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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 d53 values up to 2,300 pC/N and coupling coefficients ky; 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 111,111,111,and111 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 x,; 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 Q, 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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Effects of Transitional Phenomena on the Electric Field Induced Strain-Electrostrictive

Response of A Segmented Polyurethane Elastomer
SyYNopsIS

The electromechanical properties of a segmented polyurethane elastomer were
investigated as functions of temperature and frequency. Two transitional phehomena were
observed in the temperature range from -50 ©C to 85 OC. In these transition regions, the electric
field induced strain coefficient exhibits large increases, which indicates that the effect of the
transition processes is significant. The experimental analysis suggests that the transitional
processes in the polyurethane are related to the chain segment motions. From the elastic
compliance and the dielectric constant data, the contribution of the uniform Maxwell stress was
determined. It was found that the contribution of the Maxwell stress effect to the measured strain
coefficient increased from about 10 % below the glass transition tem\perature, Tg, (=25 0C) to
about 50 % and 35 % for the frequencies of 10 Hz and 100 Hz, respectively, at ~40 ©C, which is
above Tg. The large difference between the measured strain response and the calculated Maxwell
stress effect indicates a significant contribution to the field induced strain from other mechanisms

such as electrostriction.

Keywords:  Polyurethane elastomer, electric field induced strain, Maxwell stress, electrostriction

and transitional phenomena.
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1. INTRODUCTION

Electromechanical coupling effects such as piezoelectricity and electrostriction have been
widely utilized in transducer, sensor and actuator technologies.[!2] During the last three decades,
electromechanical polymers, especially piezoelectric poly(vinylidene fluoride) (PVDF) and its
copolymers with trifluoroethylene (TrFE), have drawn much attention because of their low
acoustic impedance, mechanical ﬂexibility and good processing properties as well as low
manufacturing cost.3:4]1  However, their applications have been limited due to. the lower
electromechanical activity when compared with those of piezoceramic Lead Zirconate Titanate
(PZT).I5:6] The recent development in electromechanical properties of polymers showed that
some thermoplastic polymer elastomers, especially segmented polyurethane elastomefs, can
exhibit very high electric field induced strain response. These electromechanically active
polyurethane elastomers have drawn more and more attention and many experimental
investigations have been conducted(7-9] since the large electric field induced strain of this class of
polyurethane elastomers was reported.[10]

The objective of this study is to provide understanding of the possible mechanisms for the
observed large electric field induced strain in this class of polyurethane elastomers through
investigations on the temperature-frequency dependence of the field induced strain, the dielectric
and the elastic properties. In addition, the temperature dependence of the molecular motions in
the material were also examined using Differential Scanning Calorimetry (DSC), Fourier
Transform Infrared (FTIR) spectroscopy and Thermal Expansion (TE) techniques to eiucidate the

property-molecular motion relationship.
II. EXPERIMENTAL

A. Sample Preparation




The material used in this investigation was produced by Deerfield Urethane, Inc. using a
Dow polyurethane (Dow 2103-80AE). The polyurethane is a segmented elastomer consisting of
pgly(tetramethylene glycol) (PTMEG) as the soft segment and xﬁethylenedi-p-phenyl diisocyanate
(MDI) as the hard segment with 1,4-butanediol (Bdiol) acting as the extender. The molar ratio of
the components in the polyurethane is 1.8 mol. MDI/0.8 mol. Bdiol/1.0 mol. PTMEG. The
samples for experimehtal measurements were prepared by solution casting. The thickness of the
sample in this investigation was 2 mm. The gold electrodes were vacuum evaporated onto the
opposing surfaces of the cast samples.

The result of x-ray diffraction, shown in figure 1, indicates that there is no detectable
crystalline phase, in the samples investigated within the experimental resolution, or it can be said that

the sample is amorphous.

B. Electric-Field-Induced Strain Measurement

A double-beam laser interferometer was employed to measure the strain induced by the
applied electrical field at frequencies of 10 Hz and 100 Hz in the temperatures range from -30 °C
to 80 OC. A detailed description of the technique, including the basic principle, the set-up and the
sample-mounting for the strain measurements was reported with schematic representation in a

previous publication.[8]

C. Dielectric and Elastic Measurements
The temperature-frequency dependence of the dielectric constant of the polyurethane was
measured in a temperature controlled chamber by a lock-in amplifier. The temperature range for
the measurement was from -40 OC to 80 ©C and the heating rate was 2 ©C/min.. The
measurement frequencies were 10 Hz and 100 Hz.[8] |
The temperature-frequency dependence of the elastic compliance of the polyurethane was
investigated using a Dynamic Mechanical Analyzer (DMA) from -40 °C to 80 °C with a heating

rate of 2 °C/min. The measurement frequencies were also 10 Hz and 100 Hz.



D. DSC, FTIR and Thermal Expansion Measurements

To understand how the observed mMacroscopic properties are related to the molecular
structures, molecular motions and transitional phenomena, Differential Scanning Calorimetry (DSC),
Fourier Transform Infrared (FTIR) spectroscopy and Thermal Expansion (TE) measurements of the
polyurethane were examined as functions of temperature. The temperature range for DSC and FTIR
measurement was from 25 °C to 190 °C and from 25 ©C to 180 OC, respectively, while for TE, the
temperature range was from 40 °C to 100 ©C. The heating rate was 10 OC/min. for the DSC and TE

measurements.
ITI. RESULTS AND DISCUSSION

A. Temperature and Frequency Dependence and Transitions

The experimental results of the electric-field-induced strain are presented in figure 2a. The
strain coefficient, Rss, ( §3= Ry E2, where S is the strain, E is the applied electric field, and the
subscript 3 represents the direction perpendicular to the sample surface) increases with
temperature and decreases with frequency. In the temperature range from -30 OC to 60 ©OC, two
relatively sharp increments are observed: one starts at the temperature about -20 °C and the other
starts at about 50 OC. Similar trends are also observed in the dielectric and elastic data shown in
figures 2b and 2c, respectively. The dielectric constant, K, shows a rapid increase at about -20 oC
but a relatively small change at ‘about 60 OC while the temperature dependence of the elastic
compliance shows two rapid increases starting at about -25 °C and 60 OC, respectively. The
sharp change in the material properties at the lower temperature, observed in these measurements,
is related to the glass transition of the polyurethane due to large scale molecular motions of the
soft segments, PTMEG.!!!] In order to understand the change at higher temperature transition,
DSC, FTIR and TE investigations, which are employed extensively in studies of structures and

molecular motions of segmented polyurethane elastomers,!!!-13] were carried out. The DSC




curve, shown in figure 3, exhibits an endothermic peak at about 75 °C, starting at about 50 °C
and ending at about 90 °C, which is much higher than the glass transition temperature, (about -20
OC) and much lower than the melting temperature, (about 170 OC), which is reflected by another
endothermic peak starting at about 100 ©C and ending at about 185 °C. From the DSC results,
the enthalpy change associated with the tranéition between 50 ©C and 100 °C was calculated by
assuming the change is associated with the dissociation of the hydrogen bonding in hard segments
since some previous publication suggested the endothermic peak might be associated with
hydrogen bonding dissociation. However, the value obtained, whicl} is 3.71 kcal/mol., is
obviously lower than the previously reported enthalpy change due to hydrogen-bond dissociation
in segmented polyurethanes having similar chemical structure.l12] The thermal expansion
measurement of the segmented polyurethane elastomer also exhibits a characteristic transitional
change in the temperature range between 50 ©C and 100 ©°C. As can be seen in figure 4, the
material exhibits a rapid thermal expansion in the temperature range from about 50 ©C to about 90
oC. |

The temperature dependence of the absorbency spectroscopy of the FTIR study on the
polyurethane is shown in figures 5a-5d. The change in the infrared absorption related to the -NH
and -C=0 related hydrogen bonding was investigated at 60 ©C, 100 ©C, 140 °C and 180 °C. As
the temperature is increased from 60 ©C to 100 °C, the absorption of bonded -NH (3327 cm™ )
associated with the absorption of bonded -C=0 (1714 cm’ ) show only a minor decrease. The
absorption of unbonded, or free, -NH (3448 cm’ ) and the unbonded -C=0 (1730 cm™ ) shows
very little increase in the same temperature range, which indicates that the transitional change
observed in the DSC and TE measurements is not mainly associated with the dissociation of the
hydrogen bonding in the MDI segments. However, when the temperature is increased from 100
OC to 140 ©C, a relatively large change, i.e. a large drop, in the absorption of the H-bonded
groups and increase in the absorption of the unbonded groups, can be observed. Further increase
of the temperature to 180 OC results in a significant dissociation of the hydrogen bonding, which

is reflected by the disappearance of the bonded -NH (3327 cm’ ) and -C=0 (1714 cm™)



absorption peaks, and the large increase of the absorption peak due to the unbonded -NH (3448
cm™) and -C=0 (1730 em™ ). This observation corresponds to the endothermic peak observed in
the temperature region from 100 °C to 180 ©C in the DSC measurement, which is associated with
the hard segment dissolution (melting) as a consequence of the dissociation of the hydrogen
bonding in MDI.

The experimental results obtained from the DSC, TE and FTIR investigations show that
the transition between 50 °C and 100 °C, which might be the key factor resulting in the increased
field induced strain response of the segmented polyurethane in the temperature region, is neither
the glass transition nor the melting if the glass transition reflects the molecular motion of the soft
segments and the melting reflects the molecular flow of whole polymer chains when the hydrogen
bond dissociation occurs. The molecular origin of the transition might be related to the molecular
motion of the extenders within the hard segments, which might occur without destroying the
hydrogen bonding sheet structure,[12] and result in expanding in the direction perpendicular to the
hydrogen bonding sheets and increasing free volume. When this happens, it should lead to
transitional changes in elastic and thermal expansion properties, as observed in figures 2c and 4,
respectively. The asymmetric endothermic peak, i.e. slow increase before the peak position
(about 75 OC) and rapid decrease after the peak observed in the DSC curve, could be a result of
the restraining of the hydrogen bonding in MDI segments to the extender (Bdiol) related
molecular motion. This restraint can limit the molecular motion of extenders between MDI
segments, which results in the slow increase. When temperature is high enough to cause the
motion of or dissociation of the hydrogen bonds in the hard segments to a significant level, the

limited molecular motion of the extenders can be accelerated, which results in the rapid decrease.

