in the
pZT system. Itis notable that the morphotropic phase boundary (MPB) composition between the
rhombohedral and tetragonal phases exhibits the maximum enhancement in dielectric and
piezoelectric properties; this is explained in terms of a phenomenolo gical theory [5). The physical
properties of 2 perovskite solid solution between A and B. (1-x) A - x B, can be estimated through
the Gibbs elastic energy of a solid solution, if we suppose a linear combination of the Gibbs elastic
energy of each component:

G1(RX.T) = (21 - VoA + xom] P2 + (U4A)[(L - BA + xBBI P4

+ (U6)[(1 - X)YA +XYB] pb6
- (1/2)[(1 - X)sA + xsB] X2 - [(1-%QA +xQB] p2X, (6)
where aA = (T-T0,A) /e CA and OB = (T - To,B) / €0 CB-
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Fig3 Composition dependence of permittivity and electromechanical coupling factor kp
in the PZT system.

The solution provides reasonable first-order estimates of the Curie temperature, spontaneous
polarization and strain, as well as the enhancement of the permittivity, piezoelectric constant and
electromechanical coupling at the MPB composition.

Note that in virgin samples of piezoelectric ceramics, the polarizations of grains (micro single
crystals making up 2 polycrystalline sample) are randomly oriented (or domains are oriented
randomly even in each grain, if the grain size is large enough for a multi-domain state) so as to
cancel the net polarization in total. In a similar fashion, the net strain is negligibly small under an
external electric field. Hence, before use, it is necessary to apply a relatively large electric field (>

3 kV/mm) to align the polarization direction of each grain as much as possible. Sucha treatment is
called electric poling.




Relaxor Ferroelectric Based Composition

On the other hand, relaxor ferroelectrics such as Pb(Mg1/3Nb2/3)O3:PbTiO3 composituons
- have been focused due to their giant electrostriction [6]. Few work has been conducted on
piezoelectric properties at the MPB region before the trial by the author's group.

We focused on single crystals of (1-x)Pb(Zn1/3Nb2/3)O3- xPbTiO3 (PZN-PT) which are
relatively easily grown by a flux method over the whole composition range, compared with the
case in the Pb(Zr,Ti)O3 (PZT) system. This system exhibits a drastic change from a diffuse phase
rransition to a sharp transition with an increase of the PT content, X, correlating to the existence of
a morphotropic phase boundary from a rhombohedral to 2 tetragonal phase around x = 0.1 (7]

Figure 4 shows the phase diagram of this system near the MPB region.
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Fig.4 Phase diagram of (1-%)Pb(Zn1/3Nb2/3)03- XPbTiO3 (PZN-PT).

The most intriguing piezoelectric characteristics have been found in the MPB compositions
with 0.05< x <0.143, which exhibit two multiple phase transitions, changing the crystal symmetry
from rhombohedral to tetragonal, then to cubic during heating [3]. Figure 5 shows the

composition dependence of the pyroelectric coefficient A3T, piezoelectric constants dijs
electromechanial coupling factors kij, elastic compliances sijE and dielectric constant e3T measured

at room temperature [3]. The superscript * is for the crystal with the rhombohedral symmetry at
room temperature poled along the pseudocubic [001] direction. Figure 6 shows the temperature
dependence of electromechanical coupling factors k33 and k31 measured with bar-shaped

specimens of 0.91PZN-0.09PT [8]. Special notations have been introduced to describe the elastic
and electromechanical constants for a sample poled in a certain direction. The sE[om]// or
sE[111]// are defined from the resonance frequency of a bar sample elongated and poled in the
pseudocubic [001] or [111] axes, respectively. The [001] and [111] axes are the principle axes of
the tetragonal and rhombohedral phases and also the poling directions for each sample. The
coupling coefficients k[001}// and k[111)// are consequently calculated from the resonance and
antiresonance frequencies of the same sample. All the electromechanical components show a very
large kink anomaly at the thombohedral-tetragonal transition temperature, and a rapid decrease ink
or an increase in d and sE on approaching the Cuie point. These components vanish just above the
Curie point.

Table I summarizes the elastic, piezoelectric, electromechanical and dielectric constants and
the spontaneous polarization of 0.91PZN-0.09PT for the thombohedral and tetragonal phases. It
is important that the sample electrically poled along the pseudocubic [001] axis (not the principal
axis in the rhombohedral phase!) reveals a very large piezoelectric constant d{oo1y// = 1.5x10-9




C/N and a high electromechanical coupling factor k[001)/ = 0.92 at room temperature, both of
which are much larger than d{111}/ and k{111)/s respectively. Also these are the highest values
among all perovskite piezoelectric materials reported so far. It was found that such a high
electromechanical coupling factor could not be explained consistently in terms of a mono-domain
single crystal model without considering the complicated domain dynamical motion.
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Table I Elastic, piezoelectric, electromechanical and dielectric constants and the spontaneous
polarization of 0.91PZN-0.09PT for the rhombohedral and tetragonal phases.

Rhomb. phase Tet. phase Unit
Temp. 25 130 °C

st 18 15.5

5[5111]// 13.6 10.3

sfoot1s 36.9 177

sfoorn 143 56 (TPa)~!

Sﬁ“,“_ 17.1 13.9

sQuaw 7.6 7.3

sboons 22.6 13.6

Sggol]// : 21.8 17.6
—dran 194 352

dey i 625 450 pC/N
—droo1n 493 266

drooryt 1570 795
—k(lll].l. 0-23 0.32

kevnan 0.68 0.53 —_
—ktoo111 0.62 0.48

keoor11 0.92 0.83

e 4100 8200

&foor 2200 1880 —_

C A 2200 —

oo 295 570

P, 0.52 0.30 C/m?

Recently, two groups of Yamashita (Toshiba) and Shrout (Penn State) reconfirmed the
author's original work, and extended the investigation to a wide range of relaxor ferroelectrics
such as Pb(Mg1/3Nb2/3)03-PT, Pb(Sc1/2Ta1/2)03-PT and Pb(Sc1/2Nb1/2)03-PT. Large
electromechanical coupling factors kp, k33 and piezoelectric constant d33 of these binary systems

are listed in Table IL

Table I Large electromechanical coupling factors kp, k33 and piezoelectric constant d33
of relaxor ferroelectric binary systems.

MATERIAL FEATURE kp (%) k33(%) d33 (pC/N) ~REFERENCE

pZT 5347  Polycrysal 52 67 220 9]
67 76 400 [10]

PZN:PT91/9  Single crystal 92 1500 [8]
PMN:PT 67/33 Polycrystal 63 73 690 [11]
Single crystal 1500 [12]
PST:PT 55/45 Polycrysial 61 73 655 [13]
PSN:PT 58/42 Polycrystal 71 77 450  [14]




Measurements on electric field-induced polarization and strain were carried out on a pure PZN
single crystal by Shrout €t al [15]. The polarization and strain curves are plotted for the <111>
(the spontaneous polarization direction!) and <100> orientations in Fig. 7. Even though the [100]
plate sample showed the "ideal” P vs. E or strain vs. E behaviors of a mono-domain crystal, notice
that the absolute value of P is much larger in the [111] plate sample; this indicates again the
spontaneous polarization along the <111> axis. He also reported the poling direction-dependent
electromechanical coupling factors in PZN: K[001)/ = 0.85 was much larger than k[111)// = 0.38,
in a similar fashion to 0.9 1PZN-0.09PT. These results also suggest the importance of the domain
contribution to dielectric and piezoelectic propertes.
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Fig.7 Polarization and strain curves plotted for the <111> and <100> orientations in pure PZN.
DOMAIN MOTION IN RELAXOR FERROELECTRICS

Historical Background of Domain-Controlled Piezoelectric Transducers

Historically, most of the studies on ferroelectric single crystals and polycrystalline materials
have aimed to simulate the mono-domain state, desiring to derive the better characteristics from the
specimens; ceramics as well as single crystals were poled electrically and/or mechanically to
reorient the domains along one direction. Researches on controlling domains intentionally can be
found in electrooptic devices and ferroelectric memory devices in particular. However, the
intentional domain control has not been utilized or applied occasionally in the actuator and
transducer areas. Recent requirements for the higher performance transducers encourages the
investigation on the possibility of domain-related effect usage.

Developments in high resolution CCD optical microscope systems and in single crystal growth
techniques are also accelerating these domain-controlled piezoelectric devices. A high resolution
CCD (Charge Coupled Device) camera was attached to a Nikon Transmission Petrographic
Microscope which was connected to a monitor and VCR (illustrated in Fig.8)[16]. The

birefringence between the domains permits the observation of the domains with the polarizing light




microscope. The microscope system also allows magnifications up to %1300 on the monitor. The
temperature-controlled sample stage (Linkam Inc.) in conjunction with the deep focal point of the
objective lenses allows an electric field to be safely applied across the sample between -185 and

600°C. The stationary and switching domains can be instantaneously recorded by the VCR and
observed on the monitor.

Single crystal growth methods of PZN-PT are described here for exarnple [8]. The powders
used were Pb304, TiO02, 7n0 and Nb205. Excess 7n0 was added in some cases to counteract
the evaporation during crystal growth. PbO was used as the flux. The mole ratio of the flux to
composition was varied from 1:1 to 3:2. The batch sizes were changed from 75 grams to 500
grams. The raw powders were loaded into a platinum crucible and charged several imes at 900°C
“ntil the crucible was full. The crucible was then partially sealed with a Pt lid. The sealed Pt
crucible was placed in an alumina crucible and sealed once 20ain. The crucibles were placed ina
box furnace with a temperature controller. The cooling rate was veried from 0.5 to 3°C/hr down t0
000°C. After the temperatur® reaches 900°C, the furnace was fast cooled at 50°C/hr to room
temperature. The single crystals were leached from from the flux with warm 25 vol% nitric acid.

Single crystals with a dimension of 1 cm3 could be obtained.
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Fig.8 CCD optical microscope system.

Domain Configurations in PZN-PT

Let us review the relation between domain configurations and physical properties in relaxor
ferroelectrics. Figure 9 shows the static domain configurations for the samples of x = 0, 0.07 arid
0.095 of (1-x)Pb(Zn1 /3Nb2/3)03- xPbTiO3 (PZN-PT) [17]. The pure PZN did not exhibit large
clear domains in the whole temperature range when it was unpoled (. e. micro-domains).
Rhombohedral domains could be described as having an ambiguous spindle-like morphology.
Ambiguity refers to the variation of domain widths and lengths which appear as an interpenetrating
structure. With increasing the PT content, this small spindle-like domain was enlarged and the
domain wall became sharp. Tetragonal domains appear (0 have a well defined lamellar
morphology, and are either at right angles or antiparallel. Therefore, even though the widths and
lengths of the tetragonal domains vary, the divisions between the domains are well defined and no
interpenetrating structure is observable. Notice that the morphotropic phase boundary (MPB)
composition (x = 0.095) shows the coexistence of both rhombohedral (spindle-like) and tetragonal
domains (sharp straight line); the two-phase coexistence can not be found statically in normal

ferroelectric materials such as BaTiO3.
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Fig.9 Static domain configurations for ples of x =0, 0.07 and 0.095
of (1-x)Pb(Zn1 /3Nb2/3)03- xPbTiO3 (PZN-PT).

Figures 10 and 11 show the actual domain reversal processes and their schematical illustration
under an applied electric field [18]. Sharp 90° domain walls corresponding to the tetragonal
symmetry in the sample with x =0.2 moved abruptly and rather independently each other above a
coercive field of 1 kV/mm. The situation resembles to the case in normal ferroelectrics. On the
contrary, pure PZN (x = 0.0) revealed very different domain motion. During electric field cycles,
micro- to macro-domain growth occurred, and long narrow spindle-like domains (aspect ratio =
10) were arranged rather perpendicularly to the electric field (18 degree canted). When a field
above 0.5 kV/mm was applied, the ambiguous domain walls rippled simultaneously in a certain
size region, so that each domain should change synchronously like cooperative phenomena. The
domain reversal front (180° domain wall) moved rather slower than in the sample of x = 0.2. Itis
noteworthy that the stripe period of the dark and bright domains (probably corresponding to up
and down polarizations) was not changed by the domain reversal, and that each domain area
changed under an AC external field with zero net polarization at zero field. Thus, the relaxor
crystal is electrically-poled easily when an electric field is applied around the transition
temperature, and depoled completely without any remanent polarization. This can explain large
apparent secondary non-linear effects in physical properties such as electrostrictive and electrooptic
phanomena, without exhibiting any hysteresis.

The relation between the dielectric property and the domain structure was clearly demonstrated
in the permittivity measurement of the pure PZN. Figures 12(a) and 12(b) show the permittivity
vs. temperature curves taken for the annealed (unpoled) and poled states of the PZN sample[19].
Large dielectric relaxation (frequency dependence of the permittivity) was observed in a wide
temperature range below the Curie point for the unpoled state, while the dielectric dispersion was
measured only in a narrow temperature range between 100°C and the Curie point for the poled




state. Considering that below 100°C the PZN exhibits the micro- to macro-domain growth under a
high electric field, we can conclude that the dielectric relaxation is attributed to the micro-domains.
Thus, we learned how 10 control the micro- and macro-domains through temperature change and
an external electric field, and how to change the dielectric dispersion, elastic and piezoelectric

constants according to these phase transitions.

@
Fig.10 Actual domain reversal processes under an applied electric field for the samples
: of x =0.2 (a) and 0 (b) of (1-x)Pb(Zn1/3Nb2/3)O3- xPbTiO3.
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Fig.1l Schematical {lustration of the domain reversal processes under an applied electric field for
the samples of x =0.2 (a) and 0 (b) of (1-x)Pb(Zn1/3Nb2/3)O3- xPbTiO3.
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Fig.12 Permittivity vs. temperature curves taken for the annealed (unpoled) state (2)
and poled state (b) of the PZN sample.

ierarchical Domain ure

Figure 13 shows the domain structures observed in 2 0.89PZN-0.11PT crystal. which exists
on the morphotropic phase poundary. The typical tetragonal stripe domain pattern was observed
without an external electric field at room temperature, while the spindle-like rhombohedral domain
pattern appeared as overlapped on the stripe pattern, when the electric field was applied along the
perovskite pseudo-cubic [111] directions. This domain hierarchy suggests that the morphotropic
phase boundary composition may easily change the domain configuration and the crystal symmetry

according to the applied electric field direction, much easily than in the normal ferroelectric PZT.

Fig.13 Domain structures observed in crystal 0.89PZN-0.11PT.
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Future work will include the dynamic domain observation in the 0.91PZN-0.09PT sample
(thombohedral phase is stable at room temperature) poled along the perovskite [100] axis; this
enhances remarkably the electromechanical coupling factor k up t0 92 - 95 %. Also the possibility
of the different poling direction which enhances the coupling factor more will be explored.

CONCLUSIONS

1. The electromechanical coupling factor k33 of more than 90 ¢ can be obtained in the solid
solutions between the relaxor and normal ferroelectrics.

2. Promising compositions include: Pb(Zn1/3Nb2/3)03-PbTiO3, Pb(Mg1/3Nb2/3)03-PbTi03
and Pb(Sc1/2Nb1/2)03-PbTiO3.

3. The highest k in a single crystal form can be obtained when it is electrically-poled along a
different axis from the spontaneous polarization direction.

Domain cotrolled single crystals (not in the monodomain state!) may be the key for obtaining
the highest electromechanical coupling. The important factors to the domain reconstruction will be
realized by changing external electric field, stress and temperature. as well as the sample
preparation history.
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Recent Developments in Ceramic Actuators -
Comparison among USA, Japan and Europe

In these several years, piezoelectric and
stems such as precision positioners, miniature u
developments of piezoelectric and related ceramic actuators with particular

electrostrictive materials have bocome key companents in smart actuator/sensor sy~
lirasonic motors and adaptive mechanical dampers. This paper reviews recent
focus on the improvement of actuator materials,

device designs ond drive/ conml_igflzqiqyei gf actugtors. Developments will be oompured among USA, Japan and Europe.

. a s

1 Introduction

Piezoelectric actuators are forming
a new field between electronic and
structural ceramics [1-1]. Applica-
tion fields are classified into three
categories: positioners, motors and
vibration suppressors. The manu-
facturing precision of optical in-
struments such as lasers and ca-
meras, and the positioning accu-
racy for fabricating semiconductor
chips, which must be adjusted
using solid-state actuators, is of
the order of 0.1 pm. Regarding
conventional electromagnetic mo-
tors, tiny motors smaller than 1
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Fig.1: Electric field-induced strains in ceramics;
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cm3 are often required in office or
factory automation equipment
and are rather difficult to produce
with sufficient energy eiticiency.
Ultrasonic motors whose efficien-
cy is insensitive to size are superi-
or in the mini-motor area. Vibrati-
on suppression in space structures
and military vehicles using piezo-
electric actuators is also a promi-
sing technology.

This article reviews recent applica-
tions of piezoelectric and related
ceramics to smart actuator/sensor
systems, including the improve-
ment of actuator materiais, design

20 10 0 10 20
Electric Field (kV/cm)

Pb(Mg1/3Nb2/ 3,Ti)03. ¢ Phase-change material Pb(Zr,5n,Ti}O3.

of the devices, drive/control tech-
niques-and integration of actua-
tors and sensors. The develop-
ments are compared among USA,
Japan and Europe.

2 Ceramic Actuator Materials

2.1 PRACTICAL ACTUATOR

MATERIALS

Actuator materials are classified
into three categories; piezoelectric,
electrostrictive and phase-change
materials. Modified lead zirconate
titanate [PZT, Pb(Zr,Ti)O,] cera-
mics are currently the leading ma-

b) Electrostrictor
PMN-PT

x10?

4505 0 5 1015
Electric Field (kv/em)

PNZST

1

S0 0 10 20 30
Electric Field (kV/cm)
SHAPE MEMORY

a) Piezoelectric (Pb,La)(Zr,T1O3 and Ba(Sn,Ti)O;. b) Electrostrictive
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MOVING PIECE

Figure 2: Latching relay using @ shape memory ceramic uni-

morph

terials for piezoelectric ap-
lications. The PLZT
(Pb,La)(Zr,T)O;) 7/62/38
compound is one such
composition {5]. The strain
curve is shown in Fig.1(a)
left. When the applied
field is small, the induced
strain is nearly proportio-
nal to the field (x = dE). As
the field becomes larger
(i.e., greater than about
100 V/mm), however, the
strain curve deviates from
this linear trend and signi-
ficant hysteresis is exhibi-
ted due to polarization
reorientation. This someti-
mes limits the usage of
this material in actuator
applications that require
nonhysteretic response.

An interesting new family of ac-
tuators has been fabricated in Ger-
many from a barium stannate tita-
nate system [Ba(Sn,Ti)Os} [6]. The
useful property of
Ba(Sng 5 Tigss)Os is its unusual
strain curve, in which the domain
reorientation occurs only at low
fields, and there is then a long li-
near range at higher fields
(Fig.1(a) right); i.e., the coercive
field is unusually small. Moreover,
this system is particularly intri-
ing because no Pb ion is contai-
ned, which will be essential as eco-
logical materials in the future.
On the other hand, electrostriction
in PMN [Pb(Mg1/3Nb:/3) O-x] ba-
sed ceramics developed in USA,

(b

though a se-
cond-order pne-
nomenon of el-
ectromechanical
coupling (x =
ME2?), is extraor-
dinarily large
(more than 0.1
%) [7]. An attrac-
tive feature of
these materiais is
the near absence
of  hvsteresis
(Fig.1(b)). The
superiority _ of
PMN to PZT
was demonstra-
ted in a Scanning
Tunneiing Mi-

(0}

Metal  Monomorph

13

' —

- /2 of

croscope (STM)
{8]. The PMN ac-
tuator could pro-
vide extremely
small distortion of
the image even

Melal

W2 &
Figure 3: Electron energy band {Schottky barrieri model in mo-  time.
nomorph devices (n-type semiconductor).

1(c) shows the field-induced strain
curves taken for the lead zirconate

stannate based system
[Pbg 9sNbg 02(Zr.Sny.)q vTiy)o9sOsl-
The longitudinally induced strain
reaches up to 0.4%, which is much
larger than that expected in nor-
mal piezostrictors or electrostric-
tors. A rectangular-shape hyste-
resis in Fig.1(c) left, referred to as a
.digital displacement transducer”
because of the two on/off strain
states, is interesting. Moreover,
this field-induced transition exhi-
bits a shape memory effect in ap-
propriate compositions (Fig.1(c)
right). Once the ferroelectric phase
has been induced, the material
will ,memorize” its ferroelectric
state even under zero-
field conditions, although
it can be erased with the
application of a small re-
verse bias field [10]. This
shape memory ceramic is
used in energy saving ac-
tuators. A latching relay
in Fig. 2 is composed of a
shape memory ceramic
unimorph and a mechani-
cal snap action switch,
which is driven by a pul-
se voltage of 4ms. Com-
pared with the conventio-
nal electromagnetic re-
lays, the new relay is
much simpie and com-
pact in structure with al-
most the same response

when the probe

was scanned in
the opposite di-
rection.

21mm

e - e e

Concerning the

hase-change-re-
ated strains, pola-
rization induction
by switching from

FACE: 8:

Nail (cover gtass)

an antiferro-elec-
tric to a ferroelec-
tric state, has been

roposed by our
group[9]. Figure

Surface (glass polished to No. 4000)

Figure 4: Structure of @ photo-driven walking device and the
illumination directions
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2.2 NOVEL ACTUATOR MATE-
RIALS

A monomorph device has been
developed to replace the conven-
tional bimorphs, with simpler
structure and manufacturing pro-
cess. The principle is a superposed
effect of piezoelectricity and semi-
conductivity (Fig. 3) [11]. The
contact between a semiconductor
and a metal (Schottky barrier) cau-
ses non-uniform distribution of
the electric field. even in a compo-
sitionally uniform ceramic. Suppo-
se that the ceramic possesses also
piezoelectricity, only one side of a
ceramic plate tends to contract,
leading to a bending deformation
in total. A monomorph plate with
30 mm in length and 0.5 mm in
thickness can generate 200 pm tip
displacement, in equal magnitude
of that of the conventional bimor-
Ehs {12]. The ,rainbow” actuator

y Aura Ceramics [13] is a modifi-
cation of the above-mentioned se-
miconductive piezoelectric mono-
morphs, where half of the piezoel-
ectric plate is reduced so as to ma-
ke a thick semiconductive electro-
de to cause a bend. A photostric-
tive actuator is a fine example of
an intelligent material, incorpora-
ting , illumination sensing” and
self production of ,drive/control
voltage” together with final ,ac-
tuation.” In certain ferroelectrics, a
constant electromotive force is ge-
nerated with exposure of light,
and a photostrictive strain results

Japan Europe
POSITIONER
Pb(Mg] /3Nb2 /3)03'an03 Pb(Zr,Ti)Og-based Bo(Sn,Ti)O:,
Electrostrictor Piezostrictor Piezostrictor
- Low hysteresis, non-linear | - Large strain (0,15%) | - Low hysteresis
ULTRASONIC MOTOR
Pb{Zr,Ti)O5-based Pb(Zr, Ti|O4-based
Piezostrictor Piezostrictor

- High Qpy, low loss

- High Q, low loss

SPECIAL PURPOSE
Pb(Zr,Sn,Ti)O5-based

Phase chnge materia
- Large strain {0,4%
- Shape memory effect

Pb,La)(Z TilO-based
hotostrictor

- Remote Control (photo-
driven)

Table |

from the coupling of this bulk
photovoltaic effect to inverse pie-
zoelectricity. A bimorph unit has
been made from PLZT 3/52/48
ceramic doped with slight additi-
on of tungsten [14]. The remnant
polarization of one PLZT laver is
parallel to the plate and in the di-
rection opposite to that of the
other plate. When a violet light is
irradiated to one side of the PLZT
bimorph, a photovoltage of 1

B e SR -

kV/mm is generated, causing a
bending motion. The tip displace-
ment of a 20 mm bimorph 0.4 mm
in thickness was 150 pm, with a
response time of 1 sec.