B. Contributions from the Maxwell Stress Effect and Non- Maxwell Stress Effects
In general, the electric field induced strain in a non-piezoelectric material can be from the

electrostrictive effect and also from the Maxwell stress effects. The electrostrictive effect is a




direct coupling between the polaﬁzation and mechanical response in the material. It can be
expressed as the strain change induced by a change in the polarization level in the material

SE = QP? (1)
where S is the strain, P is the polarization level and Q is the electrostrictive coefficient of the
material. For a linear dielectric, P = €, (K-1) E. So that the equation (1) can also be rewritten
N A

SE=Qey? (K-12E2 2
where K is the dielectric constant of the material, £€g is the vacuum dielectric permittivity and E is
the applied electric field. On the other hand, Maxwell stress, T, which is due to the interaction
between the free charges on the electrode (Coulomb interaction) , can also contribute to the
electric field induced strain response. For the situation considered here, it is also proportional to
the square of the applied electric field and can be expressed as

T= -g5 KE2/2 3
Therefore, the dimensional change due to the Maxwell stress is obtained as

SM= -sg; KE2/2 4
where s is the compliance of the material. As can be seen, the strain induced by the Maxwell
stress can be quite substantial for a soft, or high compliance, material such as the polyurethane
elastomer investigated.

From the temperature dependence of the dielectric constant and elastic compliance
measurements, the electric field induced strain due to the Maxwell stress effect and percenfage of
this contribution to the total strain response were determined, which are shown -in figures 6a and
6b, respectively. When the temperature is lower than the glass transition temperature, Tg, the
contribution of the Maxwell stress is relatively small, which is only about 10%, since the elastic
compliance is low. During the ‘glass transition period, which is approximately from -20 ©C to
30°C, the Maxwell stress contribution increases from about 10 % to about 35 % and 50 % for
100 Hz and 10 Hz, respectively, while the elastic compliance, s, increases about one order of

magnitude and the dielectric constant, K, increases from 4 to 6.5. From 50 °C to 80 OC, the



temperature region for the observed second transition from DSC analysis, the increase of the
strain is also observed. Associated with this increase, the elastic compliance shows a
corresponding increase while the dielectric constant does not show a significant change.

From the discussion above, it can be seen that the Maxwell stress contribution is
important for the electric field mduced strain, especially when the temperature is higher than the
glass transition temperature of the polyurethane. On the other hand, the non-Maxwell
contribution, which is assumed to be electrostrictive strain, is also very significant. As can be
seen in figures 7a and 7b, the non-Maxwell stress part of the field-induced strain coefficient,
which is represented as Re-Rm, where Re is the total measured strain coefficient and Rm is the
Maxwell stress contribution, shows significant values in the whole temperature region where the
measurement was conducted, and when the temperature is lower than the glass transition
temperature, the electrostrictive contribution dominates (at about 90 %). Even though the
Maxwell stress contribution is significantly increased when the temperature is raised to above 60
OC, which is higher than Tg, the electrostrictive strain is still contributing to the total field induced

strain of about 40 % at 10 Hz and about 60 % at 100 Hz, respectively.

C. Temperature and Frequency Dependence of the Electrostrictive Coefficient

The experimental results show that the glass transition plays an important role in the
observed large electric field induced strain of the polyurethane investigated. During the
transition, both the dielectric and elastic properties show transitional change, therefore the
contribution of Maxwell stress effect shows similar characteristics, as discussed. Based on the
equation (2), the electrostrictive coefficient Q can be evaluated. The temperature dependence of
the coefficient Q at 10 Hz and 100 Hz is presented in figures 8. As can be seen, when the
electrostrictive coefficient, Q, is’examined over the temperature range of the glass transition, it
does not show the temperature dependence as that observed in the Maxwell stress effect which
depends directly on the elastic compliance. However, when the temperature is raised to the

second transitional region, the coefficient Q exhibits increase with temperature. Considering the



fact that the electromechanical response of a polymer material is contributed by the molecular
motions which participate in both the polarization and elastic processes,®! the increase in the
electrostrictive coefficient Q is a result of the increased elasticity per unit polarization change,
which can be caused by lowering the energy barrier for the mechanically related segment motion
as reflected by the increase in the elastic compliance in this temperature range, where the
dielectric constant does not show much change. On the other hand, when the electrostrictive
coefficient Q is examined as a function of the frequency, it is observed that Q measured at 100 Hz
is about 25% lower that measured at 10 Hz. The decrease of the Q with frequency indicates that
the component of the polarization motions of high frequency (short relaxation time) does not
generate as much strain in the material and therefore it is more like pure dielectric. It should be
mentioned that the relatively large data scatter in figures 8 is due to the fact that the calculated
results are obtained from three sets of experimental data ( the dielectric constant, the elastic

compliance and the electric field-induced strain measurements).
IV. CoNcLUsIONS

The temperatﬁre and frequency dependence of the electric field induced strain, dielectric
and elastic properties show that both the Maxwell stress effect and electrostriction are important
to the electric field induced strain of the polyurethane elastomer investigated. The Maxwell stress
contribution increases markedly during the glass transition, along with the sharp increase in the
elastic compliance and dielectric constant. In spite of these large changes, the non-Maxwell
contribution such as the electrostrictive coefficient Q seems to be independent of temperature in
the glass transition region. In addition to the glass transition, anothe;transitional change at about
75 OC was also observed in the experimental temperature range. The thermal and chemical
 structural analysis such as the DSC, thermal expansion and FTIR studies indicates that the
transition might be related to the molecular motion of the extenders in the hard segments.

Interestingly, the electrostrictive coefficient Q exhibits an increase with temperature along with

10



the elastic compliance, while there is only a small change in the dielectric constant in the same
temperature range. The experimental results show that the two transitional phenomena, which
are reflections of the molecular motions of the soft segment and the extender in hard segment, are
important for the observed electric field induced strain of the polyurethane elastomer. Even
though thesé transitional phenomena can significantly increase the Maxwell stress contribution,
the non-Maxwell stress contn'butioﬁ such as the electrostrictive coefficient, which. seems not
changing with temperature in the glass transition region, is also important for the field induced
strain of the segmented polyurethane elastomer. The different behaviors, observed in the two
transitional regions, of the electrostrictive coefficient, the elastic consfant, and the dielectric
constant suggest that in this class of the material, the chain segment motions can be grouped into
those related to polarization, those related to the elastic process, and those related to both. The
change in the relative activation energies related to these motions with temperature results in the

different behaviors in the dielectric, elastic, and electrostrictive coefficient.
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FIGURE CAPTION:

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

X-ray diffraction data of the polyurethane elastomer at room temperature -
where the broad hola near 20 degree (26) is the reflection of the amorphous

phase. No crystalline phase was observed within the data resolution.

Temperature dependence of (a) the electric field induced strain coefficient,
R, (b) the dielectric constant, K, and (c) the elastic compliance, s, of the
polyurethane elastomer (Dow 2105-80AE), at 10 Hz and 100 Hz. The solid line

are drawn to guide the eye.

Differential Scanning Calorimetry (DSC) trace of the segmented polyurethane
(Dow 2105-80AE) elastomer, from 25 °C to 190 °C.

The thermal expansion measurement of the segmented polyurethane elastomer
exhibits a transitional characteristic change in the temperature region from 50 °C to

100 ©C.

FTIR spectroscopy of the polyurethane elastomer (Dow 2105-80AE) at (a) 60 °C,
(b) 100 ©C, (c) 140 °C and (d) 180 ©C. (Absorbency wavenumber: 1: 3448 cm™,
2:3327cm™, 3: 1730 cm™, and 4: 1714 cm™).

Comparison of the temperature dependence of (a) the total electric field induced
strain coefficient, R, (filled circle for 10 Hz and filled square for 100 Hz) and the
Maxwell Stress contributed strain coefficient, Ry, (open circle for 10 Hz and open

square for 100 Hz), and (b) the percentage of Maxwell Stress contribution to the
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Figure 7.

Figure 8.

total strain coefficient, at 10 Hz and 100 Hz. The solid lines are drawn to guide the

eye.

(a) The temperature dependence of non-Maxwell contribution to the electric field
induced strain response, -(Re-Rm), and (b) of the percentage of the non-Maxwell

contribution. The solid lines and the dashed lines are drawn to guide the eye.
The electrostrictive coefficient, Q, as a function of temperature at the measurement

frequencies of 10 Hz and 100 Hz. The open circles and open diamonds are data
points and the solid line are drawn to guide the eye.
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Abstract
Current research activity in piezoelectric sensors and actuators is moving toward better

resolution and higher power densities. Higher resolution and smaller sizes are needed in

applications such as biomedical ultrasound. probes for invasive procedures, flow noise
control, non-destructive testing, and automotive instrumentation. Piezoelectric transducers
with enclosed hollow space offer several special advantages including low acoustic
impedance, reduced mass, sensitivity to weak hydrostatic waves, and enlarged displacements
through flextensional and rotational motions.

A This paper describes recent advances in the processing and propertes of five types of
hollow piezoelectric composites with connectvity pattemns of 0(0)-3, 1(0)-3, 2-0-2, 3-1(0)
and 2(0)-2-2(0). Piezocomposites with hollow space included within the structure clearly

demonstrate the advantages of functional composites in the field of smart systems.

Keywords: piezoelectrics, piezocomposites, actuators, hydrophones.
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1. INTRODUCTION

An electromechanical transducer is a device that converts mechanical energy into
electrical energy and vice versa. In a passive mode, operating at a low frequency, it can
function as a hydrophone, detecting sound underwater. Typical operating frequencies lie in the
low kilohentz range; since the acoustic wavelengths in that range are much larger than the
wransducer, it must respond to an isotropic stress. Sonar transducers are quite large. For
ultrasonic imaging applications, piezolectric composites must transmit a strong acoustic puise,
and tben detect the weak echoes reflected from the internal organ of the human body. Typical
medical ultrasonic probes are a few centimeters in size and operate in the low megahertz range.
Closely allied to medical ultrasonics are the pulse-echo acoustic imaging system used in non-
destructive testing. These applications range from inspecting casting for internal flaws to the

processing of integrated circuits. The operating frequencies extend to much higher values,

nearing gigahertz in some cases. Another interesting class of pulse-echo devices that requires
frequencies down to the mid kiloherz range involves imaging through air. Typical examples
are autonomous vehicle guidance and manufacturing assembly. When designing a transducer
for a particular application. the choice of transducer material is critical. Ideally the properties

include high piezoelectric response in both transmission and receiving modes, while

moaintaining low density and high flexibility.

Lead Zirconate Titanate ceramic, PZT, is widely used as a transducer material because of
its high piezoelectric coefficients. However, for hydrophones applications, PZT is a poor
material for several reasons. The hydrostatic piezoelectric coefficient, d, (=dy;+2dyy), is very
low. The piezoelectric voitage coefficients, g,; and g, arc aiso low because of the high
dielectric constant of PZT (1800). Moreover, the acoustic matching of PZT with water is poor

because of its high density (7.9 g/cm’), ans the mechanical properties leave much t0 be desired

because it is a brittle, inflexible ceramic.

In the last decade. a number of investigators have fabricated composites of PZT and
polymers to overcome the aforementioned problems of PZT. The manufacure of piezoelectic
composites requires careful replacement of a portion of the ceramic with polymer. This
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replacement reduces the acoustic impedance of the piezoeiecuic ceramic. bringing it closer to
that of water and the human body. It has been shown that it is possible to improve upon the
piezoelectric properties of homogeneous PZT by the composite approach [1]. The concept that
the connectivity of the individual phases controls the resulting properties has been
demonstrated in a number of composites with different geometry and different connectivity
patterns of the individual phases. The hydrostatic piezoelectric properties of these composites
are far superior to mose of single-phase PZT. However, some of the earlier composites are
difficuit to prepare and suffer a reduction in hydrostatic sensitivity with increasing pressure.

Early investigators concentrated on polymer-ceramic composites for use as hydrophones
(2]. Several interesting connectivity patterns [3] were developed including .3'-3 structures
made by the replamine process {4] and by the fugitive phase technigue (5,6]. Then came the
more widely used 1-3 composites consisting of parallel PZT fibers embedded in a polymer
matrix. These structures were made by extrusion (7 ], by dicing [8], and more recenty by
injection molding and lithographic lost-wax techniques {9]. The coupling between the ceramic
fibers and the polymer matrix is important [10]. In optimizing hydrophone performance, the
dug}, product was chosen as a figure of merit The 1-3 composite increases effective values of
dy and g, by reducing the dj; piezoelectric coefficient and the dielectric constant while
maintaining the large dy3 coefficient

The usefulness of the 1-3 composite in high frequency applicatons for non-destructive
testing and medical diagnostics was recognized later [1-14]. Biomedical transducers require
resonant frequencies in the 1-10 MHz range, high electromechanical coupling coefficients,
low acoustic impedance, and broad bandwidth. The 1-3 transducers manufactured by Siemens
[9] have thickness resonances of 5-10 MHz, coupling coefficient k=0.67, K=600, tan &<
0.025. and a mechanical Q of about 10. Other variants on the basic 1-3 structure include the 1-
2-3 composite with transverse load bearing fibers (14], and the 1-3-0 composite with a
foamed polymer matrix [15], and the interesting woven fiber composites devised by Safari

and co-workers [16-18].



Perhaps the simplest piezoelectric composite is the 0-3 transducer made by dispersing
ceramic particles in a polymer matrix [19]. The NTK Piezo-Rubber films and cables are used
as flexible hydrophones. keyboards, blood pressure cuffs, and musical instruments. They are
made by hot-rolling PbTiOs/PZT ceramic powder mixtures into a chloroprene rubber matrix
[19-20]. New piezoelectric mechanical dampers have been produced using composites of
piezoelectric-polymer-carbon black [21]. Damping characteristics are controllable by changing
the conductivity through the carbon black concentration.

It was demonstrated by Safari [22] that based on the theory of connectivity, new
composites with different connectivity patems could be fabricated with enhanced
performance. Most of the work involved composites with 3-1 and 3-2 connectivity. These
composites were prepared by drilling either circular or square holes in prepoled PZT blocks,
in a direction perpendicular to the poled axis. and by filling the drilled holes with epoxy. On
the samples optimized for hydrophone performance, the g, and dyg, coefficients were about 4
and 40 times greater, respectively, for the 3-1 composites; and 25 and 150 times greater for
the 3-2 composites compared to those of solid PZT. For 3-1 composites, there was practically
no variation of gy with pressure up to 8.4 MPa. In the case of 3-2 composites, there was a
slight variation of g, with pressure.

A new type of 2-2 piezoelectric ceramic polymer composite operated at the transverse
piezoelectric mode has exceptionaily high hydrostatic response, high reliability, and can made
at low cost [23). This type of composite made of PZT plates in a soft polymer matrix with
elastically unidirectional face plates yield effective hydrostatic piezoelectric coefficient dy, of
6,000 pC/N and hydrostatic figure of merit dygy higher than 30,000 10" m¥N.

There still exists a need to further improve the piezoelectric properties of these composites.
A primary goal is to reproducibly fabricate composite transducers with high figures of merit
and minimal pressure sensitivity, under hydrostatic loading, for hydrophone applications. On
the other hand, there is also a need of new systems that can afford more complex functions

combining sensing and actuating capabilities. This paper rewievs recent advances in the



processing and properties of different connectvity pattern composites based on the idea of

hollow space within the structure.

2. HOLLOW PIEZOCOMPOSITES

Current research on piezoelectric sensors and actuators is moving toward miniaturized
devices to achieve better resolution and higher power densites. High resolution and small
sizes are needed in applications such as biomedical ultrasound, ultrasonics, probes for
invasive procedures, flow noise control, nondestructive testing of composites, and automotive
instrumentation. Higher frequencies and better impedance matching are specially advantageous
in underwater transducers and biomedical ultrasonics. The introduction of open space in
piezocomposites meets both of these criteria. In most of the cases, careful design of
piezocomposites with open spaces leads to the development of reliable, robust, low cost
transducers with improved piezoelectric properties. Table I summarizes recent trends in the
design of piezocomposites with open spaces.

Perhaps, the first hollow piezoelectric composite were piezoelectric rings, ring stacks and
tubes, thin wall or stripe elecroded. In that cases the hollow space allows reduction of the
piezoelectric radial mode. At the same time, these structures permit the introduction of a stress
bolt. This basic configuration is common to tunable transducers [24], active vibration control
devices [25] and ultrasonic motors [26]. Another hollow piezoelectric family are the etched
PZTs[27], in which hollow spiral patterns eliminate radial modes. Etched piezoelectric are
utilized at higher frequenciés for biomedical ultrasound diagnosis. Hollow piezoelectric
composites possess many of the advantages of other composites and make possible the
reduction of undesirable modes of vibration and most important, act as an amplifiers of the
sensing and actuating characteristics of ceramics. Metals and epoxies contibute to the

ampliﬁéation factor by different mechanisms depending on the design.




3. BB TRANSDUCERS '

BBs are hollow spherical transducers a few millimeters in diameter, about the same size as
the metallic pellets used in air rifles (BB guns). PZT BBs are mass produced, by a patented
forming process in which air is blown through a PZT slurry of carefully controlled viscosity
[28]. The hollow spheres are 1-6 mm in diameter with wall thickness of 0.1 mm. Densities are
about 1.3 g/cm’ giving the BB a low acoustic impedance close to that of water and human
tissue.

Two poling configurations were investigated (figure 1): radial poling and external top-to-
bottom poling. Electroding the inside of the sphere was necessary to pole in the radial
direction. A circular hole was drilled in the wall such that silver electrode could be injected into
the sphere. The outside surface was also electroded. leaving a small, uncoated region around
the hole. The two principal vibration modes associated with this configuration were a
volumetric expansion mode or breathing mode and a wall thickness mode at much higher
frequency. Top-to-bottom poling was accomplished using silver caps on opposite sides of the
sphere, figure 1B. The principal mode of vibration was the distortion of the sphere to an
ellipsoidal shape.

When electroded inside and out, and poled radially the BB becomes an omnidirectional
wansducer suitable for underwater or biomedical applications. For spheres with a 2.6 mm
diameter and 90 pm thick walls, the resonant frequencies are 700 kHz for the breathing mode
(d,,) and 10 MHz for the wall thickness mode (d,;) [29].

When embedded in a polymer matrix to form a 0-3 composite the BB spheres are
surprisingly strong, and able to withstand large hydrostatic pressure without collapse. Close-
packed transducer arrays are easily assembled [29]. Hydrostatic piezoelectric coefficients well
in excess of 1000 pC/N have been measured.

BBs are small enough to be used in catheters for non-invasive surgery to act as beacons,
sensors, and actuators [30]. More than a million such procedures are now carried out annually

in the United States.




4. PZT MACARONI

Poling is sometimes difficult for the long, slender PZT fibers used in 1-3 composites.
Electric breakdown often occurs before poling is complete. and the transducer is ruined.
Lower poling and driving fields are obtained when the spaghetti-like PZT fibers are replaced
with macaroni-like PZT tubules {31]. When electroded inside and outside, the thin-walled
tubes are poled and driven radially at relatively modest voltages (figure 2). The effective
piezoelectric constant in the radial direction can be tuned to positive, zero, and negative
values by varying the ratio of the outer radius (R) to the inner radius (r) of the tube. For a
suitable ratio of R/r, this effective constant can also be adjusted in sign and magnitude with a
DC bias field for tubes made of electrostrictive materials {31]. Endcapped thin wall tubes
(figure 2) also exhibit exceptionaily high hydrostatic response with an effective d, coefficient
of -14,000 pC/N and effective figure of merit d,g, higher than 10,000 10™ m*/N.

For large area applications. these tubes can be readily integrated into a 1-3 composite
structure to provide low acoustic impedance and high piezoelectric actvity. Acoustic
transmitters requiring large uniaxial strains utilize the d,, constant of transverse piezoelectric
mode composites. The effective d,, is proportional to the dimensional amplification factor,
L/(R-r) where L is the lcn.gth of the tube. A d,, constant of -10,000 pC/N [32] about 16 times
greater than that of a conventional PZT ceramic, has been obtained for 1-3 tubular composites
with R=1.27 mm, r=0.76 mm and L=13.5 mm.

A different approach to the 1-3 composites was recently reported [33] and consist of PZT
rods covered by compliant soft epoxy sandwiched between stiffnes polycarbonate sheets
machined to give gmoves; The PZT rods extend beyond the polymer matrix and were capped
with flat cover. This structure generates an air cavity. The figure of merit is 22,460 10
m?N, about six times largerb than similar configurations without cavities. This composite,
however, showed insrability‘,under sieady state hydrostatic preassure, but the approach

suggested new designs for tubular 1-3(0) piezocomposites with improved properties.




5. ZIG- ZAGs.

Zig-zag actuators are split bimorphs in which two ceramic legs are driven independently to
generate synchronized horizontal and vertical displacements. The legs are joined in a teepee-
like configuration which imparts a rolling motion to the load. Typical motions are in the 1-30
um range and look to be useful in piezomotor and conveyor belt applications because of the
ability to drive a load in two directions [34]. The required motion for a linear motor can be
achieved by driving one leg with a sine wave and the other leg with a sine wave tath is 90° out
of phase. If the second leg is 90° ahead of the first, the resulting motion will be clockwise, and
moves the load from right to left. If the second leg is 90° behind the first, the resulting moﬁon
will be counterclockwise and the load will be moved from left to right. A schematic view of
the resulting motion when the actuator is driven in this manner is shown in figure 3. The
mechanical impedance can be optimized by changing the angle between the legs, and the

actuator's working parameter controlled by changing the driving voltage and frequency.