A photo-driven micro walking de-
vice, designed to begin moving by
light illumination, has been deve-
loped {15]. As shown in Fig. 4, it is
simple in structure, having neither
lead wires nor electric circuitry,

~
- % X Y (Z) actuator set-up.
: J_,l'r,__ /% Z-gtcex (19 2/ngig elewenzse)
| emm— | — ¢
§ f,4 T X-gtacr (10 singie elemenrs)
% [
Y 27 A
Siogh Pute 7, %f'
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‘ — AL
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Figure 5: Typical designs for ceramic actuators: muttilayer, Figure 6: 3-D positioning multilayer actuator

moonie and bimorph

30 mst ~zws special issue USA & Canada




USA Japan Europe
REUABIUTY
o e N i crodes | vy o yers
AMPLFICATION MECHANISM
Moorie, cymbl Q-A'i'rl:\i:;y;rmechanisms
SPECIAL FUNCTION

o
Table il

with two bimorph legs fixed to a
plastic board. When the legs are ir-
radiated alternately with light, the
device moves like an inchworm
with a speed of 100 pm/min. Ta-
ble I summarizes the material de-
velopments in USA, Japan and Eu-

rope.
3 Actuator Designs

Two of the most popular actuator
designs are multilayers and bi-
morphs (see Fig.5). The mulitilayer,
in which roughly 100 thin piezoel-
ectric/electrostrictive ceramic
sheets are stacked together, has

advantages in low driving voitage
(100 V), quick response (1C usec),
high generative force (100 k=) and
high electromechanical coupling.
But the displacement in the range
of 10 um is not sufficient for some
applications. This contrasts with
the bimorph, consisting of muiti-
Ele piezoelectric and elastic plates

onded together to generate a lar-
ge bending displacement of sever-
al hundred pm, but the response
(1 msec) and the generative force
(100gf) are iow.

A composite actuator structure
called the ,moonie” has been de-

veloped at Penn State to provide
characteristics intermediate bet-
ween the multilayer and bimorph
actuators; this transducer exhibits
an order of magnitude larger dis-
placement than the muitilayer,
and much larger generative force
with quicker response than the bi-
morph [16]. The device consists of
a thin multilayer piezoelectric ele-
ment and two metal plates with
narrow moon-shaped cavities bon-
ded together as shown in Fig.5.
The moonie with a size of 5 x 5 x
2.5 mm? can generate a 20 mm dis-
placement under 60 V, eight times
as large as the generative displace-
ment of the multilaver with the sa-
me size [17]. This new compact ac-
tuator has been applied to make a
miniaturized laser beam scanner.
A 3-D positioning actuator with a
stacked structure was also propo-
sed by a German company as in
Fig.6, where shear strain was utili-
zed to generate the x and y displa-
cements. Table Il summarizes the
developments in actuator designs
compared among USA, Japan and
Europe.

4 Drive/Control Techniques

Piezoelectric/electrostrictive ac-
tuators may be classified into two
categories, based on the type of
driving voltage applied to the de-
vice and the nature of the strain
induced by the voltage (Fig.7): (1)
rigid displacement devices for
which the strain is induced unidi-

Bussféocemenl Driving Method £ Bics Field o - Name Material
i Servo Displacement Electrostrictive
Servo Drive &» ~— / Transducer Moteriols
N e : (PMN-bcseCﬂ
R‘.g.d o 1 4 0 Ee
Displacement )
£l e Pulse Field x
. '.’.ON
On/OM Drive _==",7"+ Pulse Drive Motor Scit Piezoelectric
g Materiais
0 Off s (PZT-based)
t Strain x E-
£
Sinusoidal Field
Resonating Displacement — Ultresonic Motor Hard Piezoelectric
Allernating Drive 4 Materiais
o Elecnc Field E

Time ¢

/

Figure 7; Classification of piezoelectric/electrostrictive actuators
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Tip
Displacement PMN for this applicati- is applied. The rise time is varied
on. around the resonance period. It is
Electric concluded that the overshoot and

Fig.8: Transient vibration of a bimorph excited after a
pseudo-step voltage applied. (2n=resonance period)

rectionally along an applied dc
field, and (2) resonating displace-
ment devices for which the alter-
nating strain is excited by an ac
field at the mechanical resonance
frequency (ultrasonic motors). The
first can be further divided into
two types: servo displacement
transducers (positioners) control-
led by a feedback system through
a position-detection signal, and
pulse-drive motors operated in a
simple on/off switching mode, ex-
emplified by dot-matrix printers.

The materials requirements for
these classes of devices are some-
what different, and certain compo-
unds will be better suited to parti-
cular applications. The ultrasonic
motor, for instance, requires a very
hard type piezoelectric with a high
mechanical quality factor Q, lea-
ding to the suppression of heat ge-
neration. Driving the motor at the
antiresonant frequency, rather
than at the resonant state, is also
an intriguing technique to reduce
the load on the piezo-ceramic and
the power supply [18]. The servo-
displacement transducer suffers
most from strain hyvsteresis and,
therefore, a PMN electrostrictor is
used for this purpose. The pulse-
drive motor requires a low permit-
tivity material aiming at quick res-
ponse with a certain power supply
rather than a small hysteresis so
that soft PZT piezoelectrics are
preferred to the high-permittivity

Pulse drive techniques
of the ceramic actuator
is very important for
improving tne response
of the device [19]. Figure 3 shows
transient vibrations of a bimorph
excited after a pseudo-step voltage

ceramic aciuaior
T o

ringing of the tip displacement is
completely suppressed when the
rise time is precisely adjusted to
the resonance period of the piezo-
device. A flight actuator was deve-
loped using a pulse-drive piezoel-
ectric element and a steel ball. A 2

developments .,
P AR - gy g Tl -y . -
n and Europe iz

USA Europe
TARGET .t.:':f‘.‘f‘..' ) "2.' s
Mililpry-oriénéed product | Mass-consumer product Lob-equipmiqtﬂgrbaud . ~
CATEGORY LI
Vibration suppressor Mini-motor Positioner Mini-motor Positioner
s e ) Vibration suppressor
APPUCATION FIELD R L et
Space structure Office equipment Lab stage/stepper —3
ilitary vehicle ) era © - |Airplone - T
NIt Precision machine e
T e G- mobile Hydraulic system
ACTUATOR SIZE - , SRR
Up-sizing {30 cm) Down-sizing {1 cm) Intermed. size ('I:O—cm) ’
MAJOR MANUFACTURER -
AVX/Kyocera Tokin Corp. Philips
Morgan Matroc NEC Siemens
itek Opt. Systems Hitachi Metal Hoechst CeramTec -
Burlei Mitsui-Sekka Ferroperm
AlliedSignal Canon Physik instrumente
. Seiko Instruments
Table i
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PN PLEXURES

b

Fig.10: ,Hubble” telescope using PMN elecirostrictive actuators.

mm steel ball can be hit up to 20
pm by a 5 mm displacement indu-
ced in a multilayer actuator with
quick response (19]. A dot-matrix
printer head has been trially ma-
nufactured using a flight actuator
as shown in Fig.9 [20]. By chan-
ging the drive voltage pulse
width, the movement of the arma-
ture was easily controlled to reali-
ze no vibrational ringing or
double hitting.

a)

Platen

Paper

Ink Ribbon
rGuide

o = = = Actuator

Stroke Amplifier

Fig.12: Structure of a printer head (a), and a differential-ty-
pe piezoelectric printer-head element (b).

Head
Element

Piezoelectric

PMN ACTUATORS

0o V¥ 2 3 & 5 & 1 8 9

volume percenlageol CB

Fig.11: Damping time constant change with volume

percentage of carbon block in piezoelectric composite

5 Device Applications  dampers.
Table III compares the difference
in the ceramic actuator develop-
ments among USA, Japan and Eu-
rope. The details will be described
in this section.

5.1 USA
The target of the development is

mainly for military-oriented appli-
cations such as vibration suppres-

Wing B

Closed State
Fig. 13: Piezoelectric comera shutter.

support

sion in space structures and mili-
tary vehicles. Notice the up-sizing
trend of the actuators for these

purposes.

A typical example is found in a
space truss structure proposed by
Jet Propuision Laboratory [21]. A
stacked PMN actuator was instal-
led at each truss nodal point and
functioned actively so that unne-

Bimorph Support

Shutter Opening

Lever
Open State

vibrator

holder

Fig. 14: Piezo-ceramic cylinder vibratory gyroscope.
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Fig.15: Ultrasonic linear motor of a vibratory coupler type.

cessary mechanical vibration was
suppressed immediately. A ,hub-
ble” telescope has also been pro-
posed using multilayer PMN elec-
trostrictive actuators to control the
phase of the incident light wave in
the field of optical information
processing (Fig.10) [22]. The PMN
electrostrictor provided superior
adjustment of tﬁe telescope 1image
because of negligible strain hyste-
resis.

Passive damper application is ano-
ther smart usage of piezoelectrics,
where mechanical noise vibration
is radically suppressed by the con-
verted electric energy dissipation
through Joule heat when a suitable
resistance, eciual to an impedance
of the piezoelectric element 1/0C,
is connected to the piezo-element
[23]. Piezoceramic:carbon black:
polymer composites are promising
useful designs for practical appli-
cation. Figure 11 shows the dam-
ping time constant change with
volume percentage of the carbon
black. The minimum time constant
(i.e. quickest damping) is obtained

A dot matrix
rinter is the
irst widely-

commercialized

product using
ceramic actua-
tors. Each cha-
racter formed
by such a prin-
ter is composed
of a 24 x 24 dot
matrix. A prin-
ting ribbon is
subsequently

impacted by a

multiwire array.

A sketch of the

printer head ap-

pears in Fig.

12(a) [25]. The

printing  ele-

ment is compo-
sed of a multi-
laver piezoelec-
tric device, in
which 100 thin
ceramic sheets

100 pm in
thickness are
stacked, to-

at 6 % of carbon
black, where a
drastic electric
conductivity
change is obser-
ved (percolation
threshold) [24]

5.2 JAPAN

Japanese indu-
stries seek to de-
velop mass-con-
sumer products,
and the catego-
ries are only li-
mited to mini-
motor and posi-
tioner areas, ai-
ming at the ap-
lications to of-
ice equipment
and cameras/vi-
deo cameras. In
that sense, tiny
actuators smal-
ler than 1 cm are
the main focus.

(A)

(B)

ether with a sophisticated magni-

ication mechanism (Fig.12(b)).
The magnification unit is based on
a monolithic hinged lever with a
magnification of 30, resulting in an
amg:liﬁed displacement of 0.5 mm
and an energy transfer efficiency
greater than 50%. A piezoelectric
camera shutter is currently the lar-
gest production ?uantity item
(Fig.13). A piece of piezoelectric
bimorph can open and close the
shutter in a milli-second through a
mechanical wing mechanism [26].
Piezoelectric gyro-sensors are now
widely used to detect the noise
motion of a handy video camera.
Figure 14 shows a Tokin’s cylinder
type gyroscope [27]. Among the 6
electrode strips, two of them are
used to excite total vibration and
the other two pairs of electrode are
used to detect the Corioli’s force
or the rotational acceleration cause
by the hand motion. By using the
gyro signal, the image vibration
can be compensated electrically on
a monitor display.

Fig.16: Design of the surface wave lype motor {a), and its elec-

trode configuration.
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Efforts have been made to develop
high-power ultrasonic vibrators as
replacements for conventional el-
ectromagnetic motors. The ultra-
sonic motor is characterized by
,low speed and high torque,”
which is contrasted with ,high
speed and low torque” of the elec-
tromagnetic motors. Two catego-
ries are being investigated in Ja-
pan for ultrasonic motors: a stan-
ding-wave type and a propaga-
ting-wave type.

The standing-wave type is someti-
mes referred to as a vibratory-
coupler type or a ,woodpecker”
type, where a vibratory piece is
connected to a piezoelectric driver
and the tip portion generates flat-
elliptical movement. Attached to a
rotor or a slider, the vibratory pie-
ce provides intermittent rotational
torque or thrust. The standing-wa-
ve type has , in general, high effi-
ciency, but lack of control in both
clockwise and counterclockwise
directions is a problem. An ultra-
sonic linear motor equipped with
a multilayer piezoelectric actuator
and fork-shaped metallic legs has
been developed as shown in
Fig.15 [28]. Since there is a slight
di%erence in the mechanical reso-
nance frequency between the two
legs, the phase difference between
the bending vibrations of both legs
can be controlled by changing the
drive frequency. The walking sli-
der moves in a way similar to a
horse using its fore and hind legs

a maximum L

speed of 20 !
cm/s and a ma- | ‘
ximum thrust of 39 |
0.2 kgf with a

maximum effi-
ciency of 20%,
when driven at
98 kHz of 6 V Bl

(actual power = o

0.7 W). This mo-

tor has been em-
ployed in a pre-
cision X-Y stage.

Bv comparison,
the propagating-
wave type (a
surface-wave or
Jsurfing” tvpe) combines two
standing waves with a 90 degree
phase difference both in time and
in space, and is controllable in
both rotational directions (Fig.16)
[29]. By means of the traveling ela-
stic wave induced by the thin pie-
zoelectric ring, a ring-type slider
in contact with the , rippled” sur-
face of the elastic bodygonded on-
to the piezoelectric is driven in
both directions by exchanging the
sine and cosine voltage inputs.
Another advantage is its thin de-
sign, which makes it suitable for
installation in cameras as an auto-
matic focusing device. 80 % of the
exchange lenses in Canon'’s .,.EOS”
camera series have already been
replaced by the ultrasonic motor
mechanism.

when trotting. A trial motor 20 x 5.3 EUROPE
20 x 5 mm? in dimension exhibited
Ceramic actua-
tor development
Glass Lens has started rela-
— tively recently in
Rotor e Europe, and the
$ research topics
Stator . di\:ierges very
Top Elecoode  Widely. Howe-
Structure s s Coud Tor ver, the current
@ focus by major
manufacturers is
PZT rrobably put on
e ab-equipment
- roducts such as
ab-stages and
Tizrnueny/Plaimen Si steppers with
Botio Electrode ! sophisticatedly
complicated
structures.

Fig. 18: Ultrasonic micro-motor.

S ¢

Fig.17: Walking piezo motor.

Figure 17 shows a walking piezo
motor with 4 multilaver actuators
[30]. Shorter two are used to func-
tion as clamplers and longer two
provide the proceeding distance in
an inchworm mechanism.

6 Future of Ceramic Actuators

18 years have passed since the in-
tensive development of piezoelec-
tric actuators began in Japan, then
spreaded worldwidely. Presently,
the focus has been shifted to prac-
tical device applications.

The markets in USA is limited to
military and defense applications.
and it is difficult to estimate the
sales amount. The current needs
from Navy are smart submarine
skins, hvdrophone actuators, prop
noise cancellation etc., and smart
aircraft skins from Air Force, while
Army requires hilicopter rotor twi-
sting, aeroservoelastic control and
cabin noise/seat vibration cancel-
lation.

On the contrary in Japan, piezoel-
ectric shutters (Minoita Camera)
and automatic focusing mecha-
nisms in cemeras (Canon), dot-
matrix printers (NEC) and part-
feeders (Sanki) are now commer-
cialized and mass-produced by
tens of thousands of pieces per
month. During the commercializa-
tion, new designs and drive-con-
trol techniques of the ceramic ac-
tuators have been mainly develo-
Eeerd in the past few years. A num-

of patent disclosures have be-
en found particularly in NEC, TO-
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TO Corporation, Matsushita Elec-
tric, Brother Industry, Tovota Mo-
tors, Tokin. Hitachi Metal, Toshiba
etc.

Several vears ago Mr. T. Sekimoto.
Former President of NEC, expres-
sed his desire to the piezoelectric
actuators in his New Year’s speech
that the market-share of piezoelec-
tric actuators and their employed
devices would reach up to $10 bil-
lion (51010) in the future. If we
estimate the annual sales in 2000
(without considering the current
serious economical recession in Ja-
pan), ceramic actuator units, ca-
mera-related devices and ultraso-
nic motors will be expected to
reach 5500 million, $300 million
and 5150 million, respectivelv. Re-
garding the final actuator-related
products. 510 billion will not be
very different from the realistic
amount.

Future research trends will be di-
vided into two ways: up-sizing in
space structures and down-sizing
in office equipment. Further do-
wn-sizing will also be required in
medical diagnostic applications
such as blood test kits and surgical
catheters. Piezoelectric thin films
campatible with silicon technolo-

will be much focused in micro-
electromechanical systems. An ul-
trasonic rotarv motor as tiny as 2
mm in diameter fabricated on a si-
licon membrane is a good example

(see Fig.18) [31].

With expanding the application
field of ceramic actuators, the du-
rability /reliability issue becomes
more important. The final goal is,
of course, to develop much toug-
her actuator ceramics mechanical-
ly and electrically. However, the
reliability can be improved signifi-
cantly if the destruction symptom
of the actuator is monitored.

Safety svstems or health monito-
ring systems have been proposed
with two feedback mechanisms:
position feedback which can com-

ensate the position drift and the

ysteresis, and breakdown detec-
tion feedback which can stop the
actuator system safely without
causing any serious damages onto
the work, e.g. in a lathe machine

[32]. Acoustic emission and inter-
nal potential measurements. and
resistance monitoring of a strain-
gauge type internal electrode em-
bedded in a piezo-actuator under
a cyclic electric field drive are
good predictors for the life time

[33].

Future research and development
should focus on superior syvstems
ecologically (i.e. fit for human!) as
well as technologically. Safety sv-
stems, which can monitor the fati-
gue or the destruction symptom of
materials/devices, and stop the
equipment safely without causing
serious problems, will be desired.
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Abstract -- Bimorph based double amplifier actuator
is a new type of piezoelectric actuation structure
which combines both bending and flextensional
amplification concepts. As a result the
displacement of the actuator can be more than ten
times larger than the tip displacement of bimorphs
and can be used in air acoustic transducers as an
actuation element. This paper studied the
dependence of displacement on actuator parameters
and optimum design issues for the cover plate (the
flextensional part of the actuator) theoretically and
experimentally.

L INTRODUCTION

How to get larger displacements is always a main
objective in the development of piezoelectric transducer and
actuator devices. Since the direct extensional strain in most
piezoelectric ceramic materials is at best a few tenths of one
percent, the means of enhancing or amplifying the
displacement is essential in many device designs[1].

Except for multilayer type actuators, which enhance the
displacement by a direct dimension effect, presently there are
two ways to amplify the extensional strain of piezoelectric
materials[2]. One is to make use of bending amplification
mechanism, which leads to the development of bimorph type
actuators. Another way is the utilization of flextentional
amplification scheme, which leads to the development of
flextensional transducers widely used in underwater acoustics,
moonie and cymbal actuators[3].

Recently, we presented a new kind of piezoelectric
actuation structure named bimorph based double amplifier{4],
because it can be considered as the combination of bending-
type actuators and flextensional elements, as shown in Fig. 1.
As a result the displacement of the new actuator can be more
than ten times larger than the tip displacement of bimorphs,
and can be used in air acoustic transducers as an actuation
clement. Some theoretical analyses have been given earlier[5].
In this work, the displacement of the actuator is studied in
detail, with emphasis on the optimum dimension design of
the cover plate of the actuator.

II. PRINCIPLE AND THEORETICAL ANALYSIS

This work was supported by the Office of Naval Research under the
contract No. N00O14-94-1-1140,

Multilayer,

E Dimension Effect
Single Plate .
Single Amplificr, Single Amplifice

Flextensional Amplificr 1

Bending Amplificr

Fig. 1. Evolution of piezoelectric actuators with larger displacement
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actuators
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L: length of the cover plate h: height of bimorphs
t: thickness of blmorphs ag initial height of the cover plate

Fig. 2. Basic configuration of bimorph based double amplifier

The basic configuration of bimorph based double amplifier
is shown in Fig. 2. The structure mainly consists of two
parallel-mounted bimorphs with a triangle shaped cover plate
as an active diaphragm fixed on the top of the bimorphs.
Higher displacement is achieved by converting the tip
displacement of bimorphs to the motion of the cover plate.
Since one of the objective of the actuator is to work in air
acoustic transducers as an actuation element, loudspeaker




paper is chosen as cover plate material in this work because
of its excellent mechanical-acoustic property and light weight.

The relationship between displacement of the cover plate
(middle point) and actuator parameters is explained below: as
shown in Fig. 3, letters A, B, and C represent the joint parts
of the cover plate, which are called as hinge regions.
Generally, the deformation of the cover plate can be
considered to concentrate in these hinge regions. When a
displacement of the cover plate is generated, moments will be
induced in these hinge regions due to the deformation, which

will balance the moments produced by the bimorphs.

Therefore, the motion of the cover plate is rotation-dominated
and can be treated as two rigid beams connected by a torsional
spring at the middle point. When a voltage V is applied to the
bimorphs, a tip displacement A and force F are generated,
which in turn produces a displacement £ at the middle point
of the cover plate and induces a moment M in the torsional
spring due to the displacement. From the geometric
consideration, it can be found that:

§=a,-—ao=1/ag+L-A—ao 0))

The moment balance equation is:
2F-(a,+§)=M=k-2-(8,-6,)

or F(a,+&)=k(0,-6,)=k-2E/L )
Since & is much smaller than L. k in equation (2) is the
spring constant. It has been known that[6]:

By~ B =colBy = 8) ®
4h%E "0 0o

where w is the width and s;; is the elastic compliance of the
piezoelectric material, A, is the tip displacement under free
condition, and

F=

Ay =3d,V(h/t)? @

if parallel type bimorph is used.

The equivalent torsional spring constant k can be
determined in this way: Suppose the original length of the
hinge region is b, and it is also the neutral line length of the
deformation area. R,, Ry and R, are the elastic curvature radii
at hinge regions A, B, and C respectively. From Fig. 3 we
can get: ,

Rg; =R¢; =b/tand, ,and R, =b/(2tanB,),i=0, 1

Let M,, M; and M, represent the induced moments at areas
A, B and C due to the displacement, then the total induced
moment is{7]:

M= M,+My+Mc
(c) Rigid beam model

Fig. 3. Rigid-béam model for rotation-dominated cover plate motion

M=M,+M;+M_

=EI(1/R,; ~1/R,4)+2-El1/Rg; =1/Ry,)
=4El(tan6, —tan8,)/b

=4EI(6,~96,)/b

where E is the Young’s modulus of the cover plate material
and I is area moment of inertia of cross section of the hinge
region. Compare to equation (2) we get the spring constant:

k=2EI/b )]

This means that k just depends on the properties of the cover
plate material. Substituting equations (3) and (5) in equation
(2) yields:

Co(8y = A)ay +&) = (2E1/b)- (2& /L) ©

From equations (1), (6) and (4), the dependence of A and §
on the actuator parameters and driving voltage can be
obtained, so that optimization on actuator design can be
conducted. However, the analysis is rather complicated
because the relationship between A and € is nonlinear
according to equation (1).

Considering a simple situation, that is, if L-A<<a}, we
get the linear approximations for equations (1) and (6):

§=L-A/N2a,)) )

CoAy — A)-a, = (2E1/b)-(2E/L) @®)



Hence A and & can be obtained as:

4

A=—m————0
1+ 2EI/(ajc,b) ©)
L-A,
= 1
: 2ay +4EI/(a,c,b) (10)

Equation (10) indicates that § will increase linearly with L,
but there is an optimum value for a, where £ is maximum.
This optimum value is:

2a, = 4EI(a4¢,b), or a, = 42E1/(cyb) an

However, as the initial height a, is very small, another
possibility is that the deformation of the cover plate becomes
larger and can not be neglected, that is, flextensional motion
of the cover plate will occur. Hence the rigid-beam model
shown in Fig. 3 is not valid. From elastic theory[8,9], when
a triangle shaped continuous beam is under the action of
compressed axial force P, the displacement of middle point is:

£ea (mn(n/Z),/P/Pu _1
T (mi2)PIP,

where P.=n’EI/L? is Euler load.

Equation (12) shows that § will increase linearly with a,,
Actually, this is the situation similar for cymbal actuators
where the displacement is linearly related to the cavity depth
of endcaps and exponentially related to the cavity diameter
because of the flextensional motion of endcaps[10].

Therefore, if flextensional motion of the cover plate occurs
above the optimum a, value determined from the rotation-
dominated situation, the real optimum cover plate height will
be in the vicinity from rotation-dominated situation to the
flextension-dominated situation.

(12)

III. EXPERIMENTS

The bimorphs used in this work are operated in parallel
configuration and made from Motorala 3203HD (PZT type
SH) material. Their dimensions are 20.0 x 7.7 X 1.5mm. The
loudspeaker paper with the same width and 0.56mm thickness
is fixed on the top of bimorphs by super glue. The
displacement of middle point and tip point are measured by
using MTI 2000 Fotonic Sensor under different dimensions
of cover plate. The applied voltage on bimorphs is fixed at
150V (p-p value) and frequency is 1Hz.

IV. RESULTS AND DISCUSSIONS

Fig. 4 is the dependence of middle point displacement and
tip point displacement on the height of cover plate. The

4
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Fig. 4. Dependence of displacement and amplification factor
on the initial cover plate height

length of cover plate is fixed at 56.0mm in this experiment.
It really shows that there is an optimum value for initial
cover plate height (about 1.5mm) at which middle point
displacement reaches the maximum. Defining the
amplification factor as the ratio of middle point displacement
to the free tip displacement of bimorphs, Fig. 4 shows that
the amplification factor is more than 10 in the vicinity of
optimum initial cover plate height.

In order to determine the motion situation of the cover
plate, the middle point displacement is also calculated by
using equations (1) and (7) with measured tip point
displacement and compared to experimental values in Fig. 5.
It can be seen that when the cover plate height is larger than
3.0mm, the linear approximation can be used. When the
cover plate height is between 1.5Smm and 3.0mm, the
calculated value using equation (1) is consistent with
experimental results. This means it is still rotation-dominated
situation but nonlinear effect must be considered. When the
cover plate height is smaller than 1.5mm, the calculated value
still increases but the measured value decreases, which means
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Fig. 6. Dependence of middle point displacement on cover plate length

flextensional motion of cover plate becomes obvious.
Therefore, the optimum initial cover plate height for the
present design is in the vicinity from rotation-dominated to
flextention-dominated situation.

Fig. 6 shows the dependence of middle point displacement
on the length of cover plate. When the cover plate height is
3.0mm, the linear approximation can be used so that the
middle point displacement will linearly increase with the
length of cover plate. When the cover plate height is 0.5mm,
flextensional motion becomes dominated, and the middle
point displacement increased with cover plate length more

rapidly than linearly. This is consistent with our theoretical
analysis.

V. CONCLUSIONS

The displacement of bimorph based double amplifier
actuators can be more than ten times larger than the tip
displacement of bimorphs. The displacement strongly depends
on the initial height of cover plate. When the cover plate
height decreases, the motion of cover plate is from rotation-
dominated to flextension-dominated. And the optimum cover
plate height is in the transfer region of these two kinds of
situations. The displacement increases with cover plate
length, but the relationship in detail is quite different
according to rotation-dominated or flextension-dominated
situation.
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A piezoelectric bimorph transducer utilizing piezoelectric d;; coefficient was developed. This
bimorph consists of piezoelectric segments bonded by a polvmeric agent and was fabricated by a
dicing and layering technique. The transducer has superior piezoelectric characteristics compared to
standard piezoelectric d5, bimorphs. Piezoelectric coefficients. electrical admittance, mechanical
compliance, and losses of the actuator were found to increase with increasing driving electric field.
© 1996 American Institute of Physics. [S0003-6951(96)0+4040-5]

Piezoelectric bimorph actuators have been known for
many vears' and are widely used for efficient interconversion
of electrical and mechanical energy. A typical piezoelectric
bimorph transducer consists of two similar piezoelectric
piates poled along their thickness (Z axis) and adhesively
bonded together (Fig. 1); in the case of a piezoelectric/meral
bimorph a metal plate is replaced for one of the piezoelectic
plates. Instead of a ‘‘piezoelectric/metal bimorph’” notation.
we will use *‘unimorph™ in the sense that this tvpe of bi-
morph has only one piezoelectric plate. Clearly, the flexural
displacement in this actuator is caused by the piezoelectic
ariect (ds)in the direction perpendicular to the polar P axis.
Tre static tip displacement 7 and corresponding blccking
force Fu,(7=0) of the piezoelectric bimorph cantilever can
be wrinen as’

3008
7=3dyE
F . 3d31W!-E

ST

where 45 is the piezoelectric coefficient, sfl is the mechani-
cal compliance in the direction X under the constant electric
fieid. and £, I w, and ¢ are the dimensions of the cantdlever
{Fig. 1). Mechanical stress T, arising in the unloaded piezo-
glactric cantilever under the applied electric field is directed
along the X axis.

Commercial piezoelectric bimorph actuators are usually
made from soft PZT ceramics with the composition near the
morphotropic phase boundary. For these compositions. pi-
ezoelectric coefficient d3; along the polar axis and corre-
sponding coupling factor ks; are 2-2.2 times larger than
ds; and k3, . Studies of the effect of the mechanical stress on
piezoelectric properties of the ceramics also show that piezo-
electric coefficient ds3 is much less sensitive to the compres-
sive stress T3 along the polar axis than coefficient d3, is to
the compressive stress T perpendicular to the polar axis.?
Thus. the piezoelectric bimorph actuator utilizing d15 coeffi-
cient can be expected to have superior characteristics com-
pared to a standard dy,-type bimorph transducer.

In this letter, we report on a novel type of piezoelectric
bimorph and unimorph in which the piezoelectric effect
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along the polar axis is used to generate flexural displace-
ment. A schematic view of the developed caterpillar-type
ds; unimorph is shown in Fig. 2. From Fig. 2 it is clear that,
when the piezoelectric plate changes its length under the ap-
plied voltage V, it causes bending of the cantilever. Unlike in
the standard d3,-type bimorph actuator (Fig. 1), the bending
moment in these transducers is caused by piezoelectric di;
coefficient. To fabricate the d;; bimorph the metal plate is
replaced by an identical piezoelectric plate. In this case the
driving voltage is applied in such a way that mechanical
sirains generated in the top and bottom piezoelectric plates
have opposite signs.

The experimental process adopted for fabricating the
d:s-type transducer is described below. Initially, a stack of
similar piezoelectric electroded plates poled along their
thickness is fabricated. Adjacent plates have opposite direc-
tions of spontaneous polarization P. The plates are bonded to
2ach other by a very thin layer of conductive polymer. Then
the stack is sliced by means of a diamond saw in the plane
paralle! to the direction of spontaneous polarization. To fab-
ricate a unimorph transducer. the sliced plate is glued to a
metal substrate (see Fig. 2). Conducting electrodes are de-
posited on the surface of the piezoelectric plate in such a way
thar voltage V applied to these electrodes produces the same
piezoelectric strain {positive or negative) in each of the pi-
ezoelectric segments comprising this plate. To make a ds3
bimorph, a metal plate is replaced by an identical piezoelec-
tric plate. It is important to note that the conductive polymer
serves not only for electric c;onneczing.. but also for improv-
ing fracture toughness. Therefore, the transducer developed

[————— !

Z
40,

L

FIG. 1. Bimorph piezoelectric d, element with series connection. The vec-
tor of the spontaneous polarization P is directed along the Z axis.

© 1996 American Institute of Physics 2021




BONDING LAYER
. METAL PLATE

FIG. 2. A schematic view of the caterpillar-type d5; unimorph actuator. In
the case of a bimorph consisting of two similar piezoelectric plates, the
mezal piate is repiaced for the same piezoelectric plate.

can sustain a much larger bending force without mechanical

" failure.

In our experiments we used soft piezoelectric ceramics
PKI350 (Piezo Kinetic, Inc.) and stainless steel SS302. The
ceramic plates in the stack were bonded using commercial
conductive adhesives EP21TDCS (Master Bond., Inc.)
and E-Solder 3025 (Insulating Materials. Inc.). J-B Weld
epoxy (J-B Weld Company) was used for bonding mezal
and siicad ceramic plates. Each piezoelectric segment in the
piezosiectric plates (Fig. 2) had the foilowing dimensions:
-=1.09 mm. w=11 mm. Stainiess steel plates had

ses. 1, =0.25, 0.29. and 0.37 mm. For comparison.
d:;-type bimorphs and unimorghs of identical di-

-

ickne
stancar =T
mensions wers also fabricated.

To characierize the transducer developed, the following
paramerers of these transducers in the cantilever configura-
tien i/=26.0 mm). were measured: (i) displacement 7 of the
fres enc: (ii} blocking force Fy). and :iii} electrical admit-
tance as a function of the applied electric fizld. All measure-
ments were done at a frequency of 100 Hz which is greatly
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FIG. 4. The dependence of displacement and blocking force for unimorphs
on the electric field. The thickness of the metal plate is 0.37 mm. The
zhickness of the dj; bimorph is r=1.09 mm.

below (~ 1 kHz) the first resonant frequency of the bending
vibrations.

The displacement and blocking force (rms) for bimorphs
2nd unimorphs are shown in Fig. 3 and 4, respectively. It is
cisar that the displacement of the d;; bimorph is about 2.5
times larger than that of the d3; bimorph and the blocking
Torce is about 1.5 times larger. Although the displacement of
a2 d:; unimorph is smaller than the displacement of the

bimorph, it is approximately 1.8 times that of the dj,
unimorph. The blocking force of d:: unimorphs is about 2.0
times that of the d3; unimorph. Thus. the developed d; bi-
morph and unimorph actuators have superior piezoelectric
characteristics compared to those of d3; actuators. Relative
characteristics of the above mentioned transducers for a low
electric field (~10 V/cm) are given in Table L.

There is clearly an optimal ratio #,,/7, for unimorphs
that gives maximum displacement.” Equation (1) for d5; uni-
morphs can be written (thorough analysis will be given else-
where) as

j (")

TABLE L Relative characteristics of various types of transducers.

Type of Blocking
pizzoelement Displacement force
d4; bimorph 1 ’ 1
d3; unimorph 0.41 1.80

{PK1550/58302,
1.09/0.37)
d;; bimorph - 2.50 1.52
d:;: unimorph 0.72 3.50
(PKIS50/55302,
1.09/0.37)
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where E=V/t|, Y, is the Young's modulus of the metal
platz. and s%; is the mechanical compliance of ceramics in
the dirsction of the polar axis. For bimorph cantilevers the
coefiicients k; and kyy in Eq. (2) are equal to 1. Theoretical
vaiues of k; and k,y and corresponding experimental data
obrainad trom the comparison of displacements and blocking
forces of the d3; bimorph and unimorphs are given in Fig. 3.
A reladvely large difference between the theoretically de-
rived and experimentally observed values for the blocking
force can be attributed to the effect of the bonding layer (Fig.
2) whose thickness has been negiected in the theoretical cal-
culations.

A close analysis of the displacement. blocking force
{Figs. 2 and 3) by means of Egs. (1) and (2), and electxical
impedance of the actuators studied shows that piezoelecTic.
mechznical. and dielectric properties of the transducers fab-
ricata¢ from soft piezoelectric ceramics depend upon the
ma, g irade of the electric field (Fig. 6). We also found that

maginary parts of ds,, d;;. :.| s,», and the elecirical
ad'r tznce increase with increasing electric field (thorocugh
anajyvsis will be given elsewhers:. Clearly. the relative dis-
piace*ent is proportional to the piezoelectric coefficient &
and :h2 biocking force is proportional to the ratio d/s where
5 is the mechanical compliance of the whole transcucer.
From Fig. 6 it can be seen that the incrzase in d3; and 5 with
increasing electric field is mere than that in 43 and
s%,. According to known results the nonlinear behavior of
PZT ceramics has an extrinsic namre, i.e.. it is caused by
domain wall and interphase interface motion. In a bimorph
transcucer. two factors can affect the behavior of piezoelec-
iric coefiicients under an external electric field. The first one
is an increase in the piezoelectric coefficients with increasing

0.50 25
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S 0254 2
2 029~ @
z ) %
Z o1s- . 3
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Ratio x=r_/t,

FIG. 5. Treoretical dependence and experimental data for the displacement
r %, and blocking force factor 4 &, of dy; unimorphs. The coefficient
is 2gual 10 3.90.
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FiC. S R lative changes in piezceiaciric characteristics of bimorph rans-
o ne electrical impedance ‘was measured under free vibrations. The
field of PKIS50 ceramics is 3.2 kV/em.

eiect=ic field.> The second orz is the effect of the internal
stwess that exists in the bimerph even without the external
ac. It is known that the decrsase in dj; due to the swess
T; is much greater than the decrease in dj; due to Tj.°
Therslore, it is reasonable o sxpect that the enhancement of
the displacement of the d;; bimorph under the electric field
will e larger than that of the 2:; bimorph; this is consistent
with the experimental data iFig. 6). The same two factors
also affect the mechanical compiiances and dielectric permit-
tivities; in addition. the conductive polymer causes mechani-
cal “"softening’’ of d3; actuaters as well.

In summary, we have developed and studied in signifi-
cant detail a novel type of piezoelectric bimorph transducer
based on the piezoelectric d;; coefficient. Superior piezo-
electric characteristics compared to piezoelectric d5, bimor-
phs were obtained. Piezoelectic coefficients, electrical ad-
mitiance. mechanical compliance. and losses of the acruator
increase with increasing driving electric field.

This work was supportad by the Office of Naval Re-
search and under Contract No. N00014-94-1-1140.
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Behavior of Piezoelectric Actuators under High Electric Field
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Abstract-Behavior of piezoelectric actuators (bimorph,
unimorph, RAINBOW, and shear-mode) fabricated from soft
ceramics has been investigated in a wide electric field and
frequency range. The electrical admittance, mechanical
displacement, and blocking force of these transducers have
been found to be highly dependent on the magnitude of driving
field. The resonant frequency and mechanical quality factor of
bending vibrations for all but shear-mode actuators decreases
significantly with increasing driving field. Analysis shows that
despite a large variation in the quasi-static electrical
admittance and reduced tip displacement of bimorph,
unimorph, and RAINBOW cantilevers with driving field, their
ratio is almost a constant, which characterizes the ratio of

dielectric permittivity 8;3 to piezoelectric coefficient d3).

I. INTRODUCTION

Studies of last few years have demonstrated that piezoelectric
transducers have significant potential as actuators for
acoustic noise control [1]. These transducers are operated at
such high power levels that the ferroelectric ceramic used in
them begins to exhibit nonlinear behavior. It is known that
piezoelectricity-related properties of ceramic materials are
highly dependent on the level of driving electric field and
mechanical vibrations [2-6]. A common feature in this
behavior of piezoelectric ceramics is an increase in dielectric
and piezoelectric coefficients, and losses even at electric
fields much lesser than the coercive one. It is believed that
the nonlinear behavior has extrinsic nature, i.e., is related to
the domain wall and interphase boundaries’ motion [4]. Till
now, most of the studies were focused on the investigation of
materials properties. The purpose of this work was to study
the behavior of the potential piezoelectric transducers such
as bimorph, unimorph, RAINBOW, and shear-mode
vibrators under high electric field.

11. EXPERIMENTAL PROCEDURE

All transducers investigated had a rectangular cross-section
and the following dimensions: 0.45-2 mm in thickness, 5-15
mm in width, and 15-35 mm in length. Piezoelectric
bimorph and metal/piezoelectric unimorph actuators were
fabricated from PKIS50 (Piezo Kinetic, Inc.) ceramic plates
poled along their thickness. This category of piezoelectric
ceramics is analogous to “soft” PZTSH ceramics. Stainless
steel SS302 was used to make the unimorphs. The plates
were bonded using commercial J-B Weld epoxy (J-B Weld
Company). Rainbow transducers were cut from piezoelectric
RAINBOW disks which were purchased from Aura

Ceramics, Inc. Shear-mode actuators were fabricated from
3203HD ceramic plates (Motorola). The plates were poled
along their length and the driving electric field was applied
across the thickness of the plates. Clearly, the flexural
displacement generated in the bimorph, unimorph and
RAINBOW actuators is caused by piezoelectric dj
coefficient while linear displacement in the shear-mode
actuators is caused by piezoelectric d,s coefficient.

To characterize these transducers, their electromechanical
properties as a function of the driving electric field well
below and close to the fundamental frequency of bending
vibrations were investigated. The following parameters of
these transducers in the cantilever configuration were
measured: i) displacement m of the free end; ii) blocking
force Fy; (M= 0), and iii) electrical admittance as a function
of the applied electric field and frequency.

A block diagram of the experimental set-up is show in Fig.
1. The tip displacement of piezoelectric cantilevers was
measured by a photonic sensor MTI 2000 (MTI
Instruments). The measuring head of the sensor was
mounted on a manual micropositioner which provided the
linear displacement and rotation for adjusting height and
angle of the head against the measured transducer. The
transducer (in the Figure, bimorph is shown as an example)
was mounted on XYZ micropositioner (Ealing Electro-
Optics, Inc). To measure the blocking force, a special metal
head of a load cell ELF-TC500 (Entran Devices, Inc) was
glued by Super Glue to the vibration end of the transducer.
The load cell was mounted on a micropositioner which
provided a horizontal displacement for adjusting the position
of the load cell against the measured transducer. The load
cell was driven by power supply PS-15 (Entran Devices,
Inc). The electrical admittance was measured by means of a
small (several ohm) resistor R connected in series with the
transducer. All lock-in amplifiers (SR830 DSP, Stanford

Lock-In Photonic ==/ =] Load Cell & Lock-In
Amplifier Sensor Power Supply Amplifier
> |«

Transducer N
I Micropositioner I
Generator |-  Power [ R Lock-In

Fig. 1. Block diagram of the experimental set-up adopted to measure
electromechanical properties of piezoelectric transducers. P, denotes the vector
of spontaneous polarization.




Research Systems, Inc) were synchronized with the output
voltage of the power amplifier (790 Series, PCB
Piezotronics, Inc or PA-250H, Julie Research Laboratories,
Inc). The input AC signal to the power amplifier was
supplied by a generator DS345 (Stanford Research Systems,
Inc). The developed experimental set-up made it possible to
measure the mechanical displacement and electrical
admittance in the frequency range of 0-20 kHz and the
blocking force in the frequency range from DC to several
kilohertz. The maximum driving voltage was 300 Volt RMS.

III. REPRESENTATION OF EXPERIMENTAL DATA
The quasi-static tip displacement 1 and corresponding

blocking force F; of unimorph actuators can be written as

7

3.2 2xy(1+x)
N=_—dy—E-ky, ky= Z ToL 42

2 T, 1+4xy+6x°y+4x’y+x"y
x=in y=Y,s5,

tc

3 d3, we? 1+x
Ry = ky =2
b=y s“ 1 dt xyl
0]

where /, and w are the length and width of the cantilever,
correspondingly; f. and t, are the thickness of the ceramic
and metal plates, correspondingly; E is the driving electric
field, Y, is the Young’s modulus of the metal plate, and sf,

is the mechanical compliance of ceramics in the direction

perpendicular to the polar axis. For bimorph cantilevers the

coefficients ky and k4 in (1) are equal to 1. Corresponding

equations for pure shear-mode actuator can be written as:
n=dlE,

_1dy we! )]
bl 15 2 E
4 sy 1
where s3; is the component of the mechanical compliance of

ceramics in the direction of polar axis. It should be noted
that blocking force in shear-mode thin plates causes bending.
As follows from (1, 2) reduced amplitudes 1/E and F,/E are
proportional to dk4 and dkgs correspondingly (in the case of
bimorph and shear-mode cantilevers k4 and kg are equal to
1). Consequently, a relative change in the ratios 1/E and
Fo/E as a function of the driving electric field gives
information about the change in the piezoelectric and
mechanical properties of the actuators.

The electrical admittance of the transducers at frequencies
well below the fundamental bending resonance can be
written as

Y=jco-t§s-k,,, A3)

(4

where S is the area of the one of the electrodes, € is the
component of the tensor of the dielectric permittivity (X,

for bimorphs and unimorphs and €], for shear-mode

transducers) and ky is the coefficient depending the
corresponding electromechanical coupling coefficient. For

bimorphs this coefficient equals 1-0.5d}, /e],s% , for shear-

mode actuators it equals 1. As follows from (3) the relative
change in the electrical admittance as a function of the
driving electric field gives information about the change in
the dielectric permittivity and electromechamcal coupling
coefficient of the transducer.
To characterize the change in the properties of transducers
near fundamental resonance, the following parameters as a
function of the driving electric field were measured: i) a
change in the resonant frequency Av,, ii) ratio of vibration
amplitudes at resonant and low frequencies, M/n. The
relative change in Av, gives an idea of the change in the
mechanical compliance and losses at the resonance. The
relative change in m/m encompasses the change in the
mechanical quality factor Qn since the amplitude of the
damped harmonic vibrations is proportional to this factor [8]
=10,. @)
Thus, the relative values of Y, WE, F,/E, Av,, and n/1 as a
function of electric field calculated from experimental data
were chosen to characterize nonlinear properties of
transducers. It should be noted that the lock-in amplifiers
used (Fig. 1) made it possible to measure complex values of
1, Fy, and Y, i.e., the amplitude and phase characteristics.

IV. EXPERIMENTAL RESULTS

All chosen functions (RMS) were normalized relatively their
values at a low electric field (~5-10 V/cm). The dependence
of relative values of Y, n/E, F,/E on the electric field is
shown in Figs. 2-5. Instead of the phase of the electrical
admittance the phase of Y/j was plotted since it is directly
related to tangent of the dielectric losses (see (3)). All
measurements were done at a frequency at least 10 times
lesser than the fundamental frequency of bending vibrations.
Maximum electric fields used in these experiments were
much less than the coercive field of the ceramics (8-9
kV/cm). As is seen from these graphs, an increase in the
driving electric field causes an increase in the amplitude and
phase delay of mechanical displacement, electrical
admittance, and blocking force. For bimorphs, the
dependencies of ¥ and N/E on the electric field are almost
identical and are more pronounced than the dependence of
corresponding reduced blocking force Fy/E (Fig. 2). For
unimorph cantilevers the effect of the driving electric field is
stronger and function /E increases more rapidly at a high
electric field than Y (Fig. 3). A close analysis of
experimental data presented in Figs. 2 and 3 shows that



there is a certain threshold electric field (10-50 V/cm) above
which measured parameters begin to increase monotonically.
As follows from Fig. 4, the dependence of piezoelectric
properties of RAINBOW actuators on the electric field is
extremely high. Functions Y and 1/E behave almost in the
same manner and, unlike for unimorphs, have convex shape.
This type of actuators is characterized by very high losses. It
should be noted that the blocking force for RAINBOW
cantilevers has been found to be increased markedly with
increasing shear force, which can be generated externally by
the horizontal displacement of the load cell (Fig. 1).
Behavior of Fy,/E was similar to that of Y. Experimental data
for shear-mode cantilevers are given in Fig. 5. Clearly, in
this case the electrical admittance increases much more
rapidly with electric field than the reduced displacement.
Resonant characteristics of transducers are presented in Figs.
6 and 7. All actuators demonstrate a decrease in the resonant
frequency of bending vibrations with increasing electric field
(Fig. 6). The most pronounced decrease is shown by bimorph
cantilevers and the smallest one is shown by shear-mode
cantilevers. Measurements of the electrical impedance of the
shear-mode vibrator show that there is no resonance in the
impedance despite the fact that mechanical resonance of
bending vibrations does occur. As is seen from Fig. 7, the
relative decrease in the ratio of amplitudes at resonance and
low frequency, n/n (and, consequently, in Q,), is highly
dependent on the type of transducers. A drastic change is
obtained with bimorph actuators while a moderate change is
observed with shear-mode actuators. It is important to note
that the magnitude of the change in 1/n has been found to
depend on its value at low electric field.

V. DISCUSSION AND SUMMARY

The results presented here distinctly show that
electromechanical properties of the actuators fabricated from
soft ceramics depend on the level of the driving electric field.
Data for bimorph transducer (Fig. 2) demonstrate that the
electrical admittance Y and reduced tip displacement nWE
behave in a very similar manner. This functions are
proportional  to  e5(1-054d3 [ej,s;;)  and  dy
correspondingly. Since the factor in parentheses does not
change much it means that there is a close relation between
electric field dependencies of e}; and dj;. Our studies of the
material properties of various soft PZT ceramics also
demonstrate the same results [9]. As follows from the graph
of the reduced blocking force F,,/E od,, /sf, (Fig. 2), an
increase in s, is more moderate than in €3, and dj;. This
graph also shows the behavior of electromechanical coupling
coefficient dZ [e,st because the ratio d,,/ej, is a
constant. As follows from the comparison of Figs. 2 and 3 a

change in coefficients kg4, k4r, and k, with electric field takes
place for unimorphs. Data for RAINBOW actuators (Fig. 4)
also confirm that there is a close relation between €7, and

dy;. As follows from Fig. 5 and (2, 3), d;s increases much
more rapidly with the electric field than €.

Data of resonant measurements show that bimorph vibrator
is more sensitive to the electric field than other transducers.
In unimorph actuator there is a non-piezoelectric metal plate
which stabilize the behavior of the transducer since its
properties do not depend on the electric field. In RAINBOW
actuator, in addition to this effect, the internally biased
compressive stress may affect resonant behavior. A relatively
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Fig. 2. Amplitude and phase characteristics of bimorph cantilever.
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Fig. 3. Amplitude and phase characteristics of unimorph cantilever with
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Fig. 6. Dependence of the resonant frequency v, of bending vibrations on
electric field. Low-field resonant frequency is: 1394 Hz (bimorph), 1015 Hz
(unimorph), 595 (RAINBOW), and 286 Hz (shear-mode).
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Fig. 7. Dependence of the ratio of amplitudes at resonant and low frequencies
on electric field. Low-field quality factor Oy, is: 55 (bimorph), 48 (unimorph),
62 (RAINBOW), and 31 (shear-mode).

weak dependence of v, and Qy, in shear-mode actuator can be
related to the lack of the electromechanical coupling for the
bending mode and to relatively low level of resonant
vibrations. We assume that bending vibrations in the
transducer appear as a results of elastic instability [10] of
pure shear vibrations because of the action of inertia forces.
In summary, we have studied piezoelectric properties of
bimorph, unimorph, RAINBOW, and shear-mode actuators
in a wide electric field and frequency range. An appropriate
experimental measurement system has been developed. The
quasi-static and resonant piezoelectric properties of these
structures have been found to be highly dependent on the
magnitude of driving field.
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ABSTRACT

A new type of bimorph-based piezoelectric air transducer with the working
frequency range of 200-1000 Hz has been recently developed [1]. In the present work,
basic acoustic characteristics of this device and its piezoelectric elements are analyzed. To
model the vibration spectrum of the transducer, one-dimensional approach is developed
where inertia, elastic and damping forces are included. Analytical equations describing
mechanical vibrations and electrical impedance of piezoelectric bimorph cantilevers under
external forces are derived. In order to describe various losses in the transducer, complex
piezoelectric, dielectric, and elastic constants are used. Results of the modeling are in
good accord with experimental data. Suggested model can be used for the device
optimization.
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1. Introduction

Piezoelectric ceramics offer many advantages as sensors and actuators. Relatively
high coefficient of electromechanical coupling makes it possible to use the material in
ultrasonic devices and tweeters. However, in the low frequency applications such as air
acoustics, a larger displacement is often required, which is far beyond the range reachable
by ceramics materials. In order to overcome this problem, a new type of bimorph-based
piezoelectric transducer has been recently suggested [1]. The main peculiarity of this
devices is that through double amplification scheme a large displacement can be generated
which makes it suitable for acoustic applications at low frequency range such as from 200
to 1000 Hz. It has been demonstrated that the device can a produce a sound pressure level
of 90-100 dB that makes this device very attractive for active noise control and flat panél
acoustic source [1].