6. HONEYCOMB CERAMIC COMPOSITES

The basic structure of this composite is schematicaily illustrated in figure 4, where the
ceramic is poled perpendicular to the z-direction as indicated [35]. The transducer is operated
in the transverse piezoelectric mode (TP). It should be mentioned that two types of
honeycomb composite transducers were investigated earlier [36-37]. The earlier honeycomb
transducers were operated in the longitudinal piezoelectric mode. Due to the limitations of this
mode, the effective hydrostatic piezoelectric response of the earlier honeycomb composite
transducers are an order of magnitude smaller than that of the TP honeycomb transducers. An
endcapped honeycomb structure was made by placing thin layers of epoxy over the two ends
to block the openings. When this endcapped honeycomb is subjected to hydrostatic pressure,
the d,, response is eliminated and the piezoelectric response comes from the d,, component of
the piezoelectric. This is due to fact that the stress component perpendicular to the wall is zero
because the interior is filled with air. The stress field in the x-, y- and z-directions induces

three d,, responses in the corresponding ceramic plates. Exceptionally high hydrostatic




piezoelectric d, values up to -4,700 pC/N were obtained. One of the biggest advantages of
such a composite is the extrusion process that permits the development of complex geometries

by a cost effective procedure.

7. MOONIES AND CYMBALS.

In recent years, piezoelectric and electrostrictive ceramics have been used in many actwator
applications. To meet these needs a new type of composite actuator based on a flextensional
transducer has been developed [38-42]. This ceramic-metal composite actuator, or “‘moonie”,
consists of either a piezoelectric ceramic disc or a multilayer stack, sandwiched between two
specially designed metal end caps. The basic configuration of the moonie is shown in figure 5.
The metal endcaps serve as mechanical transformers for converting and amplifying the lateral
motion of the ceramic into a large axial displacement normal to the end caps. Both the d,,
(=d,,) and d,, coefficients of the piezoelectric ceramic contribute to the axial displacement of
the composite. Figure 6 shows the enhanced displacement of the moonie actuator compared to
that of a PZT ceramic. This design provides a sizable displacement, as well as a large
generative force. In other words, it bridges the gap between the two most common types of
actuators, the multilayer and the bimorph [43]. The shallow spaces under the end caps
v 'produce a substantal increase in strain by combining the d33 and d3; coefficients of the
ceramic. It is atractive for hydrophone, transceiver and actuator applications, and is especially
advantageous for use as a non-resonant, low frequency projector in deep water.

Hydrophone sensitivity depends on d,, the hydrostatic piezoelectric charge coefficient, and
g, the hydrostatic piezoelectric voltage coefficient. The moonie transducer was introduced as
a hydfophone having the highest figure of merit, d, g, = 50,000 x 10" m*N [44], about 500
times larger than the uncapped PZT ceramic. The moonie also possesses high capacitance and
excellent pressure tolerance. The stress distribution within the moonie hydrophone under a
hydrostatic pressure was &Med using Finite Element Analysis. Extensional stresses
along the radial and tangental directions are generated under a hyarostatic pressure, and

contribute significantly to the very high figure of merit of the moonie.




In addition to this. the effect on prestresses caused by thermal treatment of the moonie
were also estimated. The maximum stress concentration reached several hundred MPa.
Compressive stresses of 300 MPa are generated along the radial direction at the inner bonding
edge, and 400 MPa exiensive STesses occur in the cavity near the top of the endcap.

The combined effect of high hydrostatic pressure (7 MPa corresponding to a 700 m water
depth), and thermal processes were also estimated. Even 7 MPa hydrostatic pressure causes
little deformation to the moonie hydrophone because the effect of relatively large prestress
presSures exceed those of the hydrostatic environment. This is one of the reasons that the
moonie hydrophone has hlgh pressure tolerance

Moonie actuators also have very high effective d, coefficients dependmg on the geometry.
Effective d,, coefficients as large as 13,000 pC/N were obuained with brass caps 0.3 mm
thick. but the value decreases rapidly toward the edge of the transducer. This is approximately
thirty times higher than the d;, of a PZT-SA ceramic. The characteristics of the moonie
actuator depend markedly on both the geometry and the choice of materials. Among the
geometric parameters, cavity diameter, cavity depth, and cap thickness are the main parameters
which control the displacement of a moonie actuator. An applied 1 kV/mm electric field
. produces a displacement of 22 um at the center of 2 carefully designed brass-capped moonie
actuator. By stacking two identical single moonies with these dimensions, the double stacked
moonie actuator produces a 40 pm displacement, (figure 6).

The generative force of the moonie was measured experimentally and calculated by FEA.
The calculated ma.xim;xm force (30 N) at the effective working area of 3 mm?2 agrees with that
obtained by the extrapolation of the experimental data.

For actuators, however, the stress concentration on the brass endcap just above the
bonding layer reduces the effective force transfer from the PZT to the cap. It is possible to
eliminate part of the stress concentration by removing 2 pordon of the endcap just above the
bonding region where the maximum Stress concentration is observed. An enhancement in
properties has been obtained by introducing a ring shaped groove on the exterior of the end
caps [44]. The largest displacement was achieved when the groove was positioned above the
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bonding layer. The deeper and wider the groove. the higher the displacement. Since the stress
concentrates at the groove edges. this becomes a potential source of fatigue and may
eventually produce failure under long term usage.

The effect of cavity diameter on the piezoelectric coefficient of moonie transducers with
different cavity depths is shown in figure 7 and 8 [45]. The effectve piezoelectric coefficient
decreases with increasing the cavity diameter and cavity depth. After a cerain cavity depth, the
cavity does not transfer the applied stress to the ceramic efficiently.

Figure 9 shows the fatigue test 6f a moonie actator with different end cap thicknesses
under a high cyclic electric field ( 1kV/mm, 100 Hz) [45]. Experiments were carried out at
room temperature with no load. After cycling 107 times, a deviation in displacexﬁem of only
0.8% was observed. The reason for the deviation is probably due to the effect of
environmental temperature change on the bonding layer. Before and after the cycling test, the
admirtance spectra of the actuators were recorded with no significant changes. The resonant
and anti-resonant frequencies as well as their peak amplitudes were the same as the original
values observed before the fatigue test.

A modified moonie with “cymbal” shaped endcaps has recently been developed {45-46],
figure 10. The endcaps are fabricated by punching metal sheets. The cymbal design removed
most of the region with stress concentration, and yields higher and more reproducible
displacements. Even though this new design looks similar to the earlier moonie design, it has
a different displacement mechanism. Displacement is primarily a result of flexural modon of
moonie endcaps. For the cymbal, the displacement is created by the combination of flexural
and rotational motion of the endcaps. Figure 11 shows the displacement values and the
position dependence of the different endcap designs with fixed cavity depth (0.2 mm) and
cavity diameter (0.9 mm). The cymbal actuator generated a 40 pm displacement which is
about twice the moonie displacement Because of its ﬂéxurél nature, the displacement of the
moonie actuator is highly depéndem on position. Displacement decreases dramatically away
from the center of the endcap, where the maximum displacement is observed. at the edgeof the

moonie actuator the displacement is equal to that of the PZT. A moonie with grooved endcaps
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show significandy less position dependence of displacement. The cymbal actuator exhibits a
more uniform displacement over a wide section apout 4 mm in diameter at the center of the
endcap. The large flat contact surface of the new endcap design makes it more practical to
stack the individual acmators together to achieve higher displacement. Additionaily, the new
multistacked cymbal structure is more stable under uniaxial extemnal loading. This acwator
consists of five elements, 12.7 mm in diameter. 10 mm total thickness, and exhibits a
displacement of 175 um.

Properties and performance of ceramic-metal composites such as the moonie and cymbal.
can be tailored through geometrical design and material selection [47]. Because. of their large
displacement and charge, moonie and cyrhbal composites show great potendal for several
applications [44-49], including hydrophone sensors with figure of merit higher than 100,000
10" m*/N, transceivers for fish finders. positional actators and highly sensitive

accelerometers [49].

8. SMART MATERIALS

Smart materials [50] have the ability to perform both sensing and actuating functions.
Passively smart materials respond to external change in a useful manner without assistance,
whereas actively smart materials have a feedback loop which allows them to both recognize
the change through an actuator circuit. Many smart rnatex;ials are analogous to biological
systems; the piezoelectric hydrophones described earlier are similar to the thin fibers and air
bladders by which a fish senses vibrations. Piezoelectrics with electromechanical coupling,
shape memory materials that can “remember” their original shape, electrorheological fluids
with adjustable viscosities, and chemical sensors which act as synthetic equivalents to the
human nose are examples of smart electroceramics. “Very smart” materials, in addition to
sensing and actuating, have the ability to “learn” by altering their property coefficients in
response to the environment Integration of these different technologies into compact,

multifunction packages is the ultimate goal of research in the area of smart materials. Hollow
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piezoelectric composites introduce new tools in the search of smart and very smart materals.
Thepossibility of integrating piezoelectric composites with open space intoduces another
family of sensors and actuators with complex funcuons. Substantial progress in this field will
occur during the coming decades. |

A new vibration control device based on the moonie actuator has been developed by
Tressler [51], figure 12. The actuator porton of the device consist of the standard (11 mm
diameter, 2 mm thick) moonie, with a small piezoelectric ceramic embedded in the upper end
cap to serve as a sensor (0.1 mm thick). This prototype sensor/actuator piezocomposite is
capable of detecting and suppressing in real time. small vibration displacements (< 1 pm),
with low force (< 100 gf). The dynamic frequency range of the device spans frém 100 Hz w0
at least 2500 Hz The sensor detects sinusoidal vibrations normal to the actuator surface, via a
feedback loop, and sends a signal of appropiate amplitude and phase shift to the actuator so
that it effectively cancel is the external vibration. Potendal aplications for this device include
active optical systems. rotor suspension systems. and other low level vibration suppression

devices
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TABLEI
New trends in piezocomposite design with open spaces

Previous i New design
Connecuwvity Type Name Connecavity Type Name
pantem _ pattern _
0-3 PTI/PZT in | Piezorubber I 0(0)-3 PZT hollow|BBs
L"ll.‘ﬂef’ _ spheres —
1-3 PZI fiber in|PZI spaghem I 1(0)-3 | PZI tubules | PZT macarom
polymer _ olymer
3-1 PZT with | Pertorated I 3-10) PZT Honeycomb
drilled holes | PZT honeycomb
skeleton ,
2-2 Canulever | PZ1 bimorph 2-0-2 split bimorpn_| Zig Zag
2-2 Tape cast PZT actuator [ 2(0)-2-2(0) éapped PZI |PZI moonie
mulitilaver and cymbal
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FIGURE CAPTIONS
Figure | Electrode design for (A) the radial poling configuration showing the small uncoated

ring used to separate the inner and the outside electrode, and (B) the electrode
configurtion for top-to-bottom poling. Shaded areas represent the air-dry silver
coating.

Figure 2 Schematic of capped 1(0)-3 piezocomposite configuration showing a single PZT tube
poled radially.

Figure 3 Schematic view of the Zig-Zag Actuator motion being driven by sine and cosine
waves.

Figure 4 Schematic drawing of a honeycomb ceramic structure. Poling directions are indicated
in the insert of the figure. Notice the difference in the poling directions between
neighboring cells.

Figure 5. The geometry of the ceramic-metal composite actuator "Moonie”. The arrows
describe the displacement directions when the moonie is driven by a field parallel to
the poling direction of the ceramic.

Figure 6. The displacement characteristics of the moonie actator as 2 function of the applied
electric field. Dimensions: dp=12.7, dp=12.7, d.=9.0, h=0.2, t,=1.0, tz=0.3 (all
in mm).

Figure 7. Effect of cavity diameter and cavity depth on the effective piezoelectric coefficient of
the moonie. Dimensions:dp=12.7, dp=12.7. t;=1.0 (all in mm).

Figure 8. Effect of End cap thickness on the effective piezoelectric coefficient of the moonie.
Dimensions:dn=12.7, dp=12.7, dc=9.0, 1,=1.0 (all in mm).

Figure 9. Fatigue characteristics of the moonie actuators.

Figure 10. The geometry of the ceramic-metal composite actuator "Cymbal”.The arrows
describe the displacement directions when the moonie is driven by a field parallel to
the poling direction of the ceramic. |

Figure 11. The position dependence of displacement for different endcap designs.

Figure 12. Integrated sensor and actator for active vibration control.

21




(A) Drilled Hole Ix;sid: n

- .
% Outside

Insulation Gap

Sputtered Gold

Outside Electrode Conductive Epoxy

Bonding

Silver Wire

Conductive Epoxy
Bonding

(B)

A Top Electrode
3 mm PZT Sphere
Y Bottom Electrode

Silver Wire

‘Fa /..u{. 4.




Jleld 19A0)

9po1d3| Jauuj
LZd

7,

Iy

Jje|d 19A0)

AN CSNCRSSSENNY

u:_momEoU ¢-(0)1 padden

P L L L L LLLLLL L LR L L L LLLLLLELLLLLLLSLLLS
f ~—e— g ..

apo1139|y apIsinQ
(pajod [eipes) 1Zd
9pO01109[H Jouu|

aqn [, 9[3uIS

F-.Q.u-c A



s

P

\

1)

\ .
Poling Direction

‘\ Poling Direction
17

T3






EME

// 2//// S : ,/773//A .

(ng
18

Metal ' PZT mmm Bonding
e endcaps Ceramic disk layer

Dimensions: Endcap diameter. dm= 12.7 mm  PZT diameter. dp=12.7 mm
Cavity diameter. dc= variable: 3.0, 5.0, 7.0,9.0 mm

Cavity depth. h= variable: 0.3, 0.5, 0.7, 0.9 mm
Metal cap thickness. tp=1.0mm  PZT thickness. tp= 1.0 mm

Bonding layer thickness. th=0.01 mm

Brass
P e S
,////////’ ~
Bonding~ |2 = S [
////////////4, ////%//// \
\~_____________._/ Brass
Endcap

|

1y

(I\



~——a—— Doubly Stacked Moonie
—— Singie Moonie
| =+ PZT-5A alone

Displacement (pm)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Applied Electric Field ( kV/mm)

Dimensions: dm= 12.7, dp= 12.7, dc=9.0, h=0.2, tp=l.ﬂ. tm=0.30 (all in mm)
th ( Ceramic-metal bonding layer)=0.020. Wi ( inter-stack bonding layer) = 0.040




'3 (pC/N)

Effective Piezoclectric

Coefficient d

4500 : : :
: Cavity Depth (mm) A

4000 |

3500 |

3000 |

2500 F————— //4 A/}%

2000

-

mj
1000 A =

500 oz — o

2 3 4 5 6 7 8 9 10
Cavity Diameter (mm)

Dimensions: dp= 12.7, dp=12.7. 1p=1.0 (all in mm)



12000 g
w5 10000
£3
s
O
22 3000
S m
S "
< _ 6000
e
0.8
=2 4000 :
O G
&8
-
2% 2000
. I e e &

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Brass Endcap Thickness (mm)

Dimensions: dp= 12.7. dp= 12.7, dc= 9.0, h= 02, tp=1.0. (all in mm)

Al




Displacement (pm)

[}
YTy TR

[T TRY

20

E= | kVimm

Wave form= trianguiar

Frequency= 100 H:

pRRIRITY FINR

Y TR
(L
--...N Al

;'ndcapé Thicf;ness

15

* 4.30 mm
). 5 mm

e {.0 mm

10

Y T
RPRSS YRIZE [ICHTER R

EERENY YRUS JSCSUITCR R

DO T o T ST

TITTILE % ..... “rsuser
3

=
£

'r

s

0"
10°

10 102

103

104

10 10°¢° 107 10t

Number of Cycles

on




S €D D & e
’O - D G a8 S e,

\\\\\\\\\\\\\\\\\\\\\\\\\\\\
S

@ ED D a» o en an o’ @
| ST Tpep——




50 _ . e Cymbal
- ' : ! ] s Moonie with
Grooved Endcap
L g A 00 niE
40
_— -
.E- L
c -
T 30
@
= o
o
]
=
g
a
10
0

80 -60 -40 -20 00 2.0 0 60 8.0

Position from the Center of the Endcap (mm)

Dimensions: dm= 12.7, dp= 12.7, dc=9.0. h=0.2. tp:l.O. tm=0.30 (all in mm)

T




Actuator

\T ”T “T TTT TT 1

Feedback Circuit

Vibraton Normal 1o Actuawr Surface -

Fol




APPENDIX 39




39

FOURTH EURO CERAMICS - Vol 5 pp 3946
Electroceramics

Edited by G Gusmano. E Traversa

€ Gruppo Editoriale Faenza Editrice S p A. - Printed 1n ltaly

PIEZOELECTRIC COMPOSITES WITH ENCLOSED HOLLOW
SPACES

J. F. Fernandez*, A. Dogan, Q. M. Zhang, R. E. Newnham

Materials Research Laboratory, The Pennsylvania State University, University Park,
PA 16802, USA

(Current address: Electroceramics Department, Instituto de Ceramica y Vidrio, CSIC,
28500 Arganda de! Rey, Madrid, Spain)

ABSTRACT :

Current research activity on piezoelectric sensors and actuators is moving toward achieve
better resolution and higher power densities. High resolution and small sizes are needed in
applications such a biomedical ultrasound, probes for invasive procedures, flow noise control,
non-destructive testing, and automotive instrumentation. Piezoelectric transducers with
enclosed hollow space offer several special advantages including low acoustic impedance,
reduced mass, sensitivity to weak hydrostatic waves, and enlarged displacements through
flextensional and rotational motions.

This paper describes recent advances in the processing and properties of five types of
hollow transducers based on composites with connectivity patterns of 0(0)-3, 1(0)-3, 2(0)-2-
2 and 2-0-2. Piezocomposites with hollow space included within the structure clearly
demonstrate the advantages of functional composites in the field of smart systems.

1. INTRODUCTION

PZT is widely used as a transducer material because of its high piezoelectric coefficients.
However, for hydrophones applications, PZT is a poor material for several reasons. The
hydrostatic piezoelectric coefficient, d, (=d;,+2d,,), is very low. The piezoelectric voltage
coefficients, g,, and g,. are also low because of the high dielectric constant of PZT (1800).
Moreover, the acoustic matching of PZT with water is poor because of its high density (7.9
g/cm?), ans the mechanical properties leave much to be desired because it is a britte,
unflexible ceramic.

In the last decade, a number of investigators have fabricated composites of PZT and
polymers to overcome the aforementioned problems of PZT [1-7]. The manufacture of
piezoelectric composites requires careful replacement of a portion of the ceramic with polymer.
This replacement reduce the acoustic impedance of the piezoelectric ceramic, bringing it closer
to that of water and the human body. It has been shown that it is possible to improve upon the
piezoelectric properties of homogeneous PZT by the composite approach [8). The concept that
the connectivity of the individual phases controls the resulting properties has been
demonstrated in a number of composites with different geometry and different connectivity
patterns of the individual phases. The hydrostatic piezoelectric properties of these composites
are far superior to those of single-phase PZT. However, some of the earlier composites are
Ai6F At tn mranare and anffer a rednction in hvdrostatic sensitivitv with increasing pressure
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Thus, there still exists a nced for further improvement in the piezoelectric properties of these
composites.

2. HOLLOW PIEZOCOMPOSITES

Current research on piezoelectric sensors and actuators is moving toward miniaturized
devices to achieve better resolution and higher power densities. High resolution and small
sizes are needed in applications such as biomedical ultrasound, ultrasonics, probes for
invasive procedures, flow noise control, nondestructive testing evaluation of composites, and
automotive instrumentation. Higher frequencies and better impedance matching are
advantageous in underwater transducers and biomedical ultrasonics. The introduction of open
space in piezocomposites meets both of these criteria. In most of the cases, careful design of
piezocomposites with open spaces leads to the development of reliable, robust, low cost
transducers with improved piezoelectric properties. Table I summarizes recent trends in the
design of piezocomposites with open spaces.
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TABLEI
New trends in piezocomposite design with open spaces
Previous . New design
Connecuwvity Type Name Connectivity Type Name
pattemn _ pattemn . _
0-3 PT/PZT  in|Piezorubber 0(0)-3 PZ’hT hollow | BBs
polymer spheres
1-3 PZT fiber in| PZI spaghetti 1(0)-3 | PZT wbules in | PZI macaroni
| polymer polymer
3-1 PZT with | Perforated 3-1(0) PZT Honeycomb
drilled holes | PZT honeycomb
skeleton

2-2 Cantilever | PZT bimorph 2-0-2 split bimorph | Zig Za

2-2 Tape cast PZT | PZT actuator | 2(0)-2-2(0) | Capped PZT |PZT moome

multilayer and cymbal

3. BBs TRANSDUCERS

BBs are hollow spherical transducers a few millimeters in diameter, about the same size as
the metallic pellets used in air rifles (BB guns). PZT BBs are mass produced, by a patented
forming process in which air is blown through a PZT slurry of carefully controlled viscosity
[9]. The hollow spheres are 1-6 mm in diameter with wall thickness of 0.1 mm. Densities are
about 1.3 g/cm’ giving the BB a low acoustic impedance close to that of water and human
tissue.