The purpose of this study was to develop a model capable of characterizing the
vibration behavior and structure performance relationship of this transducer. The paper is
structured as follows. In section 2, an approach that will be used to describe this bimorph-
based piezoelectric air transducer is discussed. In section 3, analytical equations describing
mechanical vibrations and electrical impedance of piezoelectric bimorph cantilevers are
derived. In section 4, calculation of various forces acting in the transducer is carried out.
Results of the device modeling and comparison with experimental data are presented in

section 5. Finally, in section 6 a summary and conclusions are presented.



2. Model

The piezoelectric transducer to be analyzed consists of two arrays of piezoelectric
bimorph cantilevers bridged by a curved diaphragm (Fig. 1); inactive lateral faces are
covered with non-radiating plates. The diaphragm serves for acoustic matching: it
amplifies the tip displacement of the cantilevers and it also increases the sound-emitting
area. Amplification factor Kum, is defined as the ratio of the displacement of the diaphragm

apex 7)q to the tip displacement of the bimorph cantilever n(l), where [ is the cantilever

length (Fig. 1). A typical amplification factor lies in the range of 5 to 20. In a current
design the bimorphs are made from soft piezoelectric ceramics PZTSH (Morgan Metroc,
Inc) and a loudspeaker paper is used as a triangle-shape diaphragm. Experimental results
[2] have demonstrated that if the amplification factor is less than 10 and the length of the
diaphragm is less than 50 mm the diaphragm can be considered as a rigid plate without
buckling at frequencies below 800-1000 Hz. Therefore for calculating vibrations of the
diaphragm the quantities to be evaluated are: the displacement of the moving end of the
cantilevers and the amplification factor. It is clear that the interaction between the
diaphragm and the piezoelectric elements is through the forces acting in hinges for
diaphragm fastening (Fig. 1). We will assume that the transducer is constructed in such a
way that in the working range of frequencies the load produced by the diaphragm acts
evenly along piezoelectric driving elements of both arrays, i.e., force variation through
piezoelectric arrays is neglected. We also will assume that both arrays are equivalent.

Under theses conditions, vibrations of the transducer can be analyzed from a one-




dimensional model. Moreover, because of the symmetry it is enough to consider a single
piezoelectric element with the corresponding part of the diaphragm (Fig. 2).

In general, vibrating diaphragm generates several types of mechanical forces acting
on the bimorph: inertia force F;, that is created by the motion of the mass of the
diaphragm, elastic forces F,, that are caused by stiffness of the air enclosed in the cabinet
and the stiffness of hinges. The last force is the air damping force Fyn that is caused by the
acoustic radiation. The force diagram is shown in Fig. 2 where R; and R; are the reaction
forces and F., is the force generated by bimorph cantilever, which drives the diaphragm.
Introducing F. makes it possible to analyze separately vibrations of the bimorph
cantilever and the motion of the diaphragm. In the model it is assumed, that the hinges for

diaphragm fastening generating the elastic force only.

3. Analysis of piezoelectric bimorph cantilever

To define bending vibration of the piezoelectric bimorph cantilever, equations

describing vibrations of the neutral surface 1 of the vibrating beam are used [3]. In the

case of the piezoelectric beam, the neutral surface is defined in a such way that any
extension strain, even if allowed to exist there, does not contribute a bending moment [3].
The equation of bending of uniform symmetric piezoelectric bimorph beams (in which the
thicknesses of two piezoelectric plates are equal) with rectangular cross-section can be

written as (Fig. 2)



( 2
S, =-2 3—12]-, Mechanical strain of the neutral plane describing bending [3],
y .

S, =syT, +dy,E,, -h<z<h Piezoelectric equation constitutive equation,
E, = —%, 0 < z< h Electric field across bimorph with parallel connection,

U
E, =—,
)

-h <2< 0 Electric field across the bimorph with parallel connection,

(M
where §; is the mechanical strain along the Y axis, s;, is the mechanical compliance, T; is
the mechanical stress, d, is the piezoelectric coefficient, E is the electric field across the
sample, U is the applied voltage, and 2h is the bimorph thickness. The neutral surface of
the symmetrical bimorph, which is not subjected to external forces and electric fields, lies
in the plane of symmetry of the bimorph. A coordinate system XYZ is chosen such that this

plane passes through z =0 and the bimorph cantilever is clamped at y =0 (Fig. 2). The

translation force F; that causes the displacement of the neutral plane in the Z direction
(Fig. 2) is [3]

F=%, @
dy

where F, is the internal shear force along the Z axis [3]:

F=-22 3
s P 3)

where M is the internal bending moment along the X axis:

M=- |[zT,dxdz. 4)

cross-section

By using Eqgs. (2, 3) the law of linear momentum conservation, i.e.,




N

F, =p(2hw)dy =,

)

where p is the density of the bimorph, w is the width of the bimorph beam, and 2Aw is the
area of the cross-section of the bimorph, can be written as

_’M
dy?

aZ
= p(2hw)-a—t2Tl. (6)

Substitution of T, from Set (1) into Eq. (4) yields

3 52
M= 2wiz d 1;] _ Uwi:zd32 . N
35, Oy S

Thus, one can see that in the case of the symmetrical bimorph beam the external electric
tension generates a pure bending moment only. Substituting this expression into Eq. (6),

gives

a*n  3psy, 9%
" oo ®)

To find a solution of Eq. (8) the following boundary conditions should be used [4]:

y=0:
on
Tl = O; — O,
dy
sy=1L: )
3 42
2W’El a 1;] Uw}édn =Mex =O,
3s,, Oy 522
2wk _
3s;, ay° 7

where M., is the x component of the external angular momentum applied at y=I; F is the

z component of the external force acting at the vibrating end of the cantilever. In our



derivations the effect of forces acting along Y and X axes was neglected. Before
proceedings further with calculations of force Fex for the transducer under consideration, a
general expression for vibrations of the piezoelectric bimorph cantilever under the applied

voltage and external forces will be derived. Assuming that harmonic electric voltage

U,e™ is applied to the cantilever and external forces F™e’* are linear functions of the

displacement, the displacement of the cantilever can be written as n_e’* where @ is the

angular frequency. Therefore Eq. (8) can be written as

a4

a 4 }"4Tlm = ’ . (IO)

where

2 E
307s,p

A= 2

(11)

The solution of Eq. (10) with boundary conditions (9) is

25 (cofulscosat)+ 2 SEES sna{ar) + sinf])
2 1+ cosh[M ] cos[?»l]

13 20 (sl sl - 2 55 (con{ad)+ cos )
2 l+cosh[M]cos[ ]

n, = (cosh[Ay]- cos{Ay])+

3
2

(sinh[ky] - sin[Ky])

(12)

The resonant frequencies v;, which is determined from zero value of the denominator in
Eq. (12), coincides with the resonant frequencies of a free piezoelectric cantilever:

cosh{Al]cos[Al]=-1. (13)

In the low-frequency limit (Al — 0) Eq. (12) may be rewritten as




2 E rm 3 2
y Sp ke (2y —6ly )
=3d,,U | —| - . 14
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In most practical cases the external force F., acting at the vibrating end of the
piezoelectric cantilever (y=1) is a combination of linear damping, inertia, and elastic
forces. For harmonic driving voltage U_e’™ applied to the cantilever these forces are
expressed by

F, =Kn_e*, | (15)
where K is a complex coefficient. Substitution of the force amplitude from Eq. (15) into

Eq. (12) produces

E

Al (cosh[M 1+ cos[?d]) + %&3};{3{- (sinh[?d |- sin[Ml ])
w.

sp, K

wh?

n — 3d32t]m
"4 MR

X

% (1 + cosh[M] cos[M]) - -2: (cosh[?J] sin[M]~ sinh[M] cos[Al))
(cosh[Ay]- cos[Ay])+

spK

wh’

W (- sinh[M]+ sin[AL])— 2 22 (cosh H{M] - cos[A)

s K

(1 +cosh[xz]cos[u])-§ "2 (cosh[M]sinM] - sinH[M]cos{M])

(sinh[Ay] - sin[Ay])

3d,U,
4 Ak

X

(16)
Eq. (16) reveals that the external force of the type (15) changes the resonant
characteristics of the vibrating cantilever. If the piezoelectric material has no losses and the
external force does not tend to damp vibrations of the bimorph cantilever, ie., K is real,

the resonant frequencies may be calculated from the following equation

E

A*(1+ cosh[M]cos[M]) - %%2—135 (cosh[Ad]sin[Ad] ~ sink[Al]cos[M]) = 0. (17



As follows from Eq. (16) the displacement of the moving end (y =1) is

_3d,U, A sinh[M]sin[Al]

2 B, 355K . . '
A1+ cosh[M]cos[M]) - PRwx (cosh[M]sin[AZ] - sinh[M]cos[M])

Nu(l)

(18)
Apparently, the amplitude of the tip displacement is equal to zero when sin(Al)=0 and
the value of the corresponding frequency does not depend on external loading. It can also
be shown that the lowest frequency of the zero vibrations is about 2.8 times higher than
the fundamental frequency of bending vibrations of unloaded cantilever. In the low-

frequency limit Eq. (18) may be written as

34U 2
N=322Un , 19
Mall) =5 ,_ KO (19)
wh?

where K(0) is the low-frequency value of the force coefficient (15).

To calculate the electrical impedance of the piezoelectric bimorph cantilever we
will start with the piezoelectric constitutive equations:

_ (E
{Sz Spl, +dynE;, —h<z<h, 20)

D; =d,T, +8-3F3E3»
where Dj is the component of electric displacement along the Z axis. Using Eqgs. (1) and

(20) one can get

9’n d, d?
D =—z—-24]el — 22 |E.. 21
3 zayz s252 33 ;:2 3 ( )

Total charge on the surfaces of the bimorph (z = 4), Qs, can be written as [5]:




0,=- [[D(Wds+ [[Dy(-n)as. 22)

electrode surface electrode surface

Substituting (21) into (22) gives

am _om T dazz
0, 2 32 h ( -l € E,(h)- E,(-h) (23)
ay ly=l ay ly=0 » S22 eleeuo?i[J‘su(xface )
Electrical current through the bimorph can be written as
a9,
I= j® 24
o 90, (24)

and the electrical admittance of the bimorph using boundary conditions at y=0 (9) is

ye Jm(z 92 4y 9N (833-—) [[ (&, Es(—h))dxdy)?jl—. (25)

0Y 1yt S2 odmm .
Using Egs. (1) and (16) one can get the numerical value of electrical admittance of the
piezoelectric bimorph cantilever. Analysis shows that at frequencies far below the
fundamental bending resonance this numerical value is slightly higher than experimental
one. The reason for this is that in the calculation an approximate electric field (Eq. (1))

was used.

4. Calculation of vibrations of the piezoelectric cantilever loaded with the

diaphragm
To evaluate vibrations of the piezoelectric cantilever loaded with diaphragm (Figs.

1 and 2) by means of Eq. (16), external mechanical force Fe acting on the vibrating end of

the cantilever along the Z axis should be determined (forces acting along the Y axis are

10



neglected). This force may be calculated using the laws of angular and linear momentum
conservation [6] for the diaphragm:

rx(R +R, +F,, +F,)+ [rxF,av+ jerdmdS=%[ j(rxpdv)dV}

diaphragm diaphragm diaphragm

(26)
R +R,+F,, +F,+ [FaV+ [F, dS-Z;( jpdvdV}

diaphragm diaphragm diaphragm
.where y(r) is th(;; diaphragm velocity. Assuming that the thickness of the diaphragm is
small, volume integrals in Eq. (26) can be transformed to surface integrals. The air
damping force (surface density) Fy, can be written as [7):
F, =-kv, @7)
where k, is the damping coefficient depending on the shape of the transducer (it is directly
related to the acoustic impedance of the transducer [7]). By substituting various

quantities, set of equations (2) in X’¥’Z’ coordinate system can be transformed to

2

2 2 2
~F, +F,+R, +k, ;’ szrz(p-‘-i—(£=—pd awL, [sin(p‘;?+coscp[%] } Z axis

dt 2
wL; d t,wL d’e . [doT _
R,-P_ -k, Td-coscp—iri: Py > 4 (cos(p dt;P -sm(p[z] Y' axis
wLhide _ _ twLid’e
6 dt 16 dr?

R, singp— choscp+P"‘ cosQ+k, — X' axis

(28)
where Py, is the weight of the one half of the diaphragm with the width w and @ is the
angle between the diaphragm and Z’ axis (Fig. 2). From set of equations (28) one can

solve the magnitude of F,, acting along the Z’ axis:

11




1 do 1 ., 1 d%o

E 1
F . =-2ctno+—k wl? +=p Wl ———L 4+ F
b = P 3 sing dr 3P e ar T (29)
Fpush=—kF;>ush’

where k is the unit vector along the Z axis. Right hand side of the first equation in (29) is
the external force Fx acting at the moving end of the bimorph cantilever parallel to the Z

axis since according to Newton’s third law F,, =—-F,,, and the Z and Z’ axes coincide.

Clearly, the external force Fe, is a non-linear one in a general case since ctng and sing are

non-linear functions of ¢ and, hence, displacement. For air acoustic transducer it is
desirable to work in a linear regime when the amplitude of the diaphragm vibrations is

much lesser than the diaphragm height k4 (Fig. 1). In this case:

1 L,
cnp = ——=—,
sing® hy,
D, 1A (30)
dt h, dt \y=t
L
K_ =
amp hd
Therefore the displacement of the diaphragm apex 14 is
Mg = Kp(0) - (31)
We also assume that the elastic force is linear:
Fy=-k,m(}), (32)

where kg is the equivalent spring constant of the air enclosed in the cabinet and hinges

(Fig. 1). Thus, under linear approximation Fex can be expressed as:

F 1 d?
F =K —w--ngm(kvad;ﬂ +pdtded§t—:l )—k,p,n(l). (33)

ex
) t 1y=t ly=l
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Since for harmonic excitation the tip displacement of the bimorph cantilever can be written

as N e’ , Eq. (33) can be rewritten as:

F, wl 1
Fo = Ky 2411 (e (--3-1(3,,,,, (kwLyjo - 1, wL,0%)— k,p,) . (4

First term in Eq. (34) produces constant deflection only, therefore it can be neglected in
calculations of the spectrum of vibrations. Comparing Egs. (15) and (34) one can find

coefficient X in the expression of the tip displacement (Eq. (18)):
K=-{1K2 (kwL,j L,0?)+k 35
=13 mp( yWLyjo —pt,wL,0 )+ i (35)

Thus, vibrations of the bimorph cantilever and diaphragm can be calculated by means of

Egs. (11), (18), (31), (35).
5. Results of modeling

The strategy in calculating the spectrum of the diaphragm vibrations was as
follows. Initially, electromechanical properties of the piezoelectric bimorphs were
determined by experimental studying characteristics of the ceramics and vibration
spectrum of unloaded piezoelectric bimorph cantilevers. Then, these data were used to
calculate the vibrations of the cantilevers loaded with the diaphragm. Since the equivalent
spring constant kg, of the air enclosed in the cabinet and hinges was unknown, its value
was determined experimentally by measuring the diaphragm vibrations at low frequencies

under the assumption that kg, is frequency independent. As follows from Egs. (19), (30),

13




(31), (35), the magnitude of low-frequency vibrations of the diaphragm apex is directly

related to the spring constant:

Ny =2d,U (1)2 1 K (36)
d 2 32%m h 2 szﬁzkspr(l)a amp *

w \h

To determine of the damping coefficient &y, it was assumed that the vibrating diaphragm

behaves as a baffled piston [7]:

[2‘nzvreq ]2 16 vr.
kv = 2paircair 2 +ji =
2¢c,, 3 ¢,

, (37

where p,;; is the air density, c.; is the sound velocity in the air, v is the frequency, and Teq iS

the equivalent radius of the transducer diaphragm with the area A=2Lw,, Ta =VA/T.

Thus, the procedure described above made it possible to determine all parameters
essential for calculating vibration spectrum of the transducer. It is important to note that
complex piezoelectric, dielectric, and elastic constants should be determined for including
losses in the piezoelectric elements. Parameters of the diaphragm and piezoelectric
bimorph cantilevers used in the transducer are given in the Table 1 [1].

Soft piezoelectric ceramics was used for the bimorph fabricating [1]. It is known
that electromechanical properties of these piezoelectric bimorph cantilevers are highly
dependent on the magnitude of the applied electric field [8]. Found in [8] and [9]
electromechanical coefficients of PZT5H ceramics for the electric field E=0.71 kV/cm rms
are shown in the Table 2. Frequency dispersion of these coefficients was neglected in the
device modeling since it is not significant in the working frequency range. Calculated

vibration spectrum of the unloaded bimorph cantilever is shown in Fig. 3. Resonant

14




frequency at 0.71 kV/cm was v=1044 Hz and the mechanical quality factor was Qr=10.1.
At small electric fields (E<0.01 kV/cm) the corresponding parameters v,=1167 and Qn=55
were the same as the experimental data [1]. It should be noted that the vibration amplitude
at the resonance depends on the mechanical losses. As follows from Eq. (18), complex

amplitude of the tip displacement of the unloaded bimorph (K=0) with low losses can be

written as:

“04%)  sim1 M1 sind A1=FIAL 22 (coshi N1 sin M1+ sinkl Ml cost AT
- (l)=3|d32|Ume 4

2 R*ILI2 - . . ’
1+ coshl M1 cosI All+jI M -I(coshl M1 sinl M- sinhl M1 cost A1)
(38)

where 0; is the phase of the piezoelectric coefficient ds; and 6, is the phase of the
mechanical compliance s;,. At the fundamental frequency of bending vibrations
(Al=1.875) Eq. (38) gives:

2 -j[ Z+e,-0.160,
() =30, (Elﬁ) ldszloéﬁe {3ooie) (39)

Thus, the amplitude of the resonant displacement is inversely proportional to the phase of
the mechanical compliance.

Calculated vibration spectrum of the diaphragm apex is shown in F1g 4.
Magnitude of the equivalent spring constant (N/m) shown in the Fig. 4 is for the width of
the part of the diaphragm w driven by one bimorph (w=5 mm). Clearly, at the low loss
limit the value of the resonance frequency derived from the model does not depend on the

losses of the equivalent spring constant and it reproduces the experimental values

V, =550 Hz. Nevertheless, only kg having imaginary part can fit the amplitude of the

15




diaphragm vibrations at the resonance. These results indicate that the elastic force caused
by hinges and the air enclosed in the cabinet has losses. Thus, the model developed is
capable of describing basic characteristics of the vibration spectrum of the transducer.

As seen from Fig. 4 the width of the experimental peak is narrower than that of the
theoretical one. It may be caused by an increase in the amplification factor of the
diaphragm (Eq. (31)) around the resonant frequency that was observed experimentally.
Nonlinear dependence of electromechanical properties on the level of vibrations maybe
another reason for this discrepancy. Data of Fig. 4 show that the model cannot describe
minimum in the diaphragm vibrations observed near 800 Hz. Experimental study of the
frequency dependence of the amplification factor K,m, of the diaphragm shows that the
diaphragm has its own bending resonance neaf this frequency, i.e., it does not keep its
shape. Additional factor that can affect the diaphragm vibrations at high frequencies is
losses in the hinges.

The model developed makes it possible to analyze mechanical vibrations and sound
pressure generated by the transducer for various dimensions of the diaphragm and
piezoelectric elements. Vibration characteristics and on-axis sound pressure at the distance
r=1 m for different thicknesses of cantilevers and constant rms magnitude of the electric
field E=0.71 kV/cm are shown in Fig. 5. Complex value of the spring constant

k.. =9500(0.916+0.45) N/m was used in the modeling. The sound pressure p of the

transducer was calculated assuming that the transducer behaves as a baffled piston [7]:

p=2mv’Ap,,M,, (40)
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where T, is the average amplitude (rms) of the diaphragm vibrations, T, = 0.51),. The

calculated value of the sound pressure for 24=1 mm is close to the experimental one [1]. It
should be noted that the results of the model (Fig. 5) are valid for the given equivalent
spring constant only. As is seen from the Fig. 5 the optimal value of the bimorph thickness
lies between 1 and 1.5 mm. Clearly, sound pressure developed by the transducer sharply
decreases below 300 Hz. Data of Fig. 5 shows that the resonant frequency of the
transducer is highly dependent on the thickness of piezoelectric élements.

The model developed makes also possible to analyze the change in the resonant
frequency of a double-amplifying structure [1]. The structure consists of two piezoelectric
bimorph cantilever bridged by a triangular diaphragm (as in the air transducer but much
narrower in the x direction and without non-radiating plates covering inactive sides).
Assuming that the s_pring constant and air damping coefficient in this structure are equal to

zero, Eq. (17) can be rewritten as:
A [1 + cosh[] cos[ar] - -;;K ol Ll o(cosh[o] sin[ot] — sinhc] cos[a])] =0, (41)
m

where o =2AJ, my is the mass of the one half of the diaphragm and m is the mass of the
piezoelectric cantilever. The value o obtained from Eq. (41) is directly related to the

resonant frequency of the double-amplifying structure,

42)

Results of modeling and experimental data for the structure with 2h=1 mm, w=7 mm, I=20
mm, m=1.092 g, L;=25 mm, and m,=0.057 g are given in Fig. 6. As is seen from the

Figure, Eq. (41) describes very well experimental data for the apex height above 1.5 mm.
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Below this height the thickness of the diaphragm, 7,=0.59 mm, becomes comparable with
the height of the diaphragm apex that can increase the contribution of elastic forces and

bending moments in the hinges.
6. Conclusions

In this work, a model describing basic acoustic characteristics of the bimorph-
based piezoelectric transducer [1] has been developed. One-dimensional approach was
suggested in which inertia, elastic and damping forces are included. As integral part of this
model, analytical equations describing the spectrum of mechanical vibrations and electrical
impedance of piezoelectric bimorph cantilevers under external forces was derived. In the
model, complex electromechanical parameters of the transducer were used to include
losses in the transducer. Results of modeling and eJ.(perimental data are in good agreement.
The model developed can be used for optimizing acoustics characteristics of the

transducer.

Nomenclature

hq height of the diaphragm apex
2L4 length of the diaphragm

wy width of the diaphragm

t4 thickness of the diaphragm

18



7)a displacement of the diaphragm apex

T}y average displacement of the diaphragm

pa density of the diaphragm |

my mass of the part of diaphragm acting on piezoelectric bimorph cantilever

2h thickness of piezoelectric bimorph cantilever

I length of the piezoelectric bimorph cantilever

w width of piezoelectric bimorph cantilever

7 displacement of the of the neutral plane of the piezoelectric bimorph cantilever

Tim amplitude of the displacement of the of the neutral plane of the piezoelectric bimorph
cantilever

7MY amplitude of the displacement of the of the neutral plane of the piezoelectric bimorph
cantilever at resonance

p density of the piezoelectric bimorph cantilever

m mass of the piezoelectric bimorph cantilever

s3, y component of the mechanical compliance of the piezoelectric bimorph cantilever

d3; piezoelectric coefficient along the Y axis

6 phase angle of the piezoelectric coefficient ds;

6, phase angle of the mechanical compliance s;,

A wave coefficient describing bending vibrations of the piezoelectric bimorph cantilever
@ angular frequency

v frequency
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V. is the fundamental frequency of bending vibrations
@ angle between the diaphragm and Z’ axis

J imaginary unit

req €quivalent radius of the diaphragm

Cair Sound velocity in the air

k, air damping coefficient

Pair density of the air

p sound pressure

o coefficient determining the resonant frequency of the loaded piezoelectric bimorph
cantilever

ksx equivalent spring constant

t time

X, ¥, z rectangular Cartesian coordinates

k unit vector along the Z axis

r radius-vector in the X'Y'Z’ coordinate system

v diaphragm velocity

XYZ, X'Y'Z' Cartesian coordinate systems

A area of the diaphragm

E; electrical field along the Z axis

D; electric displacement along the Z axis

I electrical current through the piezoelectric bimorph cantilever

Kamp amplification factor of the diaphragm
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Q; total electric charge on surfaces of the piezoelectric bimorph cantilever
S2 mechanical strain along the Y axis

U voltage across the piezoelectric bimorph cantilever

U amplitude of the voltage across the piezoelectric bimorph cantilever

Y electrical admittance of the piezoelectric bimorph cantilever

F. elastic force acting along the Z'axis

F, external force acting along the Z axis

F_ amplitude of the external force acting along the Z axis

Fi;, inertia force directed along the Y axis

F; internal shear force along _the Z axis

F, internal translation force along the Z axis

K complex force coefficient

M internal bending moment along the X axis
M., external bending moment along the X axis
F., vector elastic force

Fix vector inertia force (volume density)

Fum vector air-damping force (surface density)
Fushn vector force driving the diaphragm

R, R; vector reaction forces

P vector of spontaneous polarization
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CAPTIONS OF FIGURES

Fig. 1 Schematic view of bimorph-based piezoelectric air transducer with double

amplification.