When embedded in a polymer matrix to form a 0-3 composite the BB spheres are
surprisingly strong, and able to withstand large hydrostatic pressure without collapse. Close-
packed transducer arrays are easily assembled [10]. Hydrostatioc pivezoelectric coeffiucients
well in excess of 1000 pC/N have been measured

When electroded inside and out, and poled radially the BB becomes an omnidirectional
transducer suitable for underwater or biomedical applications. For spheres with a 2.6 mm

diameter and 90 um thick walls, the resonant frequencies are 700 kHz for the breathing mode
£33N amd 10 Ao Far tha wall thickness mode (d) 1101 BB’s are small enoueh to be veed in

1
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4.PZT MACARONI

Poling is sometimes difficult for the long. slender PZT fibers used in 1-3 composites.
Electric breakdown often occurs before poling is complete. and the transducer is ruined.
Lower poling and driving ficlds are obtained when the spaghett-like PZT fibers arc replaced
with macaroni-like PZT wbules [12]. When electroded inside and outside, the thin-walled
tubes are poled and driven radially at relatively modest voltages. The effective piezoelectric
constant in the radial direction can be tuned to positive, zero, and ncgative values by varying
the ratio of the outer radius (R) to the inner radius (r) of the tube. For a suitable rauo of R/r,

- this effective constant can also be adjusted in sign and magniitude with a DC bias field for
wbes made of elecuostrictive materials (12). Endcapped thin wall tubes also exhibit
exceptionally high hydrostatic response with effective d_ coefficient of -14.000 pC/N and
effective figure of merit, d,g,, higher than 10" m¥/N. For large area applications, these tubes

can be readily integrated into 1-3 composite structure 10 provide low acoustic density and high
piezoelectric activity.

5. ZIG- ZAGS

Zig-zag actuators are split bimorphs in which two ceramic legs are driven independently to
generate synchronized horizontal and vertical displacements. The legs are joined in a teepee-
like configuration which imparts a rolling motion to the load. Typical motions are in the 1-30
pm range and look to be useful in piezomotor and conveyor belt applications due to the ability
to drive a load in two directions [13]. The mechanical impedance can be optimized by
changing the angle between the legs. and the actuator's working parameter controlled by
changing the driving voltage and {requency.

6. HONEYCOMB CERAMIC COMPOSITES

The basic structure of this composite is schematically illustrated in figure 1, where the
ceramic is poled perpendicular to the z-direction as indicated [14]. The transducer is operated
in the transverse piczoelectric mode (TP). It should be mentoned that two forms of
honeycomb composite transducers were investigated earlier [15-16]. The earlier honeycomb
composite transducers are operated in the longitudinal piezoelectric mode. Due to the
limitations of this operati~n mode, the effective hydrostatc piezoelectric response of the earlier
honeycomb composite transducers are an order of magnitude smaller than that of the TP
honeycomb transducers. An endcapped honeycomb structure was made by placing thin layers
of epoxy over the two ends to block the openings. When this endcapped honeycomb is
subjected to hydrostatic pressure. the d,, response is eliminated and the piezoelectric response
comes from the d,, component of the piezoelectric. This is due to fact that the stress
component perpendicular to the wall is zero because the interior is filled with air. The stress
field in the x-, y- and z-direction induces three d,, responses in the corresponding ceramic
plates. Exceptionally high hydrostatic piezoelectric d, values were obtained up to -4700 pC/N.
One of the biggest advantages of such a composite 1s the extrusion process that permitss the
development of complex geometries by a cost effective procedure.

7. MOONIES AND CYMBALS.

In recent years, piezoelectric and clectrostrictive ceramics have been used in many actualor
applicatons. To meet these needs a new type of composite actuator based on a flextensional
transducer has been developed (17-21]. This ceramic-metal composite actuator, or “moonie”,
consists of either a piezoelectric ceramic disc or a multilayer stack, sandwiched between two
specially designed metal end caps. The basic configuration of the moonie is shown in figure 2.
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Figure | Schematic drawing of a honeycomb ceramic structure. Poling directions are indicated
in the insert of the figure. Notice the difference in the poling directions between neighboring

cells.
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Figure 2. The geometry of the ceramic-metal composite actuator "Moonie”. The arrows
describe the displacement directions when the moonie is driven by a field paralled to the
poling direction of the ceramic.

The metal endcaps serve as mechanical transformers for converting and amplifying the lateral
motion of the ceramic into a large axial displacement normal to the end caps. Both the d,

(=d,,) and d,, coefficients of the piezoelectric ceramic conuribute to the axial displacement of
the composite. Figure 3 shows the enhanced displacement of the moonie actuator compared to
that of a PZT ceramic. This design provides a sizable displacement. as well as a large
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generative force. In other words. it bridges the gap between the two most common types of
actuators, the multilayer and the bimorph {22]. The shallow spaces under the end caps
produce a substantial incrcase in strain by combining the dy3 and dj; coefficients of the
ceramic. It is atractive for hydrophone, transceiver and actuator applications, and is especially
advantagcous for use as a non-resonant, low frequency projector in deep water.

Hydrophone sensitivity depends on d,, the hydrostatc piezoelectric charge coefficient, and
g,. the hydrostatic piezoelectric voltage coefficient. The moonie transducer was introduced as
a hydrophone having the highest figure of merit. d, x g, = 50, 000 x 10"* m¥N [23]. about
S00 times larger than the uncapped PZT ceramic. The moonie also possesses high capacitance
and excellent pressure tolerance. The stress distribution within the moonie hydrophone under
a hydrostatic pressure was determined using FEA. Extensional stresses along the radial and
tangential directions arc generated under a hydrostatic pressure, and contribute significandy to
the very high figure of merit of the moonie.

Moonie actuators also have very high effective d,, coefficients depending on the geometry.
Effective d,, coefficients as large as 13.000 pC/N were obtained with brass caps 0.3 mm
thick. but the value decreased rapidly toward the edge of the transducer. This is approximately
thirty times higher than the d,, of a PZT-5A ceramic. The characteristics of the moonie
actuator depend markedly on both the geometry and the choice of materials. Among the
geometric parameters, cavity diameter. cavity depth, and cap thickness are the main parameters
which controls the displacement of a moonie actuator. An applied 1 kV/mm electric field
produces a displacement of 22 pum at the center of a carefully designed brass capped moonie
actuator. By stacking two identical single moonies with these dimensions, the double stacked
moonie actuator exhibits a 40 um displacement, (figure 3).

The generative force of the moonie was measured experimentally and calculated by FEA.
The calculated maximum force (30 N) at the effective working area of 3 mm?2 agrees with that
obuained by the extrapolation of the experimental data.

For actuators. however, the stress concentration on the brass endcap just above the
bonding layer reduces the effective force wransfer from the PZT to the cap. It is possible to
eliminate part of the stress concentration by removing the portion of the endcap just above the
bonding region where the maximum stress concentration is observed. An enhacement in
properties has been obtained by introducing a ring shaped groove on the exterior of the end
caps (23], The largest displacement was achieved when the groove was positioned above the
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Figure 3. The displacement characteristics of the moonie actuator as a function of the applied
electric field.
Dimensions: dn=12.7, dp=12.7, d.=9.0, h=0.2, 4,=1.0, 15=0.3 (all in mm).
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bonding layer. The decper and wider the groove. the higher the displacement. Since the stress
concentrates at the groove edges. this becomes a potential source of fatigue and may
eventually produce failure under long term usage.

A new design of moonie with “cymbal™ shaped endcaps has recently been developed
[24]. The endcaps are fabricated by punching metal sheets. The cymbal design removed most
of the region with stress concentration, and yields higher and more reproducible
displacements. Even though this new design looks similar to the earlier moonie design, it has
a different displacement mechanism. Displacement is a result of the pure flexural motion of the
endcap for the moonie. For the cymbal, the displacement is created by the combination of
flexural and rotational motion. Figure 4 shows the displacement values and the position
dependence of the different endcap designs with with fixed cavity depth (0.2 mm) and cavity
diameter (0.9 mm). The cymbal actuator generated a 40 pm displacement which is about twice
the moonie displacement. Flexural motion of the endcaps is the principal motion mechanism of
the original moonie actuator. For this reason the displacement of the moonie actuator is highly
dependent on position. Displacement decreases dramatically away from the center of the
endcap, where the maximum displacement is observed, to the edge, where the displacement is
equal to that of the PZT. A moonie with grooved endcaps show significately less position
dependence of displacement. The cymbal actuator exhibits a more homogeneous displacement
over a wider section about 4 mm in diameter at the center of the endcap. The large flat contact
surface of the new endcap design makes it more practical for stacking the individual actuators
together to reach higher displacement Additionally, the new multistacked cymbal structure is
more stable under uniaxial external loading. This actuator consists of five elements, 12.7 mm
in diameter, 10 mm total thickness, and exhibits a displacement of 175 um.

Properties and perfomance of metal-ceramic composites, moonie and cymbal. can be
tailored through the geometrical design and the selection of the adequate materials (25].
Because of their large displacement and charge, moonie and cymbal composites show great
potential for many applications {23-26]. including hydrophone sensors, transceivers for fish
finders, positional actuators and highly sensitive accelerometers.

8. SMART MATERIALS

Smart materials [27] have the ability 10 perform both sensing and actuating functions.
Passively smart materials respond to external change in a useful manner without assistance,
whereas actively smart materials hgve a feedback loop which allows them to both recognize
the change through an actuator circuit. Many smart materials are analogous o biological
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Figure 4. The position dependence of displacement for different endcap designs.
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systems: piezoclectric hydrophones mentioned earlier arc similar in mechanism to the “ears”
by which a fish scnscs vibrations. Piczoelectrics with clectromechanical coupling, shape
memory materials that can “remember”  their original shape, electrorheological fluids with
adjustable viscositics, and chemical sensors which act as synthetic equivalents to the human
nose are cxamples of smart electroceramics. “Very smart” materials, in addition to sensing and
actuating, have the ability to “leam” by altering their property coefficients in response to the
environment. Integration of these different technologies into compact, multifunction packages
is the ultimate goal of research in the area of sman materials. Hollow piezoelectric composites
introduce new tools in the search of smart and very smar matenials. The capability of
integrating different structures in piezoelectric composites with open spaces make possible t0
develop advances systems with complex functions. There are several recently applications and
materials that open the big changes to occur in this field during the coming decades.

A new vibration control device based on the moonie actuator has been developed by

Tressler [28]. The actuator portion of the device consist of the standard (11 mm diameter, 2
mm thick) moonie, and a small piezoclectric ceramic embedded in the upper end cap that
serves as a sensor (0.1 mm thick). This protoptype sensor/actuator piezocomposite is capable
of detecting and suppressing in real time. small vibration displacements (< 1 pm), with low
force (< 100 gf). The dynamic frequency range of the device spans from 100 Hz to at least
2500 Hz. The sensor detects sinusoidal vibrations normal o the actuator surface, via a
feedback loop, and send a signal of appropiate amplitude and phase shift to the actuator so that
if effectively cancel is the external vibration. Potential aplications for this device include active

optical systems, rotor suspension systems, and other low level vibration suppression devices
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ABSTRACT

The unique design of metal-ceramic actuators exhibits very high displacement and large
generative forces. This new design metalceramic composite actuators consists of a
piczoelectric disk sandwiched between two cone-truncated shaped metal endcaps. The radial
motion of the piezoelectric ceramic is converted into a flextensional and roto-flextensional
motion in the metal endcap. There is a Thermaily Induced Displacement (TID) of the
piezocomposite with temperature that is related to the thermal expansion mismatch between the
metal endcaps and the ceramic.’ By selecting appropriate materials it is possible to avoid this
TID. Very low or negligible temperature dependence of the displacement was attained by
using PZT ceramics with low temperature dependence on its properties or by using metal with
higher stiffness and lower thermal expansion coefficients than the ceramics.

1. INTRODUCTION

In recent years, piezoelectric and electroestrictive ceramics have been used in many actuator
applications. A new type of metal-ceramic composite actuator, which is based on the concept
of flextensional transducer has been reported {1-2]. In this metal-ceramic composite the PZT
ceramic is sandwiched between meulic endcaps with shallow cavities. Because the shallow
cavities have a moon shape, the composites is named “moonie”. The radial motion of the
piezoelectric ceramic is converted into a flextensional motion in the metal endcap. As a result,
a large displacement is obtained at the device center in the direction perpendicular to the
ceramic disk.

Due to large difference in the thermal expansion coefficient between the metal, brass, 20 x
10% ~°C, and the ceramic, PZT, 6 x 10 /°C, a significant thermally-generated stress is
produced in the composite during the cooling process when silver paste bonding is used. If no
stress relaxation occurs below the glass softening temperature, typically 400 °C, thermally
induced compressive stresses are generated in the PZT, while tensile stresses are generated in
the endcaps [3]. These prestresses help to maintain the PZT polarization during exposure to
high hydrostatic pressure, which is required for hydrophone applications. However this
tensile stress concentration can easily damage the outer edge of the PZT. The dimensional
change produced during the poling process of the PZT increases this tensile stress
concentration, reaching values close to the fracture strength of the ceramic.




As actuators, metal-ceramic composites need to achieve higher displacement and reduce the
stress concentration in order to attain higher generative force and reliability. It was found that
the introduction of a ring-shaped groove on the endcaps enhanced markedly the displacement
[4]. At the same time, assembly techniques using room temperature bonding curing epoxies
with prepoled ceramic wére successfully developed. However, because the polymers have a
low melting point. the epoxy bonding method is only useful for low temperatre applications.
In addition, the temperature characteristics of the moonie are related to those of the ceramic
elements [5-6). The thermal expansion coefficient mismatch between the metal and ceramic is
the origin of the Thermal Induced Displacement or TID [6]. )

New metal-ceramic designs using truncated-cone shaped endcap, called “cymbals” [7], have
demonstrated higher displacements, effective piezoelectric coefficients, and generative forces
[6]. In cymbal actuators the radial motion of the ceramic is converted into flextensional and
rotational motion of the metal endcap. In this paper different parameters affecting the

temperamure dependence of the new design metal-ceramic “cymbal” actuators, were
investigated in order to avoid the temperature dependence of propertes.

2. EXPERIMENTAL PROCEDURE.

Poled disks, having 12.7 mm in diameter and 1 mm in thickness. of three different
commercial composition were investigated, Table 1. Different metals and alloys were selected
according to the thermal expansion coefficient and the stiffness, table II. Truncated-cone shape
of the cymbal design [7], was achieved by punching first and then pressing (up to 100 MPa)
metal sheets of approximately 250 pm. After pressing, the cavity depth of the endcap is 270
pr, for zirconium, brass, low carbon stesl and kovar; 250 pm for molybdenum and 175 pm
for tungten. All metal endcaps show a well defined ring shaped bonding layer of 2 mm and a
cavity diameter of 8.7 mm.

Table L Piezoelectric properties of ceramics used as a drive element in cymbals.

CERAMIC e tg8 dy (PC/N) dy (PC/N)
PZT 8D 1104 0.003 -107 289
~ PZI 0A 1802 0.016 — -208 429
“PZI oH 3500 0.016 <289 531

Table II. Metal endcap characteristics

METAL , Density ‘ v, a E

~ Zirconium 6.49 3.44 5.9 77
~ Brass 8.33 3.50 19.9 110
Kovar 8.30 3.00 3.3 138
Tow Carbon Steel — 71.86 3.13 1.7 207
Molybdenum 10.22 5.63 3.1 324
Tungsten 19.30 4.38 a6 303

The ceramic disk and the endcaps were bonded together around the circumference with two
different epoxies, listed in table ITL. Both are two component epoxies with similar strength



characteristics. Eccobond is a black color epoxy that contains dispersed CaCO, particles.
Masterbond is a clear yellow pure epoxy phenolic with a wide temperature range of operation
and needs to be cured at moderately elevated temperatures.

The displacement of a composite actuator was measured at 0.1 Hz in frequency under and
applied field of 1 kV/mm with a Linear Voltage Differential Transducer, LVDT, at room
temperature or with a photonic non contact sensor as a function of temperature. In both cases
the resolution was 0.05 pm. Temperarre dependence experiments were performed in a
specially designed temperature chamber in the range of -5° C to +95°C. Borosilicate Glass
Standard Reference Materials 731 from NIST, was uses as a lemperature standard.

Table IMI. Characteristics of epoxies

EPOXY Cunng Process ~Temperature Range
Eccobond ~24hR1 40 +90°C_
Masterbond — 20hRT 55 +175 °C
+4h70°C

3. RESULTS AND DISCUSSION.

Figure 1 shows the effect of Young's modulus of metal encaps and hardness-softness of
ceramic materials on the displacement of composite cymbal actuators. For the same metal
endcap, there is dependence of the displacement on the d,, piezoelectric coefficient of the
Cecarc. The higher the contraction of the PZT in the radial direction is, and thereafier the
contraction of the cavity, the higher the displacement is. The decrease of the displacernent with
the increase of the stiffness of the metal endcap is related to higher mechanical losses in the
roto-flextensional motion (monolithic hinge type plus flextensional motion) of the endcap.
That behavior is almost linear for cymbals bonded at room temperature with eccobond. The
displacement of the stiffest metal is approximately 52-57% of that achieved using least stiff
metal endcaps, and it is practically independent of the ceramic type. In the case of composites
bonded with masterbond a different behavior was exhibited. In general the lower displacement
values was observed than for the room temperature cured, €poxy bonded cymbals. And it
seems that this decrease is significant for the cymbals made with PZT SH. that shows the
highest displacement. The reason for such behavior is atributed to the rigidity of the epoxy.
Even though both epoxies have similar srength, masterbond is a pure phenolic epoxy,
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Figure 1 Displacement of cymbals actuators for different ceramics and metal endcaps.



while eccobond, having dispersed particles, possesses a higher flexibility. The thickness of
the bondline using masterbond is slightly thinner than for the eccobond. with ranges on 10-15
pm and 20-25 pm respectively. On the other hand, for cymbals assembled with endcaps
having larger thermal expasion coefficient than the ceramic, SLresses generated during the
elevated temperatured epoxy curing resulted in a pronounced decrease in attained
displacement. In the case of brass, which has the highest mismatch of thermal expansion
coefTicient in relation to the ceramic, the displacement is drastically reduced.

TID measured data in table IV shows that by the reduction of the mismatch between the
metal and the ceramic it is possible to avoid or to get a negative TID. From the point of view
of practcal application, negative TID's are very interesting because the metal produces a
compressive stress on the ceramic that can reduce the depolarization process due 0 the
increasing of the temperature. At the same time, negative TID could easily overcome in the
final device by combining the cymbal with carefully tailored materials.

Table IV. TID (um) of different metal endcap PZT SH cymbal actuators (from -5°C to0 95°C).

EPOXY | Tungten | Molybdenum | Kovar Zircormum | LC Steel Brass
Eccobond -8.1 -0.5 -0.5 -0.5 4.3 43.9
asterpond | -2.0 -2.0 -0.3 1.0 8.4 60.5

Figure 2 shows the thermal dependence of the displacement for different endcap materials
bonded to PZT SH with eccobond. There is a drastically decrease of the displacement for
temperatures-higher than 50°C atributed to the bonding layer that became more flexible at
higher temperatures. The linear operation region of the acmator is restricted to temperatures
between 15°C to 45°C for the materials with low mismatch of thermal expansion coefficient
between metal and ceramic elements. For emperatures below 15°C, the increasing of the
displacement with the temperatre is related to the temperatre dependence of the piczoelectric
ceramic, in particular of the d, variation with temperature {8].