Fig. 2. Diagram of the forces included in one-dimensional model. P denotes the vector of

spontaneous polarization in the piezoelectric bimorph cantilever.

Fig. 3. Spectrum of mechanical vibrations of unloaded piezoelectric bimorph cantilever.

Fig. 4. Comparison between experimental and theoretical magnitudes of the vibrations of

the diaphragm apex.

Fig. 5. Theoretical diaphragm vibrations and on-axis sound pressure at the distance r=1 m

under electric field E=0.71 kV/cm rms for different thicknesses of cantilevers.
. Fig. 6. Theoretical and experimental dependencies of the fundamental resonance on the

height of the diaphragm apex in the double-amplifying structure. Material of the

piezoelectric bimorphs: soft piezoelectric ceramics 3203HD (Motorola).
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Table 1. Diaphragm and bimorph cantilever characteristics.

Parameters of the loudspeaker paper diaphragm

Dimensions of the piezoelectric

bimorph cantilevers
hq (mm) | Ls(mm) | wy(mm) | £y (mm) Pa I(mm) | w(mm) | 2A (mm)
(g/em’)
2.8 23 63 0.59 0.55 18 5 1.0
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Table 2. Magnitude of electromechanical coefficients of PZTSH for E=0.71 kV/cm

coefficient

€3:/€,

ds, (m/V)

sy, (m*N)

3770(0.997 - 0.078})

333-107'2(0.996 - 0.091/)

30.3-107"%(0.996 — 0.088,)
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CRESCENT : A novel piezoelectric bending actuator

Sanjay Chandran, V. D. Kugel, and L. E. Cross
Intercollege Materials Research Laboratory, The Pennsylvania State University, University Park, PA
16802

ABSTRACT

Piezoelectric actuators have significant potential for use in smart systems like vibration suppression and acoustic noise
canceling devices. In this work, a novel piezoelectric bending actuator CRESCENT was developed. CRESCENT is a stress-
biased ceramic-metal composite actuator. The technology involves the use of the difference in thermal contraction between
the ceramic and the metal plates bonded together at a high temperature by a polymeric agent to produce a stress-biased
curved structure. An extensive experimental investigation of this device in the cantilever configuration was carried out. The
tip displacement, blocking force and electrical admittance and were chosen to characterize the performance of the actuator
under quasistatic conditions. The device fabricated at optimum temperature exhibits large tip displacement and blocking
force and possesses superior electromechanical characteristics to conventional unimorph actuators.

Keywords: piezoelectric actuators, unimorph, bimorph, CRESCENT
1. INTRODUCTION

Piezoelectric ceramic materials are being increasingly investigated for use as solid-state actuators in applications
requiring large displacements (>10 pm) such as loudspeakers, pumps, vibration suppression and acoustic noise canceling
devices. Since the direct extensional strain in piezoelectric ceramics is quite small, novel strain amplification mechanisms
are being explored. The bending mechanism is an effective strain amplification technique and actuators utilizing this
mechanism are widely used for the above mentioned applications. A classical example of such a device is the unimorph
actuator’ which consists of the non-piezoelectric and electroded piezoelectric plates bonded together. A schematic view of
the unimorph actuator with rectangular cross-section in the cantilever configuration is shown in Fig. 1a. The flexural
displacement 7 under applied voltage U (Fig. 1b) is caused by the piezoelectric effect in the direction perpendicular to the
polar Z axis (piezoelectric ds; coefficient).
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Fig. 1. (a) A schematic view of the unimorph actuator in cantilever configuration. P, denotes the vector of the spontaneous
polarization. (b) Flexural displacement 7 of the unimorph in the ZX plane under the applied voltage.




Recently, a novel technique of using pre-stress produced during the device fabrication was introduced.? The
piezoelectric actuator made using this technique was named RAINBOW (Reduced And Internally Biased Oxide Wafer).
RAINBOW is made by subjecting the ceramic to a selective high temperature reduction with graphite in an oxidizing
atmosphere resulting in a reduced electrically conductive layer and an unreduced piezoelectric layer. The resulting stress-
biased monolithic unimorph has a dome or saddle-shaped structure because of difference in the thermal contraction between
the reduced and unreduced layers of the ceramic plate. It was stated that this dome shape enables the actuator to generate
significant axial displacement.?

In this work, the authors describe a novel piezoelectric stress-biased bender called CRESCENT. This device is very
promising considering that it generates fairly large displacement and blocking force at reasonable driving fields. In
addition, ease of fabrication, low cost and surface mountable configuration are some of its other attractive features. Details
regarding the fabrication of CRESCENT and its electromechanical characterization are given below.

2. FABRICATION OF CRESCENT

The technology of fabricating CRESCENT involves the use of the difference in thermal contraction between the
piezoelectric ceramic and metal plates bonded together by a polymeric agent to produce a stress-biased curved structure.
The electroded piezoelectric plate is cemented to a metal plate by a thin layer of high temperature curing epoxy by
subjecting it to high temperature (200-400°C) for a fixed period of time (typically 30 minutes - 6 hours) so that the epoxy
cures and hardens. Then the structure is rapidly cooled (typically air cooled) to room temperature to achieve the differential
thermal contraction. This process produces a dome-shaped structure with significant internal stresses. After the device is
~ fabricated it is poled. A schematic view of the CRESCENT is given in Fig. 2.

epoxy
)

Fig. 2. Schematic view of CRESCENT.

3. EXPERIMENTAL PROCEDURE

In all experiments, soft piezoelectric ceramics PKI550 (Piezo Kinetics, Inc.) and stainless steel SS302 were used.
This category of piezoelectric ceramics is analogous to soft piezoelectric ceramics PZT5SH. Stainless steel SS302 was used
because of its very high Young’s modulus. Two epoxies with different curing temperatures were used: one of the epoxies
was cured at 250 °C for 6 hours and the other was cured at 350 °C for 45 minutes.

Each piezoelectric plate was rectangular in cross-section and had the following dimensions: total length L = 30
mm, width w = 11 mm and thickness t. = 1.09 mm (Fig. 1). The SS 302 plates had dimensions: total length L = 30 mm,
width w = 11 mm and thickness t, = 0.37 mm (Fig. 1). Since the Curie temperature (~200 °C) was lower than the device
fabrication temperature, the actuators were poled after fabrication. The radius of the curvature of both the CRESCENT
actuators before poling was about 0.4 m and after poling it increased to 0.8-0.9 m. For comparison, standard d3; unimorph
actuator of identical dimensions was fabricated. In case of unimorph, the piezoelectric ceramic plate was first poled along
its thickness and then bonded to the SS302 plate using commercially available J-B Weld epoxy (J-B Weld Company) at




room temperature for 24 hours. Hence the unimorph has a greatly reduced level of internal stress compared to the
CRESCENT actuators.

The piezoelectric ds; coefficients of the CRESCENT and unimorph actuators after poling were measured using the
piezoelectric d;; meter ZJ-2 (Institute of Acoustics, Academia Sinica). To characterize the CRESCENT and unimorph
actuators, their electromechanical response as a function of the applied electric field well below the fundamental frequency
of bending vibrations (quasistatic conditions) was investigated. Under quasistatic conditions, the following parameters of
these devices in the cantilever configuration (Fig. 1) were measured as a function of amplitude of the electric field: (i)
displacement 1 of the free end of the cantilever, (i) blocking force F (when n=0), and (iii) electrical admittance Y. The
vibrating length of the cantilever was I = 26 mm.

A block diagram of the experimental set-up is shown in Fig. 3.* The tip displacement of piezoelectric cantilevers was
measured by a photonic sensor MTI 2000 (MTI Instruments). The actuator (in Fig. 3, bimorph is shown as an example) was
mounted on a XYZ micropositioner (Ealing Electro-Optics, Inc.). To measure the blocking force, a special metal head of a
load cell ELF-TC500 (Entran Devices, Inc.) was glued by Super Glue to the vibration end of the actuator. Power supply PS-
15 (Entran Devices, Inc.) was used to drive the load cell. The electrical admittance was measured by means of a small (a
few ohms) resistor R connected in series with the actuator. The lock-in amplifiers (SR830 DSP, Stanford Research Systems,
Inc.) used to measure the signals corresponding to the tip displacement and admittance were synchronized with the output
voltage of the power amplifier (790 Series, PCB Piezotronics, Inc. or PA-250H, Julie Research Laboratories, Inc.). The
input AC signal to the power amplifier was provided by a generator DS345 (Stanford Research Systems, Inc.). The
developed experimental set-up can be used over a wide frequency range (from DC to several kHz). The maximum driving
voltage this setup can handle is 300 Volt RMS.

Lock-In L 1 Photonic — — Load Cell & §— bock:In
Anplifier ™| Sensor Power Supply] | Amplifier
> |«

Transducer b— IP‘
I Micropositioner I
Generator f— ' Power [ R Lock.-ln
—| Amplifier Amplifier

Fig. 3. Block diagram of the experimental set-up adopted to measure electromechanical properties of piezoelectric
actuators.® P, denotes the vector of spontaneous polarization.

Electromechanical characteristics were measured in the quasistatic regime at room temperature. The measurement
frequency 100 Hz was at least ten times smaller than the fundamental resonant frequency.

4. EXPERIMENTAL RESULTS

The values of the piezoelectric ds; coefficient of the CRESCENT and unimorph actuators are given in Table 1. It is
evident that the ds; coefficient decreases with increasing device fabrication temperature. Thus the CRESCENT actuator
fabricated at 350°C has the lowest value whereas the unimorph actuator has the highest value.

Table 1. Values of the piezoelectric d;3 coefficient of the CRESCENT and unimorph actuators

TYPE OF PIEZOELECTRIC ACTUATOR piezoelectric ds; coefficient
CRESCENT (fabricated at 250°C) 518
CRESCENT (fabricated at 350°C) 512

Unimorph 570




Fig. 4 and Fig. 5 show the variation of quasistatic tip displacement, blocking force and admittance of the
CRESCENT actuator fabricated at 250°C with increasing electric field upto about 2 kV/cm. Fig. 6 and Fig. 7 show the
variation of these parameters with electric field for the CRESCENT actuator fabricated at 350°C. The variation of these
parameters with electric field for the unimorph actuator is depicted in Fig. 8 and Fig. 9. As seen from the figures, for all the
three actuators under consideration, the quasistatic tip displacement and blocking force vary linearly with electric field for
low fields but the variation becomes increasingly non-linear at higher electric fields. The slope of tip displacement and
blocking force vs. electric field monotonically increases with electric field at higher levels of field.
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Fig. 4. Variation of tip displacement and blocking force of CRESCENT fabricated at 250°C with electric field.

7.5x10¢
100 Hz
7.0x10€ - A

6.5x10% - Ve

6.0x10* A

Admittance (S)

5.5x10¢ s

5.0x10¢ 4~

4.5x10% T T T T
0.0 0.4 08 1.2 1.6 20

Electric Field (kV/cm)

Fig. 5. Variation of relative admittance of CRESCENT fabricated at 250°C with electric field.
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Fig. 6. Variation of tip displacement and blocking force of CRESCENT fabricated at 350°C with electric field.
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Fig. 7. Variation of relative admittance of CRESCENT fabricated at 350°C with electric field.
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Fig. 9. Variation of relative admittance of unimorph with electric field.

5. DISCUSSION AND SUMMARY

The experimental results show that the CRESCENT actuator fabricated at 250°C exhibits a larger tip displacement
but a smaller blocking force and electrical admittance than the unimorph actuator. However, the CRESCENT actuator
fabricated at 350°C shows a smaller tip displacement, blocking force and electrical admittance than the unimorph. It is
indeed useful to compare the various electromechanical parameters of the three actuators and arrive at an overall figure of



merit which can be used to evaluate their electromechanical performance relative to one another. This comparison can be
done using the analysis given below.’ This analysis can be applied only to actuators consisting of plates with rectangular
cross-section.

The actuators were studied in the cantilever configuration in which the mechanical load is usually applied to the
vibrating end of the cantilever. Therefore the most important characteristics under quasistatic conditions are the free
displacement 1 (Fig. 1) of the vibrating end and the blocking force Fy; when 1=0. For piezoelectric unimorph actuators®

2
n= %dn -lt—kdE,
_3dy w2 g @
I
where dy; and s;, are the piezoelectric coefficient of ceramics, and the mechanical compliance of ceramics in the direction X

under the constant electric field E (Fig. 1) respectively, ks and k4 are displacement and blocking force coefficients
respectively, and E=U/t_.

For unimorph cantilevers ( i.e. without internal mechanical stress) k4 and k4 can be expressed as®

2xy(1+ t
d= x{( x) 4.2 x:..'."_’ y=Yms1E1’
1+4xy+6x’y+4x’y+ x'y t, @
1+x
k. =2 ,
“ xyl+xy

where Yy, is the Young’s modulus of the metal. As given in equation (2) factors k4 and k4 depend on the ratio of thicknesses
x and ratio of Young’s moduli y of metal and piezoelectric plates.

For CRESCENT actuators, internal mechanical stress produced during device fabrication and poling, changes the
electromechanical properties of ceramics. Therefore equation (1) for these actuators can be written as’

3,0
n= Edgl 't—kdka,

3dywl g @
WTRE 1 v

where k; is equal to relative change in d3; and k,y, is equal to the change in d, /s. as a result of the internal stress bias. ky
is not very sensitive to change in s;. Hence k, can be calculated from the ratio of the tip displacements of the CRESCENT
and unimorph actuators using equation (1) and equation (3). However, k4 being a strong function of s, the value of k4 in
equation (3) should be first calculated using the value of s under mechanical stress in equation (2). Then kpm can be

determined from the ratio of blocking forces and ratio of kg4 for unimorph and CRESCENT actuators using equation (1) and
equation (3).

Another important quasistatic electromechanical characteristic of the actuators is their electrical admittance ¥ :

Y= jmlt—we;ky, @

where o is the angular frequency = 2ntv, €, is the component of the tensor of the dielectric permittivity of ceramics and

coefficient ky depends on the electromechanical coupling coefficient and a change in the dielectric permittivity due to
device fabrication.

An overall figure of merit representing the ratio of the mechanical work to the input electrical energy can be expressed as®

overall figure of merit o _71)1:_“ . )

Equation (5) can be used to compare different actuators (in our case, CRESCENT and unimorph actuators) only if
they are fabricated using the same piezoelectric ceramics and have the same dimensions of the active piezoelectric plate. All




quasistatic characteristics should be measured for the same amplitude and frequency of the applied electric field since
electromechanical properties of piezoelectric ceramics depend on the amplitude and frequency of the electric field. 7

Calculated relative values with respect to the unimorph actuator representing electromechanical characteristics of
the actuators studied are given in Table 2. These values were obtained at low applied electric field (less than 20 V/cm). As
seen from Table 2, the CRESCENT actuator fabricated at 250°C has the highest figure of merit.

Table 2. Figures of merit of bending-mode piezoelectric actuators in the cantilever configuration.

Type of Piezoelectric | Tip displacement Blocking force Admittance Overall figure of merit
actuator (relative) (relative) (relative)

Unimorph 1 1 1 1
CRESCENT 1.09 0.97 0.91 1.16
(fabricated at 250°C) .

CRESCENT 0.88 0.85 0.90 0.83
(fabricated at 350°C)

Based on the relative values of tip displacement and blocking force and equations (1) and (3) the values of &, and
ko under quasistatic conditions and low applied electric field can be calculated. The calculated values of these coefficients
are given in Table 3.

Table 3. k, and k,, values for CRESCENT actuators

Type of Piezoelectric actuator ky kom
CRESCENT (fabricated at 250°C) 1.09 0.88
CRESCENT (fabricated at 350°C) 0.88 0.82

From Table 2, it is clear that the CRESCENT actuator fabricated at 250°C has a higher tip displacement and lower
admittance than d5; unimorph fabricated from the same materials. This implies that the average piezoelectric ds, coefficient
of the piezoelectric ceramic plate poled under a certain level of mechanical bending stress is higher and the corresponding
dielectric permittivity €], lower than that of the starting material. This is very surprising because experimental results®

show that longitudinal stress decreases piezoelectric ds; coefficient. Also, it is interesting to note that for a piezoceramic
plate poled under a certain level of mechanical stress, the piezoelectric ds; coefficient is lower but the piezoelectric ds
coefficient is higher than the starting material. This enhanced electromechanical response can be attributed to specific
domain structures which are formed during poling. A very important fact supporting this hypothesis is that there was a
significant increase in the radius of curvature of the device after poling. For the CRESCENT actuator fabricated at 350°C
(above the optimum temperature), excessive residual mechanical stress may decrease the piezoelectric ds; coefficient. This
explains the inferior electromechanical characteristics exhibited by the actuator. The blocking force of both CRESCENT
actuators is less than that of unimorph. This can be due to the increase in s}, due to mechanical stress during poling of the

device.

It is evident from the results that the electromechanical and dielectric properties of the CRESCENT actuators are
dependent on the level of the applied electric field. At high electrlc fields, they exhibit a non-linear variation. This can be
attributed to the non-linear behavior of the soft PZT ceramics.” This non-linear behavior of ceramics has an extrinsic nature
i.e. it is caused by domain wall and phase boundary motion.

Another important yardstick to evaluate the reliability of an actuator is the electric field at which mechanical
failure occurs at resonance. Electromechanical resonance induces a very high level of mechanical vibrations which causes
mechanical fracture. For unimorph and bimorph actuators, the fracture occurs at 30-50 MPa in the region where actuators
were clamped since this region is subjected to the highest level of stress.” CRESCENT actuators have metal plates, and
hence even if mechanical failure of ceramics occurs the actuators do not fracture since metals like stainless steel have much




higher fracture toughness than ceramics. Hence they can be expected to have a higher reliability than bimorphs. Work to
study the reliability aspects of the CRESCENT actuators is currently in progress.

In summary, the electromechanical characteristics of CRESCENT and unimorph actuators in cantilever
configuration have been investigated and compared. The tip displacement, blocking force, and electrical admittance under
quasistatic conditions were chosen to evaluate electromechanical performance. The experimental results show that the
CRESCENT actuator fabricated at close to optimum temperature exhibits superior characteristics as compared to
conventional unimorph. This also shows that though in most cases stress has an adverse effect on the performance of
piezoelectric devices, it can enhance performance if prudently designed and properly directed.
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ABSTRACT

During the last several years novel piezoelectric bending actuators have been developed: RAINBOW, CERAMBOW,
CRESCENT, d3; bimorph and THUNDER. A comparative experimental investigation of elecromechanical characteristics
cf these devices along with conventional d5 bimorph and unimorph actuators was conducted in this work. All transducers
were fabricated from soft piezoelectric ceramics. The experimental results show that ds, bimorph and unimorph elements
bave superior quasistatic characteristics as compared to other type of bending-mode actuarors. All these piezoelectric
cevices demonstrate a significant dependencs of electromechanical performance on the magnitude of the driving electric
Seld. It was found that the decrease in the mechanical quality factor and resonant frequency of bending vibrations in dy
unimorph. RAINBOW, CRESCENT (CERAMBOW) and THUNDER with increasing electric field is much smaller than
tkat in bimorph and ds; unimorph actuators. The dependance of the behavior of these devices on the operating conditions
goveras the selection of a particular device for a specific application.

Keywords: piezoeleric actuators, bimorph, unimorph, RATNEOW, CRES CENT, CERAMEOW, THUNDER

1.INTRODUCTION

1

Flezcelecuric ceramics have a relatively high electromecharical coupling ccefficient which mzkss them very attractive for
arriicatons involving efficient transformation of elecical emergy imto mechanical energr and vice versa. Thersfore
prezcelecTic actuators fabricated from these ceramics have significant potential for use as sensers and actuators in smart
'siems. Some of the most popular types of piezcelectiz devices are beading actuators, in which applied electric field

zuses mechanical beading because of the plezoelectric effect. A classical example of such a devics is piezoelectic bimorph
acuaror consisting of two similar electroded piezoelec=ic plates peled along their thickzess and adhesively bonded
tcgesther. A schematic view of the piezoelectric bimorph ca=diever with rectangular cross-secticn is shown in Fig. la. The
Sexural displacement 7 under applied voltage L" (Fig. 1b) is caused by the piezoelectric effect in the direction perpendicular

e pelar (2) axds (piezoelectric ds; coefficient).

(2]

8‘(‘1
3
N

J
o

77 |,
3 ' +P, '/l a ——:ée'nﬁ
IAPs ! /"" X

P 1

@ ®)
riz. 1. (a) A schematic view of the piezoelectric 3 bimerzh cantilever with series connection. P, denotes the vector of the
sgcatanssus polarization. (b) Flexural displacement of the transducar in the Z¥ plane under the appiied voltage.




~ Another widely used bending actuator is unimorph (Fig. 2).° The unimorph actuator consists of the non-
piezoelectric and electroded piezoelectric plates bonded together. Here, like in the piezoelectric bimorph, the piezoelectric
effect in the direction perpendicular to the polar axis (coefficient ds,) generates flexural displacement.

-
o
3

Fig. 2. A schematic view of the piezoelectric dj; unimorph cantilever with rectangular cross-section.

A new type of bending piezoelectric actuator named RAINBOW (standing for Reduced And Internally Biased
Oxide Wafer) has recently been developed.® This is a monolithic bender in which the ceramic is subjected to a selective high
temperature reduction with graphite in an oxidizing atmosphere resulting in a reduced non-piezoelectric layer with metallic
electrical conductivity and an unreduced piezoelectric layer. The resulting stress-biased monolithic unimorph has domelike
structure (Fig. 3) because of difference in the thermal contraction of reduced and non-reduced parts of the ceramic plate. It
was stated that the actuator can generate significant axial displacement.*

Fig. 3. A schematic view of RAINBOW actuator.

CERAMBOW (stands for CERAMic Biased Oxide Wafer) piezoelectric actuator is another stress-biased unimorph
actuator in which metal and electroded ceramic plates are cemented together at an elevated temperature using appropriate
solder.” Curvature develops as the CERAMBOW is cooled to room temperature since the metal and ceramics have different
coefficients of the thermal expansion. CERAMBOW has the same shape as RAINBOW (Fig. 4). A much more reliable way
for stress-biased actuators fabrication has been suggested by the authors. Dome shape of this stress-biased unimorph named
CRESCENT (Fig. 4) is achieved by bonding metal and electroded piezoelectric plates at a high temperature using special
epoxies (curing temperature is 200-400 °C). If fabricated at the same temperature, the CERAMBOW and CRESCENT have
similar electromechanical properties.

Another new class of bimorph and unimorph actuators utilizing piezoelectric ds; coefficient has recently been
developed.® This caterpillar-type piezoelectric ds; transducer consists of piezoelectric segments bonded by a polymeric agent
by a dicing and layering technique (Fig. 5). It is the piezoelectric effect along polar axis P, (coefficient di;) that causes
flexural displacement in these transducers. Since piezoelectric ds; coefficient in commercial piezoelectric ceramics is 2-2.2
time large than dj;, this transducer generates significantly higher displacement than conventional piezoelectric d3; bimorph
and unimorph actuators.
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Fig. 4. Schematic view of CERAMBOW (CRESCENT).

Fig. 5. A schematic view of the caterpillar-type ds; unimorph actuator. In the case of a bimorph consisting of two similar
piezoelectric plates, the metal plate is replaced by the same piezoelectric plate.

Recently, another type of unimorph stress-biased piezoelectric actuator - THUNDER - (stands for THin layer
Unimorph DrivER and sensor) has been reported.” The technique of THUNDER fabrication consists of high temperature
bonding (300-350 °C) of an electroded ceramic plate with metal foils using LARC™-SI polyimide adhesive developed at
NASA. The foils are cemented from both surfaces of the ceramic plate and the thickness of the metal foils on one surface of
the ceramic plate is much thicker than on the other (Fig. 6). After the high temperature bonding the structure is given an
additional bent by mechanical pressing to increase curvature. No published data are available to date for evaluating
electromechanical properties of THUNDER.
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Fig. 6. Schematic view of THUNDER.

Thus, several new types of piezoelectric bending actuators have emerged during the last several years. A
comparative analysis of their electromechanical properties is indeed the need of the hour. Therefore this work was
undertaken in attempt to find and use unified criteria for the device characterization. The approach used is described in




section 2. Experimental procedure and results are presented in section 3. Finally, discussion and summary are given in
section 4.

2. REPRESENTATION OF EXPERIMENTAL DATA

Actuators consisting of plates with rectangular cross-section have only been considered in this work. Since in many
instances piezoelectric bending actuators are used in the cantilever configuration where one end of the actuator is clamped
and the second one vibrates under or without an external load (Fig. 1), this configuration was used for the actuator
characterization.

In the cantilever configuration mechanical load is usually applied to the vibrating end of the cantilever. Therefore
the most important quasistatic characteristics are the free displacement n (Fig. 1) of the vibrating end and the blocking
force Fy; when n=0. For piezoelectric bimorph and unimorph actuators®
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where 4 is the piezoelectric coefficient of ceramics, s is the mechanical compliance of ceramics in the direction X under the
constant electric field £ (Fig. 1), E =UJt, for all actuators except for ds; bimorph and unimorph for which £ = Uft, (Fig.
5), I, w, and 1, are the dimensions of the piezoelectric plate of the cantilevers (F igs. 1 and 2), and k4 and k¢ are displacement
and blocking force coefficients, respectively. For conventional piezoelectric d3; bimorph and unimorph actuators (Figs. 1

and 2) piezoelectric coefficient d;; and mechanical compliance s;; should be used in equation (1); for ds; transducers di3
and s; should be used.

For bimorph cantilevers displacement and blocking force coefficients in equation (1) are equal to 1, for unimorph
cantilevers without internal stress bias (Figs. 2 and 5) they can be expressed as®

k,E,

211+
k.= n( x), D x=lz y=Ys
l+dxy+6x"y+4x’y +x*y* t, @
k. =2 1+x
o ’9’1_”'?-

where 1, is the thickness of the non-piezoelectric plate (Fig. 2) and Y, is the Young’s modulus of the non-piezoelectric
plate. As follows from the analysis of equation (2) factors k4 and k. depend on the ratio of thicknesses x and Young’s
moduli y of non-piezoelectric and piezoelectric plates. The larger y is, the higher the value of k4 and k4 for optimum x.
Analysis shows that maximum value of %, is 0.5 and corresponding &y is 2.

For stress-biased unimorph actuators like RAINBOW, CERAMBOW, and CRESCENT, mechanical stress arising
in these structures during device fabrication and poling, changes electromechanical properties of ceramics. Therefore
equation (1) for these actuators can be written as

2
n= Edn I—kdk,E,
A § 3)
3d, wt?
F;l = §?€Tk‘kmE,
where d3; and s are the piezoelectric and mechanical compliance coefficients of the piezoelectric ceramics before the
device fabricating, k, and k,n, are coefficients equal to relative change in d; and d,, /s, respectively as a result of the acting

mechanical stress. Coefficients &, and k4 in equation (3) should be calculated using equation (2) for values of piezoelectric
and electromechanical coefficients of the piezoelectric plate poled under mechanical stress. Equation (3) is also valid for
THUNDER but in this case ; and k4 are not described by equation (2).

One more important quasistatic electromechanical characteristic of the actuators is their electrical admittance ¥ :

. w
Y= jm-t—s,’,k,, s (©))
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where o is the angular frequency, €], is the component of the tensor of the dielectric permittivity of ceramics and ky is the
factor depending on the corresponding mechanical coupling coefficient and a change in the dielectric permittivity as a result
of the devices fabricating. '

Thus as is seen from equations (1-4) quasistatic electromechanical characteristics of actuators with the same
dimensions of piezoelectric part of the devices, the same electric field, and the same frequency can be normalized with
respect to actuator chosen as a standard. It is convenient choose ds; bimorph actuator (Fig. 1) as this standard. Therefore
the tip displacement n, blocking force Fy; and electrical admittance ¥ of all above described transducers fabricated using the
same piezoelectric ceramics can be expressed as

n= nb‘uwh n s
F,=FK uwf : ’ &)
Y = yvem f:,
where f', f., f. are individual figures of merit characterizing the tip displacement, blocking force and electrical
admittance of a specific bending actuator, respectively. '

The mechanical work #p, that can be produced by the bending-mode actuators is proportional to the product of the
multiplication of the tip displacement n and the blocking force :

Quasistatic electrical energy W,; accumulated in the transducer is proportional to its dielectric permittivity ¢, the volume of
the piezoelectric plate and the square of electric field £. Using equation (4), the following relation is obtained:

W= leiE?, ™
The ratio of the mechanical work to the input electrical energy can serve as an overall figure of merit for the
electromechanical efficiency of the piezoelectric actuator,

. . W nw, o
integral fi f merit = —-oc 2 — 8
egral figure of meri 7 Y E &)
Using equation (5) the overall figure of merit relative to that of piezoelectric dy,; bimorph, f;, can be written as
n o~F
fu =Lfi- ©

Thus, the relative factors f, fr, fY, and £, make it possible to describe quasistatic electromechanical
characteristics of bending-mode piezoelectric actuators in the cantilever configuration. It is important to note that the
actuators under consideration should be fabricated using the same piezoelectric ceramics and should have the same
dimensions of the active piezoelectric part. All quasistatic characteristics should be measured for the same amplitude and
frequency of the applied electric field since electromechanical properties of piezoelectric ceramics depend on the amplitude
and frequency of the electric field® Experimental results®® show that despite a significant dependence of quasistatic
electromechanical characteristics of piezoelectric actuators fabricated from soft piezoelectric ceramics on the applied
electric field, the changes of these characteristics for different actuators show almost the same variation. Therefore it is

enough to find f, f., /., and £, for one value of the applied electric field. ‘
Since in many cases bending-mode actuators are operated near the fundamental frequency of bending vibrations,
resonant characteristics of the actuators are also important. The values of the fundamental resonant frequency v; and the
mechanical quality factor O, can be chosen to characterize resonant properties. The fundamental resonant frequency of the
piezoelectric d3; bimorph cantilever with rectangular cross-section is’
v = 1875 ¢, 1
©o4n P i

where p. is the density of the ceramics. The resonant frequency of the piezoelectric d;; unimorph with rectangular cross-

section is expressed as'°
y w1 [k z=Pn 11
am I* 3k Vi, (1+x2) P.

where p,, is the density of the non-piezoelectric plate. Thus, it is evident that the resonant frequency of the unimorph
cantilever is a function of the resonant frequency of the piezoelectric plate (bimorph). For calculating the fundamental

(10)




resonant frequency of piezoelectric ds; bimorph and unimorph, st should be used in equations (10) and (11) instead of ;.
Equation (11) is also valid for RAINBOW, CERAMBOW, and CRESCENT cantilevers but in this case, the mechanical
compliance of the stress-biased piezoelectric plate should be used in the calculations. For THUNDER too, the resonant
frequency is a function of the resonant frequency of piezoelectric plate which is described by equation (10) but the actual
dependence is a more complicated function of x, y and z. Based on the analysis described above, the resonant frequency of
the bending mode actuators can be related to the resonant frequency of the piezoelectric ds, bimorph which has the same
dimensions of the active piezoelectric plate, using the equation

v =V, (12)
where f_ is the figure of merit characterizing the fundamental resonant frequency of the bending-mode transducer. It is

known® that the fundamental resonant frequency depends on the magnitude of the applied electric field. Therefore another
important parameter to be considered is the relative change in the resonant frequency Av, /v, as a function of the electric

field.

The mechanical quality factor Oy, is another important resonant characteristic. Since mechanical vibrations of the
piezoelectric bending-mode actuators are described by fourth-order differential equation’ and not by a second order one, On
should be defined appropriately. By analogy with the definition of On for damped harmonic vibrator without frequency
dispersion of the relevant electromechanical parameters of the system, Oy, can be expressed as'!

.
=-—=, 13
On N 13)
where 7, is the amplitude of resonant vibrations. The amplitude of resonant vibrations depends on mechanical losses in the
actuator’ and is also very sensitive to the way the cantilever is clamped. Therefore it is preferable to compare the relative
change AQ, /Q, as a function of the electric field instead of Op,

Thus, relative factors £, £, f, and £, are used to characterize quasistatic electromechanical characteristics

and £, Av,/v,,and AQ,/Q, are used to characterize resonant properties of bending-mode piezoelectric actuators in the
cantilever configuration.

3. EXPERIMENTAL PROCEDURE AND EXPERIMENTAL RESULTS

All transducers investigated were fabricated from soft piezoelectric ceramics and had a rectangular cross-section and the
following dimensions: 0.4-2.5 mm in thickness, 5-15 mm in width, and 15-35 mm in length. Piezoelectric bimorph and
metal/piezoelectric unimorph actuators were fabricated from PKI550 (Piezo Kinetic, Inc.) ceramic plates poled along their
thickness. This category of piezoelectric ceramics is analogous to soft piezoelectric ceramics PZT5H. Stainless steel $S302
was used to make the unimorphs because of its very high Young’s modulus and, consequently, high theoretical ratio of
Young’s moduli y=3.05 (equation (2)). The plates were bonded using commercial J-B Weld epoxy (J-B Weld Company).
Piezoelectric ds; bimorphs were fabricated by a dicing and layering technique.® Theoretical ratio of Young’s moduli for the
ds3 unimorph is y=3.90. The ceramic plates in the stack were bonded using commercial conductive adhesives EP21TDCS
(Master Bond, Inc.) and E-Solder 3025 (Insulating Materials, Inc.). J-B Weld epoxy was used for bonding metal and sliced
ceramic plates. Each piezoelectric segment in the piezoelectric plates (Fig. 5) had the following dimensions: ¢, =¢, =109

mm, w =11 mm. As follows from equation (2), electromechanical characteristics of ds; and d; unimorph actuators depend

on the ratio of thicknesses x and Young’s moduli y of non-piezoelectric and piezoelectric plates. Theoretical analysis

shows'’ that maximum value of the displacement factor f,} and overall figure of merit £, correspond to different values of

x. Therefore, only devices exhibiting maximum quasistatic tip displacement were chosen. Experimental study showed®!°
that for SS302/PKI550 unimorphs optimum x lies between 0.2 and 0.35.

CRESCENTS were fabricated from PKI550 and SS302 using several types of high temperature epoxies. Since the
Curie temperature ~200 °C was lower than the device fabrication temperature, the actuators were poled after their

fabrication. It was found that tip displacement factor £} for CRESCENT depends not only on the x and y factors but also

on the curing temperature T.; therefore only CRESCENTS possessing maximum f.* were used for a comparative study.

For actuators with =1 mm and £,=0.37 mm the optimal curing temperature was around 250-260 °C. The radius of the
curvature of the transducer before poling was 0.4 m and after poling it increased to 0.8-0.9 m.



Since figures of merit are defined for elements with the same dimension of the piezoelectric part, the experimental
data obtained for actuators fabricated from PKI550 with different dimensions were recalculated for a device with standard
dimensions of piezoelectric plate.

RAINBOW actuators were cut from piezoelectric RAINBOW disks which were purchased from Aura Ceramics,
Inc. RAINBOW disks are fabricated from C3900 ceramics which is analogous to PZT5H. The thickness of the devices was
0.46-0.48 mm, the thickness of the piezoelectric (unreduced) part £ was approximately 0.27-0.29 mm. The thickness of the
reduced layer was 0.12 mm and the thickness of conductive epoXy layer which served as electrode was 0.07 mm.

THUNDER actuators were fabricated from soft piezoelectric ceramics PZT5A and Al foil. Three layers of the foil
were cemented on one side of the ceramic plate and one layer on the other side. Curing temperature was 300-320 °C. The
thickness of the THUNDERSs was 0.41 mm, the thickness of piezoelectric plates was 0.2 mm. The radius of the actuator
curvatures after poling was approximately 0.33 m. After the high temperatures bonding followed by poling (first stage) the
devices were additionally bent by mechanical pressing (second stage) and the radius of the curvature decreased to 0.14 m.
Measurements of piezoelectric characteristics were conducted after the first and second stages.

Individual figures of merit of RAINBOW and THUNDER actuators were calculated using their experimental data
and theoretical calculations for bimorph actuators from the same piezoelectric ceramics having the same dimensions.

The tip displacement of actuators was measured by a photonic sensor MTI 2000 (MTI Instruments Division). The
blocking force was measured by means of a load cell ELF-TC500 (Entran Devices, Inc) and the electrical admittance was
measured my means of a lock-in amplifier SR830 DSP (Stanford Research Systems, Inc). A complete description of the
experimental set-up is given elsewhere.® Electromechanical characteristics were measured in quasistatic regime and at the
fundamental frequency of bending vibrations. In the quasistatic regime the measurement frequency was at least ten times
smaller than the fundamental resonant frequency.

Experimental figures of merit £, fF, f¥, f. and J. representing electromechanical characteristics of the
actuators studied are given in the Table. These values were obtained for low applied electric field (less than 20 V/cm).
Dependencies of the resonant frequency and mechanical quality factors on the electric field are shown in Figs. 7 and 8,
respectively. Resonant characteristics of CRESCENT actuators were similar to that of ds; unimorphs. No significant
difference in almost all measured electromechanical properties of THUNDER actuators after the first and second stages of
their fabrication was observed. Only mechanical quality factor decreased by 23% after the second stage.

Table. Figures of merit of bending-mode piezoelectric actuators in the cantilever configuration.

TYPE OF Tip displacement | Blocking force | Admittance | Overall figure of | Resonant frequency
PIEZOELEMENT factor f" factor fF factor fY¥ merit fr, factor f'
ds; Unimorph 0.41 1.8 1.0 0.74 1.7

x=0.34, y=3.05
RAINBOW - 0.19-0.22 0.1-1.2 0.66 0.03-0.40 1.2-14
CRESCENT 250 °C 0.44 1.75 0.91 0.85 1.7
(CERAMBOW)
x=0.34, y=3.05
THUNDER 0.12 0.36-1.0 0.90 0.05-0.13 2.1
(BALPZT5A/AD
d33 Bimorph 25 - 1.52 ~1 3.80 0.84
d33 Unimorph 0.72 3.5 ~1 2.52 1.7
x=0.34, y=3.90

Analysis of d3 bimorphs experimental data showed that the experimental tip displacement and its theoretical value
calculated according to equation (1) are in good agreement. Averaged experimental value of the blocking force was 33%
less than theoretical one given by equation (1) and the averaged experimental value of the resonant frequency of cantilevers
was 13% smaller that theoretical one (equation (10)). Nevertheless, the resonant frequency of these bimorph actuators with
free-free boundary conditions (non of the ends is clamped) coincided with the theoretical one. For ds, unimorph actuators




the same tendency was observed: the blocking force was smaller by 13% and the resonant frequency was smaller by 12%
than corresponding theoretical values. In ds; bimorphs the blocking force was smaller by 42% and the resonant frequency
was smaller by 17% than corresponding theoretical values. The discrepancy was smaller for ds; unimorphs: the blocking
force was smaller by 7% and the resonant frequency was smaller than the corresponding theoretical values by 3%. There
may be several reasons for these discrepancies. Firstly, under the applied electric field, piezoelectric cantilever bends not
only along the X axis but also along the Y axis (Fig. 1). In theoretical calculations bending along the ¥ axis was neglected
Bending along the Y axis may affect the blocking force and resonant frequency of actuators. The second reason is that the
cementing epoxy whose thickness was neglected in the calculations, may also change electromechanical properties of the
actuators. We were unable to conduct the same analysis for RAINBOW, CRESCENT and THUNDER actuators since exact
electromechanical properties of these devices are unknown.

As seen from the Table, the blocking force factor for RAINBOW does not have an exact value. Tms is because the
blocking force showed significant dependence on the external load. The force increased markedly with increasing
mechanical pre-stress which can be generated externally by the horizontal displacement of the load cell stuck to the
vibrating end of the actuator. It was also found that if the load cell was pressed against the vibrating end the measured
blocking force was an order of magnitude large than that for the case when the load cell was glued to the vibrating end of

RAINBOW cantilevers. A significant scattering in the measured blocking force factor f! of THUNDERS (see Table) is

probably caused by experimental limitations since it is very d.tfﬁcult to attach the vibrating end of THUNDER having a
curved shape and the load cell head having a flat surface.
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Fig. 7. Dependence of the resonant frequency v, of bending vibrations on the electric field (rms). Low-field resonant
frequency is: 1394 Hz ( d3 bimorph), 1015 Hz (d unimorph), 1029 Hz (d;; unimorph), 595 (RAINBOW), and 227 Hz
(THUNDER).
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Fig. 8. Dependence of the relative mechanical quality factor on the electric field (rms). Low-field quality factor Oy, is: 55
(d51 bimorph), 48 (d3; unimorph), 25 (ds; unimorph), 62 (RAINBOW), and 137 (THUNDER, after first stage).



4. DISCUSSION AND SUMMARY

As follows from the Table, ds; bimorph and unimorph actuators have the best quasistatic electromechanical characteristics
with respect to the blocking force and overall figure of merit. The reason for this is that piezoelectric dy; coefficient and
corresponding coupling factor ks; are 2-2.2 times large than dy; and k3,. d3; bimorph generates higher tip displacement than
ds3 unimorph but its blocking force is significantly lower. ds; bimorph is followed by CRESCENT (CERAMBOW) and d;,
unimorph actuators. It is interesting that the CRESCENT fabricated at the optimal temperature has a higher tip
displacement, and overall figure of merit than d;; unimorph fabricated from the same materials. It means that the average
piezoelectric dy coefficient of the piezoelectric plate poled under certain mechanical bending stress is higher and
corresponding dielectric permittivity €, lower than that of the starting material. A probable reason is that there are specific

domain structures that are formed during poling. Two experimental facts support this hypothesis: the first one is a
significant increase in the radius of the transducer curvature after poling. The second fact is that after separation of the
metal and ceramic plates in the poled CRESCENT, the ceramic plate retained its curved shape which implies that there is
practically no mechanical stress in the transducer. Moreover, effect of the longitudinal stress cannot explain the increase in
the tip displacement since experimental results'? show that longitudinal stress decreases piezoelectric ds, coefficient. If the
CRESCENT is prepared above the optimal temperature residual mechanical stress may decrease piezoelectric dy,
coefficient.

As is seen from the Table, RAINBOW and THUNDER actuators have lowest quasistatic figures of merit. Since
reduced layer in RAINBOW actuator has a Young’s modulus' much lower than stainless steel used for ds, unimorph
fabrication, displacement factor k4 for this actuator is less than that for unimorphs. In addition as follows from the analysis
of equation (2), the ratio of thickness of the reduced and active piezoelectric layers is less than the optimal one. The same
reason can explain inferior quasistatic behavior of THUNDERSs. Also, these devices have metal foils from both sides that
decrease tip displacement. Since the thickness of the piezoelectric plates in the device was relatively small, the adhesive
layers can also decrease f.

As seen from Fig. 7, the fundamental resonant frequency of bending-mode actuators depends on the applied
electric field. Large sensitivity of the resonant frequency of ds; unimorph to electric field can be due to the fact that at a high
level of mechanical stress which exists at a high level of resonant vibrations the epoxy bonding the piezoelectric segments
becomes soft due to non-linear strain-stress relationship in the polymer materials. Resonant properties of di; bimorph were
not measured but based on the above discussion, this device should be even more sensitive to high electric field because it
does not have the stabilizing metal plate. Relatively high dependence of v; of d, bimorph can be caused by an increase of
the mechanical compliance of the piezoelectric ceramics with increasing electric field® The effect of mechanical
“softening” of the piezoelectric ceramics in all dj-type unimorph devices is less significant since they have non-
piezoelectric part whose properties do not depend on the electric field.

All actuators demonstrate a significant decrease of the mechanical quality factor with increasing electric field (Fig.
8). The most sensitive device studied was the d; bimorph. Since the amplitude of resonant vibrations is inversely
proportional to the mechanical losses at the resonance®, the mechanical losses increase significantly under high electric
field. At the electric field 1 kV/cm the mechanical quality factor decreases by an order of magnitude as compared to its low-
field value. Since in unimorph-type structures there is non-piezoelectric part in which the mechanical losses do not depend
on the applied electric field, the decrease of Oy, in these actuators is more gradual. )

It should be noted that there is one more important figure of merit that has not been considered in this work. It is
mechanical failure at resonance. Our results showed that at a high level of mechanical vibrations at resonance the actuators

fracture. The fracture occurred at the surface of ceramic plates in the region where actuators were clamped since this area is
subjected to the highest level of stress. Analysis of experimental data showed that fracture of ds bimorph and unimorph
transducers at resonance occurs if the maximum stress at the clamped surface reaches 30-50 MPa. In this case mechanical
failure occurs in several seconds. Clearly, unimorph actuators having metal plates, such as ds and d3; unimorph,
CRESCENT, CERAMBOW, and especially THUNDER, are more reliable in a sense that even if mechanical failure of
ceramics occurs the actuators do not fracture since metals like steel or Al have much higher fracture toughness than
ceramics.

It is worthwhile to note that the straight or slightly curved shape of bending-mode actuators is not optimal in terms
of overall figure of merit £, For instance, theoretical calculations show that L-shaped d; bimorph cantilever (Fig. 9) has
higher blocking force factor f and overall figure of merit £, than straight 3, bimorph with the same dimensions. This is

because in a conventional straight structure, bending moment generated in the actuator works against the blocking force




applied to the vibrating end. Therefore this force blocks the movement of the actuator’s tip only. In the L-shaped structure,
application of the horizontal force produces a mechanical moment on the horizontal part of the actuator. Thus, the blocking
force should almost prevent displacement in the whole bottom part of the transducer consequently the magnitude of the
corresponding blocking force should be higher in this case.

vibrations *=—= | ELEMENT Tip Blocking | Admittance | Overall | Resonant
. displacement force factor figure | frequency
v iR L factor factor of merit factor
> A fe A Jm 1o
by - d31 meorph 1 1 1 1 1
7,
///Aﬁ,A L-shaped ds, 0.75 1.5 1.0 1.125 1.32
4P, Bimorph
741_— (h=5=0.5])
g \ .

Fig. 9. Schematic view of L-shaped dy,; bimorph and theoretical figures of merit of this device with h=1=0.51.

In summary, a comparative experimental investigation of electromechanical characteristics of piezoelectric d5; and
d33 bimorph and unimorph actuators, RAINBOW, CRESCENT (CERAMBOW), and THUNDER actuators in cantilever
configuration has been conducted. The tip displacement, blocking force, and electrical admittance were chosen to
characterize quasistatic properties and the resonant frequency and mechanical quality factor were chosen to characterize the
behavior at the fundamental frequency of bending vibrations. The experimental results show that ds3 bimorph and unimorph
actuators have superior quasistatic characteristics as compared to other types of bending-mode actuators. It was found that
resonant frequency and especially mechanical quality factor of all actuators depend on the applied electric field. ds;
unimorph, RAINBOW, CRESCENT (CERAMBOW), and THUNDER were found to be less dependent on the applied
electric field than d;, bimorph and ds; bimorph and unimorph actuators. These results indicate that the choice of devices for
a particular application depends on conditions under which the device will operate, :
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Abstract: Characteristics of cantilever shear mode
piezoelectric actuator have been investigated. In this
actuator configuration, soft PZT ceramic plate was poled
along length and driven across its thickness, with one end

mechanically clamped and the other free. Experimental

results indicated that relative large tip displacement can
be obtained through nonlinear piezoelectric response at
high driving field. Due to lateral shear force, mechanical
bending also contributes to the tip displacement of shear
mode actuator. The fundamental bending resonant
frequency was observed in the frequency range from 150
Hz to 600 Hz, depending on thickness and length of
actuator. We also found that the resonant frequency of
bending vibration is dependent on the driving field
because of elastic nonlinearities. Two layer and muitilayer
shear mode actuators were also developed to reduce the
driving voltage, while shifting the bending resonance to
higher frequency range by increasing the total thickness
of actuator.

Key words: PZT, Ceramic actuator. Shear mode
L Introduction

Piezoelectric ceramic materials such as lead
zirconate titanate (PZT) have been designed as solid-state
actuators and sensors for many applications such as precision
positioning , noise and vibration sensing and cancellation.
louder speaker, linear motor, and many others ’. The three
most common types of piezoelectric actuators are multilayer
ceramic actuators, bimorph or unimorph actuators and
flextensional composite actuators. Multilayer actuators, in
which about 100 thin ceramic sheets are stacked together with
internal electrodes utilizing the direct extentional mode (dss
mode), are characterized by large generated force, high
electromechanical coupling, high resonant frequency, low
driving voltage and quick response but small displacement
level. On the other hand. bimorph or unimorph actuators
consist of two thin ceramic sheets or one ceramic and one
metal sheet bounded together with the poling and driving
directions normal to the interfice. When driving, the
alternative extension and shrinkage of ceramic sheets due to
transverse mode (ds;) result in a pure bending vibration.
Bimorph and unimorph actuators can generate large
displacement level but low electro-mechanical coupling, low

resonant frequency and low driving force. For flextensional
composite actuator, two typical examples are so-called
"moonie” and "cymbal” actuators @ @ which consist of a
piezoelectric or electrostrictive ceramic disk and metal end-
caps. The ceramic is excited in an extensional mode and the
metal caps in a flexure mode. The metal end-caps act as a
mechanical transformer converting and amplifying the radial
displacement ceramic disk into linear axial motion. Very
large effective d;; coefficient can be obtained in "moonie”
and “cymbal" actuators which results in quite large
displacement levels.

Monomorph actuator ), basically a modified
unimorph actuator, made from a semiconductive
piezoelectric ceramic thin sheet coated with certain
electrodes. Quite a large tip displacement (100pum) arises
from the non-uniform distribution of the electric field which
occurs at semiconductor-metal electrode interface. The
monomorph actuator has a simple structure in which bonding
problems usually found in unimorph or bimorph structure can
be avoided A more recent device, Rainbow actuator.
developed by Haertling®, is also a monolithic unimorph-type
ceramic actuator which is produced by selectively reducing
one surface of a PLZT ceramic wafer on carbon black at high
temperature. The reduced layer is a good electrical conductor
and it acts as both the electrodes and inert part of the
actuator. There is a very large internal pre-stress developed
in the Rainbow actuator during reducing processing. It was
reported ‘® that Rainbow actuator is capable of achieving very
high axial displacement (>1000 um) and sustaining moderate
pressures.

Obviously, mechanical motion generated by all the
above ceramic actuators utilizes or is related to either dss
longitudinal mode or d; transverse mode. It is interesting to
note that although the d;s which couples to the shear mode is
the highest coefficient in sof PZT ceramic materials.
piezoelectric shear vibration mode is seldom used in actuator
and transducer applications. In this paper. cantilever shear
mode actuator and its characteristics will be presented. In this
actuator, ceramic plate is poled along length and driven
across its thickness with one end clamped and the other end
free. The advantage of cantilever shear mode actuator is its
simple. monolithic structure which allows for easy
fabrication. However, its displacement level is relatively low
comparing with bimorph or unimorph actuators.




I1. Experimental Procedures
(1) Sample preparation:

In this study, Soft PZT 3203HD (Motorola Ceramic
Product, Albuquerque, New Mexico) ceramic material was
used to prepare shear mode actuator. Rectangular ceramic
block with dimensions of 38.1 mm x 38.1 mm x 25.4 mm
was electroded with air-dry silver paste and poled at a
temperature of 90°C in oil bath for 45 minute under dc
electric field of 1.8 kV/mm along its length. After poling, the
ceramic block was aged for more than one week at room
temperature. Then dj; coefficient was measured by using
Berlincourt ds; meter. The measured value, 684 x 1072 m/V,
comparing with 650 x 10"? m/V provided by manufacturer
data sheet, indicates the ceramic block was well poled. Then
the silver electrodes were removed and the poled ceramic
block was cut into thin plates with 38.1 mm length, 12.3 mm
width and thickness from 0.3 mm to 1.6 mm. Gold electrodes
were sputtered on the major surfaces for applying electric
field across thickness. One end of ceramic plate was clamped
with rigid plastic support which is mounted on an optic plate
with micropositioner (Ealing Electro-Optics, Inc.) while the
other end free.

(2) Measurement

To characterize the shear mode actuators, the tip
displacement was measured as function of both frequency and
driving field The measurement system was schematically
shown in Fig. 1. MTI 2000 Fotonic Sensor (MTI Instrument)
was used for displacement measurement. A small mirror was

Power Function
Amplifier Generator
Lock-in .
Amplifier Oscilloscope
MTI1 2000 FOTONIC
Sample * SENSOR
ot

Fig.1. Experimental Set-up for displacement measurement

attached on the actuator tip for reflecting the incident light
from optic fiber. When actuator vibrates under ac field
driving. the reflected light is detected and transferred to
voltage signal or displacement signal by the sensor. The optic
fiber head was mounted on an XYZ micropositioner which
provides distance adjustment against the measured actuator.
Manual calibration was performed to determine the
correspondence of displacement and output signal of the
sensor. The AC signal generated by DS345 function
generator (Stanford Research System, Inc.) was amplified
through a powder amplifier (790 series, PCB Piezotronics,
Inc.). The output of the power amplifier was then applied on
the ceramic actuator. A lock-in amplifier (SR830 DSP,
Stanford Research System, Inc.) which synchronized with the
output voltage of the power amplifier was used to measure
the output signal from MTI sensor. An Oscilloscope was also
used to monitor the applied voltage and output signal from
MTI sensor. The maximum output voltage of the power
amplier is 300 volts RMS. When even higher driving field is
needed. a power source with maximum output voltage of 500
Volts is used.

II. Results and Discussions

Linear piezoelectric shear strain. tip displacement
and blocking for pure shear mode actuator can be written as:
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Figure 2. Driving field dependence of tip displacement of shear actuators
with different thichness (L = 32.2mm, w = 12.3 mm)
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Where L. w, and ¢ are actuator length, width and thickness.
s%, is the shear component of the elastic compliance of PZT
ceramics. Clearly, according to equations (2) and (3), both tip
displacement and blocking force are proportional to driving
field Moreover, tip displacement is independent of actuator
thickness at a given field Shown in Fig. 2 is the electric field
dependence of tip displacement for shear mode actuator with
different thickness. We can sce that rather than predicted by
eq. (2), tip displacement is dependent on actuator thickness .
Quite a large tip displacement level (40pum) was obtained by
shear mode actuator with thickness of 0.37 mm under electric
field of about 325 V/mm. For a given field, as the actuator
thickness decreases, the tip displacement increases. And also,
tip displacement is not linearly proportional to electrical field
in this wide driving field range. Two reasons may account
for these results: nonlinear piezo-electric response under high
driving field level for soff PZT ceramics; and induced
mechanical bending due to lateral shear force.

For ferroelectric ceramics such as PZTs, linear
piezoelectric response is observed only under very small
signal level The materials properties provided by
manufacturers are all measured under small signal level.
However, as driven field amplitude increases, the charge
output or strain response due to electric field will increase
nonlinearly. Consequently, the effective dielectric constant
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Figure 3. Tip displacement as function of frequency for shear actuator with
t=09mm(L =322 mm, w=12.3 mm, driving ficld E = 100 V/mm)

and piezoelectric coefficients will increase™. Our
experimental results® on various PZT ceramic materials
indicate that piezoelectric ds coefficient increases as driving
field amplitude. Especially for soft PZT, nonlinearity occurs
even at relatively low electric field level which consequently
contributes to the nonlinear electric field response of tip
displacement of the cantilever shear mode actuators. On the
other hand, for cantilever shear mode actuator, one end is
mechanically clamped thus can not generate pure shear
motion under high driving field Due to this boundary
condition, a lateral force which perpendicular to the actuator
surface will be produced when driving under electric field In
the case of thin ceramic plate, mechanical bending will then
be easily resulted which enhances the tip displacement of
ceramic actuator. The thinner the ceramic plate, which is
easier to be bent thus the larger the tip displacement. The
induced mechanical bending mode can be further clarified by
Fig. 3 which shows frequency response of tip displacement
for shear actuator with 0.9 mm thickness under driving
field of 100 V/mm. The observed fundamental bending
resonant frequency is 278 Hz. Experimental results also
shows that at a given driving field level, as actuator thickness
increases. resonant frequency linearly increases, as shown in
Fig. 4. Using the assumption of a homogeneous ceramic
plate. the fundamental bending resonant frequency of a
cantilever actuator can be expressed as:
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Figure 4. Bending resonant frequency as function of actuator thickness
(L=322mm,w=123mm)




indicating f; is proportional to actuator thickness, which is in
good agreement with experimental data. By Eq. (4), using the

measured resonant frequency, mechanical compliance sfl

could be calculated. However, further experimental results
(Fig. 5) show that the bending resonant frequency is strongly
dependent on driving electric field: as the amplitude of
driving field increases, resonant frequency decreases.

Therefore mechanical compliance s,; in Eq. (4) is dependent
on driving field amplitude. This is due to elastic
nonlinearities of piezoelectric ceramics. In Eq. (4) sf, is the
linear elastic compliance. When piezoelectric ceramic is
driven under high electric field, nonlinear elastic coefficients
have to be taken into account.

=s;T, + s, T,T, + s, T T, T, ®)

X fr

i

The nonlinear elastic coefficients are directly related to and
account for the shift of resonant frequency © .

Quite a large blocking force can be generated in pure
shear mode vibration and this shear force is independent of
actuator length (Eq. (3)). However, when induced bending
vibration occurs under high driving field level, blocking force
will be greatly reduced and can be written as:

_ Ye3wd

YA ©

Where Y is Young’s modulus of ceramic actuator, & is tip
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Figure 5. Bending resonant frequency as a function of driving field for
shear actuator with t = 1.02 mm

displacement. The blocking force is now dependent on
electric field in a quite complex way since tip displacement is
not a linear function of driving field for cantilever shear mode
actuator.

It should be noted that in piezoelectric shear mode
actuator, large tip displacement can only be achieved when
using thin ceramic plate. under high driving field. In some
applications which require low displacement level but large
force, two-layer or multilayer shear mode actuator could be
used In these actuators, thin ceramic plates with anti-
parallel poling direction are bonded together mechanically in
series and electrically in parallel. Low driving voltage could
be used due to reduced individual layer thickness.
Experimental results on two-layer actuators indicate that
bending resonant frequency is proportional to the total
actuator thickness thus can be shift to higher frequency range
bv using more layers.

IV. Summary

Characteristics of piezoelectric shear mode actuator
have been investigated Due to both nonlinear piezoelectric
response and electric field induced mechanical bending, quite
a large tip displacement can be obtained The resonant
frequency of bending vibration is dependent on the driving
field because of elastic nonlinearities.
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Structural-Property Relations in a Reduced and Internally Biased
Oxide Wafer (RAINBOW) Actuator Material

Catherine Elissalde,* L. Eric Cross,” and Clive A. Randall’
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Reduced and internally biased oxide wafer (RAINBOW)
actuators are fabricated by a controlled reduction of
Pb(Zr,Ti)O,-based piezoelectric material. The reduction
process results in a conductive layer composed of an inter-
connected metallic lead phase and refractory oxides (ZrTiO,.
ZrO0,, La,0,, etc.). The nature of the reduction is discovered
to be the result of a complex volume change leading to a
nanoscale interconnected metallic structure. The distribu-
tion of phases within the cermet vary within the thickness
of the wafer. Within the piezoelectric ceramic phase, the
reduction process modifies the grain-boundary structure to
give two distinct types of fracture: transgranular and inter-
granular. The complexed microstructures of the RAINBOW
actuator materials are discussed in relation to their dielec-
tric and piezoelectric properties.

1. Introduction

RECE\'TLY. there has been a continuous effort to improve the
performance of piezoelectric materials for electromechani-
cal actuator applications. Novel piezoelectric structures, such as
unimorph or bimorph cantilevers and flextensional composite
structures all have been developed to produce higher strains
than the basic monolithic materials.'”* As an example, the
ceramic—metal composite actuator. the so-called “Moonie,” is
able to provide large displacements and generative forces.> A
new type of monolithic ceramic, known as the reduced and
internally biased oxide wafer (RAINBOW), is of extreme inter-
est, because it presents the advantage of a wide range of stress/
strain characteristics.” The RAINBOW device can be described
as a monolithic structure with a piezoelectric layer (nonreduced)
and a reduced cermet layer (electrically conductive); a cermet
is a ceramic—-metal composite material often used for mechani-
cal applications. The controlled reduction of a stoichiometric
Pb(Zr,Ti)O, (PZT) is achieved by placing the bottom surface of
the ceramic on a carbon substrate and protecting the top surface
with a ZrO, plate. The RAINBOW actuator is heated at high
temperatures and cooled to room temperature. An internal radial
stress develops during the reduction process and distorts the
wafer to the domelike structure of the actuator.” This trans-
formation process gives the RAINBOW actuator unique elas-
todielectric properties. Our objective is to understand the
microstructure of the RAINBOW material, with relation to the
electrical and mechanical properties of the two phases (reduced
and nonreduced).
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IL. Experimental Techniques

Lead lanthanum zirconate titanate- (PLZT-) based RAIN-
BOW ceramics were used (Aura Ceramics, Inc., Minneapolis,
MN). The composition was given as 5.5/56/44, in terms of the
respective constituent lanthanum/zirconium/titanium ions.

The electromechanical resonant behavior of the RAINBOW
material was measured using an impedance/gain phase analyzer
(Model HP4194A, Hewlett-Packard Co., Palo Alto, CA) in
the frequency range 100 Hz-1 MHz. Dielectric measurements
were conducted from room temperature up to 250°C at various
frequencies using a multifrequency inductancecapacitance—
resistance (LCR) meter (Model HP4274A, Hewlett-Packard).
An acoustic microscope (Sontex) was used to determine longi-
tudinal and transverse sound velocities of the samples.

Thermal expansion measurements were performed from
room temperature up to 650°C to measure the thermal strains. A
vertical push-rod dilatometer equipped with a high-sensitivity
linear variable-differential transformer (LVDT) was used.?®
X-ray diffractometry (XRD) analysis was conducted for phase
identification using a diffractometer (Model PAD V, Scintag,
Inc., Sunnyvale, CA). Scanning and transmission electron
microscopy studies, SEM and TEM, respectively, were con-
ducted to evaluate the microstructural details of the RAINBOW
structures. The SEM microscope was a field-emission model
(Model 6300f, JEOL, Tokyo, Japan), and a scanning tunneling
electron microscope (STEM) (Model 420, Philips Electronic
Instruments, Mahwah, NJ) operated at 120 kV was used for
TEM. The TEM samples were prepared in planar and cross-
sectional views. The samples were polished to a thickness of
40 pm and then mounted on 3 mm copper grids with €poxy.
Ion-beam thinning was performed on a dual mill (Gatan,
Pleasanton, CA) at 4 kV at 12°.

III. Results and Discussion

(1) Microstructural Characterization

Figure 1(a) shows a typical XRD analysis for the reduced
layer on the cermet phase. The dominant phase was identified
as metallic lead; the presence of the additional oxide materials,
identified as La,0,~4PbO and ZrTiO,, varies throughout the
thickness of the cermet layer. The surface in contact with the
unreduced PLZT still contained metallic lead, but the presence
of La,0;, PbO, and ZrTiO; are more prevalent, as shown in
Fig. 1(b). The metallic phase is continuous throughout the
cermet and serves as one of the electrode contacts to pole and
drive the piezoelectric phase. The gradient of phases throughout
the thickness of the cermet also is reflected in the spatial varia-
tion of the resistance, as previously reported by Haertling.®

Thermal expansion measurements of the unreduced layer and
of the cermet show large differences, which readily could be
the origin of radial stress on cooling to form the dome structure.
The thermal expansion coefficient () of the cermet is domi-
nated by the metallic lead to give o, = 8.4 X 107 °C~',
whereas the corresponding unreduced PLZT layer is only 44 X
107% °C™". The thermal expansion coefficient of the cermet is
lower than that expected for pure lead metal (29 X 1075 °C™1),
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Fig. 1. XRD patterns for (a) the reduced léyer and (b) a different thickness region of the cermet.
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which is caused somewhat by the unreduced oxide inclusions
but predominantly is associated with the interconnected poros-
ity, which is discussed below.

Figures 2(a)—(e) show the general microstructural character-
istics of the cermet phase. Figure 2(a) is an SEM micrograph
that shows the pore and channel structures contained within the
cermet; these pores and channels have cross-sectional diameters

of ~100 nm. Figure 2(b) shows the equivalent TEM micro-
graph of these structures; the TEM study revealed that these
channels and pores are real features distributed homogeneously
throughout the cermet up to the piezoelectric interface. Addi-
tionally, the channels are percolating throughout the cermet
with a 3-3 connectivity.' The size of the oxide phase inclusions
is ~100 nm (Fig. 2(c)). Figure 2(d) shows a Moire fringe

Fig.2. (a) SEM image of the cermet; (b) TEM planar view image of the cermet; (c) TEM bright-field image of the multiple oxide inclusions within
the metallic lead phase; (d) Moiré patterns within the cermet lead crystallites; and (e) selected-area diffraction photograph of the cermet, showing

ring patterns of the phases.
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Tablel. Comparison between Lattice Spacings
Obtained from TEM and International Centre for
Powder Diffraction Data Files

d-spacing (A)
Material TEM XRD ICPDD* Card No.
ZrTio, 3.59 3.61 34-415
2.93 2.93
2.53 2.516
2.11 2.15
1.81 1.806
PbO, 5; 3.87 3.856 26-577
2.879 2.872
2.23 2.235
1.59 1.584
2.879 2.872
Lead 2.879 2.855 4-086
2.49 2.475

*International Centre for Powder Diffraction Data, Newtowne Square, PA.

pattern contained within the metallic lead crystallites. Closer
inspection of the Moire fringe contrast reveals a dislocation
structure associated with lattice parameter changes and very
little suggestion of lattice rotation as the source of the internal
stresses.!! Figure 2(e) is a selected-area diffraction pattern
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revealing ring patterns of the oxide phase ZrTiO,. The system-
atic diffraction rows noted in Fig. 2(d) are associated with the
larger metallic lead crystallites. The obtained lattice spacings
are compared to the Intenational Centre for Diffraction Data
(Newtowne Square, PA) files for these different phases and
listed in Table I.

Electron micrographs of the cross-sectional region between
the cermet and the ceramic are shown in Figs. 3(a)-(d).
Figure 3(a) is an SEM micrograph of the cermet/ceramic inter-
face. A typical bright-field micrograph of the interface is illus-
trated in Fig. 3(b); the volume reduction of the cermet phases,
along with the pores and channel formation, is shown. No
special crystallographic orientation relationships have been
found in this study; we believe this is the result of the textured
lead-metal crystallites being first nucleated and grown from
the random orientation of the piezoelectric ceramic grains.
Figure 3(c) shows a diffraction pattern from the piezoelectric
grain; the elongated spots in the (110) direction are typical
of the ferroelectric twin structures found in PZT grains.”
From the microscopy, it is clear that the interface between the
cermet and ceramic is relatively uniform. The roughness of
the interface, being only over a few grains along the length of
the cermet—ceramic, is represented schematically in Fig. 3(d).
Figure 4(a) shows that there are two regimes within the perov-
skite oxide resulting from the reduction process; these regions
are labeled I and II in the SEM micrograph of a fractured

4 ceramic

(d)

Fig.3. (a) SEM image of the cermet/ceramic interface; (b) TEM bright-field image of the interface: (c) diffraction pattern of the PLZT ceramic,
showing split reflections [001] zone (spot splitting consistent with {110} twins domains); and (d) schematic representation of the cermet/

ceramic interface.




Fig. 4. SEM micrographs of (a) the interface, showing the two regions existing within the perovskite oxide; (b) fracture of region I; and (c) fracture

of region II.

cermet/ceramic interface. Region I reveals transgranular frac-
ture. whereas region II reveals intergranular and transgranular
fracture but is predominantly intergranular, Also observed within
the grains is the complex ferroelastic domain structure typical
of a PZT ferroelectric.”?

The difference in the fracture behavior is believed to be the
result of an initial modification of the grain boundaries in the
form of lead oxide loss and reduction from the grain boundaries.
The process is the first stage of the reduction process, with the
second stage being the full reduction of the PZT grains into
the cermet.

The microstructure features observed above account for the
evolution of the cermet phase in the reduction process, as noted
by Haertling."” Figure 5 summarizes the general features of the
reduction process; the evolution of the thickness (x) versus
reduction time (¢) does not follow the ideal parabolic relation
(x = (Dr)"?, where D is the diffusion coefficient). The micro-
graphs above, with the volume reduction and the channel for-
mation, could account for this departure. The chemical
reduction processes also are listed.’

(2) Physical Properties

In our previous study of the resonance behavior of
RAINBOW materials, we modeled the impedance data assum-
ing similar elastic behavior between the ceramic and cermet
phases. Considering the new microstructural evidence, we
reconsidered this basic assumption.

The determination of the fundamental thickness mode allows
precise measurement of the elastic stiffness coefficient, C2,,
using the following relationship:

D \I2
2t = (%) (1

where ¢ is the thickness of the sample, f, the parallel resonancé

frequency, and p the density. Geometrically determined densi-
ties reveal similar values for sections of the cermet phase and
ceramic phase; p = 7.5 X 10° kg-m~>. This similarity is a direct
consequence of the porosity contained within the cermet phase.
The obtained C%, value for the nonreduced material is 15.5 X
10" N'm™2, within the typical range expected for soft PZT."
For the RAINBOW material, this value is only C5, = 14.4 X
10'° N-m™2 By varying the relative thickness of the piezoelec-
tric and modeling the composite elastic stiffness with the series
mixing:

%=5“-’(i)+55‘—'(3 ) )
C33|ox tlm C33nr tlo! C33c:r

where ¢, is the piezoelectric thickness, ¢, the cermet thickness
(the total thickness is simply the sum of the components; i.e.,
toe = It t ), Ch, the piezoelectric elastic stiffness, and
C%.. the cermet elastic stiffness. Then, knowing C2,, and
varying t,,, deduction of C%,, is possible. An average value of
10.04 X 10' N-m~* was obtained. Further verification of the
elastic coefficients was obtained from acoustic microscopy.
Acoustic microscopy allows direct determination of the elastic
coefficients via the velocity of the acoustic wave transmitted
through the material. A comparison of the two techniques is
presented in Table II, where good agreement is shown between
these measurements. A reduction in stiffness within the cermet
structure is noted; the metallic lead and interconnected porous
structure account for this result.

Additionally, the lateral extensional mode of the RAINBOW
cantilever can be determined. Figure 6 shows the resonant
frequency versus inverse width (1/w) of the nonreduced piezo-
electric cantilever with both ends free. Under these boundary
conditions, the resonant frequency can be expressed as
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Fig. 5. Schematic representations of the general features involved in the reduction process of the ceramic to the RAINBOW material.

Table II.  Elastic Stiffness Constant (CZ2,) Values
Obtained from Resonance Method and Acoustic Microscopy

€3 (X 10°N-m"3)

Technique Cermet Piezoelectric
Resonance 10.04 15.49
Acoustic microscopy 9.93 15.52

l CE- 1/2
fi= 05(7>(T") (3)

where w is the width of the piezoelectric sample, p the density,
and C%; is the effective elastic constant where

oL
eff Sll:‘l 1 — 0.1)

§%, is the elastic compliance, and ¢ is the Poisson ratio. From
Fig. 6, we can obtain C,,f = 8.63 X 10" N-m™, Also, via the
bending mode, the scan is obtained directly:'®

C))

12
tf 1 -
f, = 1.0279 E(Fﬂ) 5)

where L is the length of the cantilever. $£, was determined to be
13.36 X 107"* N-m~*. From Eq. (4), o for the nonreduced phase

was determined to be 0.366. Such a value is in good agreement
with a previous reference'® and confirms the validity of the
technique. In the lateral direction, the resonant frequency was
independent of the reduced and nonreduced phase thicknesses
(Fig. 7).

To complete this characterization, the coefficient d,, of the
piezoelectric element was determined. From the resonance
method, the d;, value obtained was —150 X 1072 C/N. A direct
technique, the double-beam laser interferometer, was used to
verify the d;, value.'” Under an alternating-current- (ac-) driven
electric field along the polarization direction (E;), the sample
deformation (AL,/L,) and the strain (S,) are measured.
Through the converse piezoelectric effect:

S, _(ALL)
E3 - E3 (6)

The obtained d,, value of —141 X 107" C/N is in good
agreement with the previous value deduced from the resonance
method. Such a value is more characteristic of a hard PZT than
that expected for the soft PZT studied.' This lower d,, value
can be explained by a reduction in the extrinsic domain wall
contribution to d,, in the soft PLZT due to the high transverse
constraining stress.'® From these piezoelectric resonance mea-
surements, the cermet microstructure clearly influences the den-
sity and elastic stiffness of the RAINBOW structures, which, in
turn, controls the resonant modes.

dy =
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Fig. 9, Frequency dependence of (a) the real part of the permittivity, €, and (b) the imaginary part of the permittivity. £”, at room temperature.
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Dielectric measurements have been performed from room
temperature up to 250°C for nonreduced PLZT and RAINBOW
samples. Figures 8(a) and (b) show the corresponding tempera-
ture dependence of the dielectric constant, €', at different fre-
quencies. It is interesting to note that removing the electrode on
the reduced face of the RAINBOW material does not change
the obtained results, verifying the conductive cermet phase to
be suitable as an electrode material. The Curie temperature is
~-200°C and remains the same when the frequency increases.
Such a result is in agreement with a nonrelaxor such as PLZT
and corresponds to a composition similar to 6/65/35. which is
that of a typical soft PZT. The dielectric permittivity of the
RAINBOW material shows a dispersion typical of a space
relaxation over the measured temperature range. The room-
temperature dielectric behavior shows a relaxation, character-
ized by a simultaneous maximum of the imaginary part of the
permittivity, ", and decrease of the real part of the permittivity.
€. (Figs. 9(a) and (b)). The microstructure observed in Fig. 4(a)
is believed to be the origin of this space-charge relaxation. By
systematically polishing away the cermet layer and region I
and making impedance measurements, the dielectric response
confirms this hypothesis on each combination of layers (Fig. 9).
The physical removal of region I, the prereduced grain-
boundary piezoelectric region, leaves no space-charge polariza-
tion effects at room temperature in region II. Therefore. the
differences in capacitance and resistance from these mixed
regions give the space-charge contribution. The relaxation
observed at ~1 kHz depends only on the electrical boundary
conditions, and this is not believed to be the result of the
stress inherent in the RAINBOW material. This last effect is
considered only on the elastic properties.

IV. Summary and Conclusions

A structure-property relationship study of the RAINBOW
cermet—ceramic has revealed new insights into the formation
process. the microstructure. and electromechanical properties.
The cermet microstructure consists of an interconnected metal-
lic lead phase and an interconnected porous structure. with
unreduced oxides ZrTiO, and La.O; embedded in the lead metal
matrix as inclusions. The cermet/ceramic interface is relatively
sharp. but there is a prereduction of the grain-boundary phase
in the ceramic. The prereduction modifies the grain boundary.
as observed in the fracture properties of the ceramic. The pre-
reduction and nonreduced regimes (regions I and II) in the
ceramic create a space-charge polarization.

s Sl Ve—Lissaide el di.
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Physical properties that determine the resonance behavior,
such as density and elastic stiffness, are given considera-
tion with the observed microstructure. Measurements of the
elastic stiffness of the cermet were obtained via a thickness
resonance mode and acoustic microscopy and showed excel-
lent agreement.

Acknowledgments: The authors wish to thank Michael Hill of NIST
1Maryland) for the acoustic microscopy measurements. Many thanks also go 10
Mark S. Angelone for his technical input on the SEM microscope.

References

'K. Uchino, Piezoelectric and Electrostrictive Actuators. Morikita Publica-
tions. Tokyo, Japan. 1986.

“I. K. Lee and M. M. Marcus. “The Deflection-Bandwidth Product of Poly
Benders and Related Structures,” Ferroelectrics, 32, 93-101 (1981).

M. R. Steel, F. Harrison. and P. G. Harper, “The Piezoelectric Bimorph: An
Experimental and Theoretical Study of its Quasistatic Response,” J. Phys. D:
Appl. Phys., 11.979-89 (1978).

“J. Van Randeraat and R. E. Setterington. Piezoelectric Ceramics. N. V.
Philips® Gloeilampenfabricken, Eindhoven, The Netherlands, 1974.

‘Y. Sugawara, K. Onitsuka, S. Yoshikawa, Q. Xu. R. E. Newnham. and
K. Uchino. “Metal-Ceramic Composite Actuators,” J. Am. Ceram. Soc.. 73 &3]
996-98 (1992).

°K. Onitsuka, “Effects of Bonding and Geometry on the Flextensional Trans-
ducer “Moonie® "; Ph.D. Thesis. The Pennsylvania State University, University
Park. PA. 1993,

“G. Haentling, “Rainbow Ceramics—A New Tvpe of Ultra-High Displacement
Actuator.”” Am. Ceram. Soc. Bull., 73 [1] 93-96 (1994).

‘R. Guo. “Ferroelectric Properties of Lead Barium Niobate Near the Morpho-
tropic Phase Boundary™; Ph.D. Thesis. The Pennsylvania State University, Uni-
versity Park. PA, 1990.

°G. Haertling, “Reduction/Oxidation Effects in PLZT Ceramics™ pp. 699-
“11 in 4th International SAMPE Eiectronics Conference (Albuquerque. NM.
1990). Edited by R. E. Allred. R. J. Martinez. and K. B. Wischmann. Sociery for
the Advancement of Materials and Process Engineering, Covina. CA. 1990,

“R. E. Newnham. “Composite Electroceramics.” Annu. Rev. Mater. Sci.. 16.
L1758 (1986).

“'J. W. Edington. Practical Elecron Microscopy in Materials Science. N. V.
Phiiips” Gloeilampenfabricken. Eindhoven. The Netherlands. 1976.

“C. A. Randall. R. W. Whatmore. and D. J. Barber. “Ferroelectric Domain
Conngurations in a Modified PZT." J. Mater. Sci.. 22. 925-31 (1987).

“*G. Haertling. “Chemically Reducad PLZT Ceramics for Ultra-High Dis-
piaczment Actuator.” Ferroelectrics. 134, 101-106 (1994).

~“B. Jarfe. W. R. Cook. and H. Jatfe. Piezoelectric Ceramics. Academic Press.
New York. 1971.

“W. G. Cady, Piezoelectriciry. Vol. 1. Dover Press. New York. 1964.

**W. P. Mason. Physical Acoustics. Vol. 1. Part A. Academic Press. New
York. 1964.

“W. Y. Pan and L. E. Cross. "A Sensitive Double Beam Laser Interferometer
for Studyving High-Frequency Piezoelectric and Electrosensitive Strains.” Ret.
Sci. Instrum.. 60 [8] 2701703 (1989,

“Q. M. Zhang, H. Wang. N. Kim. and L. E. Cross. “Direct Evaluation of
Domain Wall and Intrinsic Contributions to the Dielectric and Piezoelectric
Response and Their Temperature Dependence on Lead Zirconate-Titanate
Ceramics.” J. Appl. Phyvs.. 75 [1] 454-39 (1994). -




APPENDIX 67




To be published in the proceedings on the 10th
Annual International Symposium on Applications
of Ferroelectrics (ISAF), 1996.

Optimization of Bimorph Based Double Amplifier Actuator
under Quasistatic Situation

Baomin Xu, Q. M. Zhang, V. D. Kugel, Qingming Wang, L. E. Cross

Materials Research Laboratory,

AYstract -- Bimorph based double amplifier actuator
!» 2 new tvpe of piezoelectric actuation structure
which combines both bending and flextensional
amplification concepts. As a result the
displacement of the actuator can be more than ten
times larger than the tip displacement of bimorphs
and can be used in air acoustic transducers as an
actuation element. This  paper studied the
dependence of displacement on actuator parameters
and optimum design issues for the cover plate (the
flextensional part of the actuator) theoretically and
experimentally.

L INTRODUCTION

get larger displacements is always a main
ctiecive in the development of plezcelectric transducer and
actuatcr cevices. Since the direct extensional strain in mos:
SlezcelecTic ceramic materials is at best a few tenths of cne
2 means of enhancing or amplifying the

meni Is essential in many device designs[1].
t fcr multilayer type actuaters, which enhance the
meni by a direct dimension efect. presently there are
's -0 amplify the extensional strain of piezoelecw
s{2.. One is to make use of bending amplification
mechznism. which leads to the develcpment of bimorph type

Ts. Another way is the utlization of flextentional
amglificaticn scheme. which leads 10 the development of
-ex:znsional ransducers widely used in underwater acoustics,
mconiz and cymbal actuators(3].

n we presented a new kind of piezoelectic
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¢ actuatcrs and flextensional ¢lements, as shown in Fig. 1.
a result e displacement of the new actuator can be more
than 21 tmes larger than the tip displacement of bimorphs,
and can used in air acoustic wansducers as an actuation
¢lement Scrme theoretical analyses have been given earlier{5].
In his werk. the displacement of the actuator is studied in

. with 2mphasis on the optimum dimension design of
the cover piate of the actuator.
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II. PRINCIPLE AND THEORETICAL ANALYSIS
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Fig. 2. Basic configuration of Simorph based double amplifier

The basic configuration of bimorph based double amplifier
is shown in Fig. 2. The structure mainly consists of two
parallel-mounted bimorphs with a triangle shaped cover plate
as an actve diaphragm fixed on the top of the bimorphs.
Higher displacement is achieved by converting the tip
displacement of bimorphs to the motion of the cover plate.
Since one of the objective of the actuator is to work in air
accustic tansducers as an actuation element, loudspeaker




paper is chosen as cover plate material in this work because
of its excellent mechanical-acoustic property and light weight.

The relationship between displacement of the cover plate
(middle point) and actuator parameters is explained below: as
shown in Fig. 3, letters A, B, and C represent the joint parts
of the cover plate, which arc called as hinge regions.
Generally, the deformation of the cover plate can be
considered to concentrate in these hinge regions. When a
displacement of the cover plate is generated, moments will be
inZuced in these hinge regions due to the deformation, which
will balance the moments produced by the bimorphs.
Therefore, the motion of the cover plate is rotation-dominated
and can be treated as two rigid beams connected by a torsional
spring at the middle point. When a voltage V is applied to the
bimorphs, a tip displacement A and force F are generated,
which in tumn produces a displacement § at the middle point
of the cover plate and induces a moment M in the torsional
spring due to the displacement. From the geometric
consideration, it can be found that:

§=a,—a0=1/a§+L-A-ao )

The moment balance equation is:
2F-(a,+§)=M=k-2-(8,-9,)

or F(a, +&)=k(6,-6,)=k-28/L 2)
Since § is much smaller than L. k in equation (2) is the
spring constant. It has been known that{6]:

t’w

T an’sE
where w is the width and s;; is the elastic compliance of the

piezoelectric material, A, is the tip displacement under free
condition, and

F (A = B) =c4(A, - A) G)

Ay =3d,V(h/t)? @

if parallel type bimorph is used.

The ecquivalent torsional spring constant k can be
determined in this way: Suppose the original length of the
hinge region is b, and it is also the neutral line length of the
deformation area. R,, Ry and R, are the elastic curvature radii
at hinge regions A, B, and C respectively. From Fig. 3 we
can get:

Rp; =R =b/tanB,,and R, =b/(2wank,),i=0, 1

Let M,, M; and M, represent the induced moments at areas
A, B and C due to the displacement, then the total induced
moment is{7]:

“><€-  (b) After displacement

M= M+My+Mc
(c) Rigid beam model

Fig. 3. Rigid-bcam model for rotation-dominated cover plate motion

M=M, +My +M,

=EI(1/R,; —1/R,)+2-EI(1/Ry, —1/Ry,)
=4EI(tan®, —tan6;)/b

=4EI(6, -86,)/b

where E is the Young’s modulus of the cover plate material
and I is area moment of inertia of cross section of the hinge
region. Compare to equation (2) we get the spring constant:

k=2EI/b )]

This means that k just depends on the properties of the cover
plate material. Substituting equations (3) and (5) in equation
(2) vields:

Co(By = A)(ay +&) = (2EI/b)- (28 /L) 6)

From equations (1), (6) and (4), the dependence of A and g
on the actuator parameters and driving voltage can be
obtained, so that optimization on actuator design can be
cenducted. However, the analysis is rather complicated
because the rclationship between A and & is nonlinear
according to equation (1).

Considering a simple situation, that is, if L-A<<aZ, we
get the linear approximations for equations (1) and (6):

E=L-A/2a,) %)

co(8y = A)-a, = (2EI/b)- (28 /L) ®)




Hence A and & can be obtained as:

4
—_— 9
l+ZEI/(a0c0b) ©)
L-A,
10
&= 2a, +4EI/(a,c,b) (10)

Equation (10) indicates that & will increase linearly with L,
but there is an optimum value for a, where £ is maximum.
TAs optimum value is:

ag =4El/(ayceb), or 3, = 1/2EI/(cob)

However, as the initial height a, is very small, another
possibility is that the deformation of the cover plate becomes
larger and can not be neglected, that is, flextensional motion
of the cover plate will occur. Hence the rigid-beam model
shown in Fig. 3 is not valid. From elastic thcory[8,9], when
a triangle shaped continuous beam is under the action of
compressed axial force P, the displacement of middle point is:

- tan(n/Z)q/P/P
- (an),/P/P

where P =r°EV/L? is Euler load.

Equation (12) shows that § will increase linearly with a,.
Actually, this is the situation similar for cymbal actuators
where the displacement is linearly related to the cavity depth
of endcaps and exponentially related to the cavity diameter
tecause of the flextensional motion of endcaps[10].

Therefore, if flextensional motion of the cover plate occurs
above the optimum a, value determined from the rotation-
dominated situation, the real optimum cover plate height will
be in the vicinity from rotation-dominated situation to the
flextension-dominated situation.

(In

(12)

III. EXPERIMENTS

The bimorphs used in this work are operated in parallel
configuration and made from Motorala 3203HD (PZT type
SH) material. Their dimensions are 20.0 x 7.7 X 1.5mm. The
loudspeaker paper with the same width and 0.56mm thickness
is fixed on the top of bimorphs by super glue. The
displacement of middle point and tip point are measured by
using MTI 2000 Fotonic Sensor under different dimensions
of cover plate. The applied voltage on bimorphs is fixed at
150V (p-p value) and frequency is 1Hz.

IV. RESULTS AND DISCUSSIONS

Fig. 4 is the dependence of middle point displacement and
tip point displacement on the height of cover plate. The
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Fig. 4. Dependence of displacement and amplification factor
on the initial cover plate height

length of cover plate is fixed at 56.0mm in this experiment.
It really shows that there is an optimum value for initial
cover plate height (about 1.5mm) at which middle point
displacement reaches the maximum. Defining the
amplification factor as the ratio of middle point displacement
to the free tip displacement of bimorphs, Fig. 4 shows that
the amplification factor is more than 10 in the vicinity of
optimum initial cover plate height.

In order to determine the motion situation of the cover
plate, the middle point displacement is also calculated by
using equations (1) and (7) with measured tip point
displacement and compared to experimental values in Fig. 5.
It can be seen that when the cover plate height is larger than
3.0mm, the lincar approximation can be used. When the
cover plate height is between 1.5mm and 3.0mm, the
calculated value using equation (1) is consistent with
experimental results. This means it is stil] rotation-dominated
situation but nonlincar effect must be considered. When the
cover plate height is smaller than 1.5mm, the calculated value
still increases but the measured value decreases, which means
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flextensional motion of cover plate becomes obvious.
Therefore, the optimum initial cover plate height for the
present design is in the vicinity from rotation-dominated to
flextention-dominated situation.

Fig. 6 shows the dependence of middle point displacement
on the length of cover plate. When the cover plate height is
3.0mm, the lincar approximation can be uscd so that the
middle point displacement will lincarly incrcase with the
length of cover plate. When the cover plate height is 0.5mm,
flextensional motion becomes dominated, and the middle
point displacement incrcased with cover plate length more

rapidly than linearly. This is consistent with our theoretical
analysis.

V. CONCLUSIONS

The displacement of bimorph based double amplifier
actuators can be more than ten times larger than the tip
displacement of bimorphs. The displacement strongly depends
on the initial height of cover plate. When the cover plate
height decreases, the motion of cover plate is from rotation-
dominated to flextension-dominated. And the optimum cover
plate height is in the transfer region of these two kinds of
situations. The displacement increases with cover plate
length, but the relationship in detail is quite different
according to rotation-dominated or flextension-dominated
situation.
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Piezoelectric air transducer for active noise control

Baomin Xu, Qiming Zhang, V. D. Kugel and L. E. Cross
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ABSTRACT

A new type of piezoelectric air transducer has been developed for active noise control and other air acoustics applications.
The transducer is based on the composite panel structure of a bimorph-based double amplifier, that is, two parallel bimorphs
or bimorph arrays with a curved cover plate as an active face attached to the top of the bimorphs. The electro-mechanical and
electro-acoustic properties of the double amplifier structure and the transducer are investigated in this paper. The displacement
of the cover plate of the double amplifier structure can reach millimeter scale with a relatively low driving voltage, which is
more than ten times larger than the tip displacement of bimorphs. The sound pressure level (SPL) of the transducer can be
larger than 90dB (near field) in the frequency range from 50 to 1000Hz and be larger than 80dB (fr field) from 200Hz to

1000Hz, with the largest vaiue more than 130dB (near field). Because of its light weight and panel structure, it has the

potential to be used in active noise control.
Keywords: piezoelectric transducers, bimorphs, double amplifier structure, air acoustics, active noise control
1. DU N

The electromechanical transducers based on piezoelectric materials have been widely used for many decades. However,
most of these transducers are used in the areas of ulrasonics and underwater acoustics.' It is still difficult to apply
piezoelectric materials or devices in air acoustics, especially at low frequency range. On the other hand, because of their
unique properties, such as high electromechanical coupling efficiency, the ability of both sensing and transmitting, low Iloss,

light weight and panel strucnure, it is highly desirable to use piezoelectic transducers at low frequency range and active noise
controL?

There are two main problems to be solved to apply piezoelectric transducers in air acoustics and active noise control. One
is that the displacement must be much larger than that of the common ceramic actuators because the radiated acoustic energy
is proportional to the square of the displacement amplitude.’ Another one is that the acoustic impedance should be matching
to air to ensure an effective acoustic flow from the transducer to the medium.

Among all the piezoelectric actuators, bimorph type actuators generate the largest displacement (tip displacement).*
However, the displacement is still not large enough to be used in air acoustics at low frequency range. In this paper, a new
type of piezoelectric transducer based on the idea of bimorph-based double amplifier structure is presented. The displacement
generated by the double amplifier structure can be more than ten times larger than the tip displacement of bimorphs. The
acoustic impedance matching between the transducer and air can be ootained by carefully choosing the cover plate (active fxe)
materials and its geometric configurations. As a result of these new designs, the transducer is promising to be used in active
noise control as a sound transmitter.

2.DESIGN PRINCIPLE

The basic configuration of the bimorph-based double amplifier structure is shown in Fig. 1. The structure mainly consists
of two parallel bimorphs with a curved (triangle shape) cover plate as an active face artached to the top of the bimorphs.
Higher displacement is achieved by changing the tip displacement of bimorphs to a flexural motion of the cover plate. That
is, when the bimorphs vibrate horizontally, the cover plate vibrates vertically with larger amplitude. Fig. 1(b) is the
schematic of the displacement of the cover plate and bimorph actuators. From the geometric consideration, the vertical
displacement of the middle point on the cover plate can be described as:
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Fig. 1. Configuration of the Bimorph Based Double Amplifier Structure

=\g+L-a-g m

where § is the displacement of the middle point;
g is the height of the cover plate;
L is the distance between bimorph actuators;
A is the tip displacement of bimorphs.
We define the amplification factor of the displacement as:

_ iddle point displacement of cover plate
- tip displacement of bimorph

a =%

@

SO, a=

If L-A<<g’ then
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Therefore, E= - G)
E L
and, a= 3 = 23—0 @

bimorph array

inactive lateral face

~ substrate

Fig. 2. Configuration of the Double Amplifier Transducer

3. SAMPLE PREPARATION AND MEASUREMENT TECHNIQUE

Bimorph actuators can be operated in series (the poling directions of the two piezoelectric plates are opposite) or in parallel
(the poling directions of the two piezoelectric plates are consistent) configurations. All the bimorphs used in this paper are in
parallel structure. They are made from a kind of PZT 5H type piezoelectric material® and the dimensions are 20.0mm X 7.0
X 1.0mm. The loudspeaker paper is from Nu-Way Company with the thickness of 0.56mm.” The experiments were
conducted both on the double amplifier structures and the transducer. For the double amplifier structure experiment, the
bimorphs are mechanically clamped at one end, and the cover plate is fixed on the top of bimorphs by super glue. The
displacement of middle point and tip point are measured by using MTI 2000 Fotonic Sensor® under quisistatic and dynamic
conditions. Fig. 3 is the schematic drawing of the measurement setup. The resonant frequency of the structure was determined
by an HP-4194 Impedance Analyzer. For the transducer study, the bimorph arrays were fixed in the slots on the plastic
substrate by super glue. The displacement at the central point (point A in Fig. 2) of the cover plate and at the intersection
point of the central line and edge of the cover plate (point B in Fig. 2) was measured. The sound pressure level of the
transducer was also studied in an anechoic chamber by using B & K 4135 type condenser microphone.” In measurement, the

390/ SPIE Vol. 2717




transducer is baffled in a large rigid plane and the measurement points are on the axis which goes through the central point
and perpendicular to the substrate as shown in Fig. 4. The distances between the measurement points and the central point
are 5.0mm and 1.0m respectively. The former situation is called near field and the latter is far field "

Power Functi
Sample Amplifier | __  Generater
Optical .
Fiber Sensor L Oscilloscope f
Lock-in
Amplifier

Fig. 3. Schematic Drawing of the Displacement Measurement Setup
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The dependence of the middle point displacement and amplification factor on the height of the cover plate was evaluated
under quisistatic condition (driving frequency = 1Hz) for the double amplifier structures with L = 50.0mm and 60.0mm (see
Fig. 1) respectively, and the results were presented in Fig. 5. As the height of cover plate g decreases, the middle point
displacement increases first, and then decreases. The largest displacement was obtained when the distance between bimorphs
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displacement of the middle point as 2 function of the driving voltage. The displacement of the middle point increases almost
linearly with the driving voltage. It is expected that the displacement of the middle point can reach about 1.5mm when the
driving voltage is raised to 300V (peak-peak value) or 110V (rms value).
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Fig. 5. Displacement and Amplification Factor of the Double Amplifier Structure (f=1Hz, Vp-p=100V)

Equations (1) to (4) show that the middle point displacement should always increase as the cover plate height is reduced,
so does the amplification factor. However, when the height of the cover plate decreases, the effective loading of the cover plate
will increase, and a larger force is needed to push the cover plate. The relationship between the generated force and tip
displacement of bimorph can be described as:"

_Yw (3d3,h2E _

4n3 2t

F a) ®

where  Yc is Young’s modules of ceramic material;
ds; is piezoelectric constant of ceramic material;
w is width of bimorph;
E is applied electric field.

When a larger force is needed, the tip displacement of bimorph will reduce, Therefore, when the height of cover plate
decreases, there are two competing factors which influence the middle point displacement of the cover plate. One is that the
middle point displacement will increase according to the geometric relationship, so does the amplification factor. Another one
is that the tip displacement of bimorph will decrease, which will reduce the middle point displacement. Therefore, there is an
optimum point where the maximum value of the middle point displacement is obtained. However, the amplification factor
will always increase when the cover plate height decreases as long as the geometric relationship is valid. The similar
situation will happen when the distance between the bimorphs is changed.
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buckling of the cover plate happens, the geometric relationship (equation (1)) will not be hold, and the middlt; point
displacement of cover plate will become smaller.

bimorph beams, which reduces the resonant frequency of the bimorph beams.” As the height of the cover plate decreases and
the distance between bimorphs increases, the effective loading of the cover plate increases, resulting in a decrease of the
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Fig. 8. Resonant Frequency of the Double Amplifier Structure

The relationship between the displacement and frequency is shown in Fig. 9 forL = 50.0mm, g = 1.0mm. From the
comparison of the tip displacement of bimorphs, the calculared displacement of middle point, and the measured displacement
of middle point, it can be concluded that the cover plate can keep its shape from buckling during vibration in the frequency

range up to about two times of the resonant frequency, that is, the transducer can work effectively in the frequency range up to
the two times of the resonant frequency.

4.2. Displacement and sound pressure leve] of the double amplifier transducer

Based on the experimental results and analyses of the double amplifier structures, the bimorph-based doubie amplifier
transducer was constructed. The dimensions of the transducer are:

the distance between the bimorphs L = 50.0mm;

the height of the cover plate g =3.5mm:

the width of the bimorph arrays W = 60.0mm;

the height of bimorphs h = 18.0mm.

Therefore, this transducer can be expected to work effectively up to 1000 Hz, which is the frequency range desirable for the
active noise control.
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The dependence of the displacement of the Point A and point B of the cover plate (see Fig. 2) on frequency is shown in
Fig. 10. Due to clamping effect of the two lateral faces which are made of loudspeaker Paper and are inactive, and due to the
loading effect of the air in the closed chamber of the transcucer, the displacement of point A is some smalfer than that of the
middle point displacement of the double amplifier Structure with the same L and g values, and the displacement of point B is
smaller than that of point A, but the displacement of the cover plate is sti]] much larger than the tip displacement of
bimorphs. The height of the peak in the resonant frequency also becomes weaker and smooth due to these clamping and
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John Wiley & Sons, New York, 1982,

11. J. K. Lee and M. A. Marcus, “The deflection-bandwith product of poly(vinylidene fluoride) benders and related
structures,” F erroelectrics, Vol. 32, Pp. 93-101, 1981.
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Fig. 12. Configuration of the Transducer
Tepresent the moving direction)

Constructed from Multi-Double
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