With masterbond it is possible to extend the operating temperature range of the cymbal
actuator (figure 3). In that case it is observed that the tempcrature dependence of the
displacement is very close t0 that of the d,, of the ceramic in all the temperature range. That
dependence is higher for the least stff metaf endcaps. Some deviations to such a behavior are
observed for the metals with higher thermal expansion coefficient than the ceramic. Figure 4
shows various measured curves for brass, kovar and tungsten metal endcaps bonded with
masterbond to several PZT ceramic types. From these curves it is possible to determine
different ways to eliminate the thermal dependence of the cymbal actuators:
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Figure 2. Displacement as 2 function of temperature for cymbals bonded with eccobond.
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a) Reducing the temperature dependence of the radial coefficients of the PZT ceramic. If the
bonding has no significant effect on the temperature characteristics and the stiffness of metal is
low, the metalceramic composite follows the thermal characteristics of PZT ceramics,
meaning that the cymbal works as a displacement amplifier. In such a case, piezoelectric
ceramics with low temperature dependence are more powerful for temperature applications,
such as PZT 8D and even PZT 5A.

b) Changing the cavity size: In the case of brass, it is possible to observe a very low
temperature dependence for temperatures higher than 40°C. In such a case, the mismatch of
thermal expansion coefficients between the metal endcaps and the ceramic produces a positive
and high TID or in other words. the cavity size changes. It is possible to consider that the
cavity size is changing slowly in relation to the cavity depth. As the cavity depth increases the
displacement decreases (9]. Inconvenient is that the net position of the actator is increasing
continuously because of the TID, even though the emperature dependence could be cancelled
for a fixed temperature range. '

c) Using higher stiffness metal: The mechanical losses cause a reduction -of the
displacement, however tungsten endcaps provide a temperature independent behavior. One of
the most important characteristics of that composite is the existence of a slightly negative TID
that can be easily compensated.

d) Combining multistack structures constructed using the above mendoned effect, it is
possible to have very high displacement and negligible TID and temperature dependence.
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COMPOSITE SENSORS AND ACTUATORS
ROBERT E. NEWNHAM*

Composite materials have found a number of structural applications
but their use in the electronics industry has been relatively limited. As
the advantages and disadvantages of electroceramic composites are better
understood, we can expect this picture to change.

In this paper we review some of the composite sensor and actuator
studies carried out in our laboratory during the past two decades. These
functional composites make use of a number of underlying ideas including
connectivity patterns leading to field and force concentration; the use of
periodicity and scale in resonant structures: the symmetry of composite
structures and its influence on physical properties: polychromatic perco-
lation and coupled conduction paths; varistor action and other interfacial
effects; sum, combination. and product properties; coupled phase trans-
formation phenomena: and the important role that porosity and inner
composites play in composite materials. These ideas provide a basic un-
derstanding of functional composites and have been discussed previously
[1]. In the present paper. we describe several composite piezoelectrics and
their applications. Several of these transducers mimic the geometries of
the sound-sensing organs of fish: elongated feelers, vibrating air bladders,
and spherical inner ears.

Early investigators concentrated on polymer-ceramic composites for
use as hydrophones. Several interesting connectivity patterns [2] were de-
veloped including 3-3 structures made by the replamine process [3] and by
fugitive phase technique [4]. Then came the more useful 1-3 composites
consisting of parallel PZT fibers embedded in a polymer matrix. These
structures were made by extrusion [5], by dicing [6], and more recently by
injection molding [7] and lithographic lost-wax techniques [8]. The cou-
pling between the ceramic fibers and the polymer matrix is important [11].
In optimizing hydrophone performance, the dxg, product was chosen as a
figure of merit. The 1-3 composite increases d; and g5 by reducing the d3;
piezoelectric coefficient and the dielectric constant while maintaining the
large da3 coefficient. :

The usefulness of the 1-3 composite in high frequency applications for
non-destructive testing and medical diagnostics was recognized later [9].
Biomedical transducers require resonant frequencies in the 1-10 MHz range,
high electromechanical coupling coefficients, low acoustic impedance, and
broad bandwidth. The 1-3 transducers manufactured by Siemens [8] have
thickness resonances of 5-10 MHz, coupling coefficients k, = 0.67.
K =600, tan 6 < 0.025. and a mechanical ) about 10.

* Intercollege Materials Research Laboratory, Pennsylvania State University, Univer-
sity Park, PA 16802-4801. USA.
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Poling is sometimes difficult for the long, slender PZT fibers used in
1-3 composites. Electric breakdown often occurs before poling is complete,
and the transducer is ruined. Lower poling and driving fields are obtained
when the spaghetti-like PZT fibers are replaced with macaroni-like PZT
tubules. When electroded inside and out, the thin-walled tubes are poled
and driven radially at relatively modest voltages. Radial motions are cou-
pled to length-wise displacements through the dz; coefficient. Effective
piezoelectric constants of about 8000 pC/N and large dpgs products are
achieved with these composites {10]. Other variants on the basic 1-3 struc-
ture include the 1-2-3 composite with transverse load bearing fibers [11],
and the 1-3-0 composite with a foamed polymer matrix [12], and the inter-
esting woven fiber composites devised by Safari and co-workers [13].

Perhaps the simplest piezoelectric composite is the 0-3 transducer made
by dispersing ceramic particles in a polymer matrix. The NTK Piezo-
Rubber films and cables are used as flexible hydrophones, keyboards. blood
pressure cuffs, and musical instruments. They are made by hot-rolling
PbTi03 particles into a chloroprene rubber matrix [14].

Composites with 1-3 and 3-2 connectivity were prepared by drilling
either circular or square holes in prepoled PZT blocks. Drilling was carried
out in a direction perpendicular to the poled axis and by filling the drilied
holes with epoxy [15]. On samples optimized for hydrophone performance,
the gn and dp g coefficients were about 4 and 40 times greater, respectively,
for the 1-3 composites; and 25 and 150 times greater for the 2-3 composites
compared to those of solid PZT.

BB transducers are made from hollow spheres of PZT a few millimeters
in diameter, about the same size as the metallic pellets used in air rifles
(BB guns). PZT BBs are mass produced by a patented forming process
[16] in which air is blown through a PZT slurry of carefully controlled
viscosity. The hollow spheres are 1-6 mm in diameter with wall thickness
of 0.1 mm. Densities are about 1.3 g/cm® giving the BB a low acoustic
impedance close to that of water and human tissue. When embedded in a
polymer matrix to form a 0-3 composite the BB spheres are surprisingly
strong, and able to withstand large hydrostatic pressure without collapse.
Close-packed transducer arrays are easily assembled.

When electroded inside and out, and poled radially the BB becomes an
omnidirectional transducer suitable for underwater or biomedical applica-
tions. For spheres 2.6 mm is diameter with 90 mm thick walls, the resonant
frequencies are 700 kHz for the breathing mode (ds;) and 10 MHz for the
wall thickness mode (d33). BBs are small enough to be used in catheters
for non-invasive surgery to act as beacons, sensors, and actuators.

In recent years, piezoelectric and electrostrictive ceramics have been
used in many actuator applications [17]. To meet these needs a new type
of composite actuator based on a flextensional transducer has been devel-
oped [18]. This ceramic-metal composite actuator, or “moonie” consists
of either a piezoelectric ceramic disc or a multilayer stack, sandwiched be-
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tween two specially designed metal end caps. This design provides a sizable
displacement, as well as a large generative force. In other words, it bridges
the gap between the two most common types of actuators, the multilayer
and the bimorph. The shallow spaces under the end caps produce a sub-
stantial increase in strain by combining the ds3 and the d3; contributions
to the ceramic. It is attractive for hydrophone. transceiver and actuator
applications, and is especially advantageous for use as a non-resonant, low
frequency projector in deep water [19].
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DOUBLY RESONANT CYMBAL-TYPE TRANSDUCERS
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Abstract - A doubly resonant cymbal-type transducer has been developed by
capping a poled piezoceramic disk asymmetrically. It is intended for use in the
frequency range between 10 kHz and 50 kHz. The two resonance frequencies can
be easily manipulated by selecting appropriate cap maferials and/or geometry. The
prominent feature of this device is the ability to obtain two resonances at desired
frequencies without the need for electrical tuning. In addition, proper placement
of the resonance frequencies may also allow for the broadening of the operational

bandwidth as well as the generation of difference frequencies.
I. INTRODUCTION

Multiple resonant acoustic projectors can exhibit a number of advantages over their singly
resonant counterparts, namely the potential for wider operational bandwidths and difference
frequency generation. Typically, multiple resonances are generated through the use of electronics
and/or the use of acoustic matching plates. Steel, et al. [1] developed a continuousiy tunable two-
plate high-frequency (240 kHz) transducer in which one piezoceramic disk was used as the driver
and the second was used to control the resonance condition through the use of appropriate
inductors and resistors in the electrical circuitry. Jain and Smith [2] applied this same concept to
their low frequency (30 kHz) continuously tunable sandwich transducer which consisted of four

PZT rings (2 drive, 2 control) sandwiched between two metal masses. Loading the control




ceramics with an inductive load made the structure resonate at two frequencies. Inouye, et al. [3]
achieved dual resonance conditions by attaching an acoustic matching plate to a tapered
piezoceramic resonator. This configuration had resonances at 23 kHz and 32 kHz. Similarly, a
constant area Langevin transducer consisting of a quarter wave front (head) layer, a ceramic stack,
and a steel tail was found to exhibit two distinct resonance peaks in its conduction response (at 73
kHz and 119 kHz). This dual resbnance behavior was only observed, though, when the
characteristic impedance of the head material exceeded 4 MRayls [4]. Doubly resonant longitudinal
vibrations have been obtained in tonpilz transducers by using three masses instead of the
conventional two, where the additional mass is inserted within the piezoelectric stack [5]. This type
of transducer has two mechanical resonances that can be used for both transmitting and receiving
operations. By proper design, it is possible to use the entite‘ frequency band from the lower
resonance frequency to somewhat above the upper resonance frequency. Very high frequency dual
mode transducers are also being investigated as ultrasonic probes for the carotid artery [6]). In this

application, a dual frequency probe made from a multilayer ceramic is used to obtain a mode image

simultaneously with a high resolution B mode scan. The ceramic consists of two layers of different
thickness poled in opposite directions. A thickness ratio of 1 to 0.7 gave dual resonances at 3.75
MHz and 7.5 MHz... .

The patented moonie and cymbal-type transducers [7,8] have been shown to be excellent
electroacoustic transducer candidates. Their operational principles have been reported previously
[9,10]. The cymbal design consists of a piezoelectric ceramic disk (typically PZT) poled in the
thickness direction which is sandwiched between two thin metal endcaps, each of which contains a
truncated cone-shaped cavity on its inner surface. The moonie style cap, on the other hand,
consists of a metal disk with a shallow conical cavity machined into its inner surface. When the
ceramic contracts radially under the application of an applied AC electric field, the endcaps flex to
give an amplified strain (displacement) in the direction normal to the cap surface. In addition, the
moonie, and especially the cymbal, are characterized as being of small size, thin profile, and

perhaps most importantly, easy and inexpensive to fabricate.



A doubly resonant cymbal-type transducer has been constructed by capping a PZT driving
element asymmetrically. The focus of this paper is to demonstrate the ease by which it is possible
to generate distinct resonances at any two desired frequencies between 10 kHz and 50 kHz through
proper design engineering without the need for electronic tuning or matching plates. Two
configurations will be considered: (1) two identicglly shaped cymbal caps of different metals, and

(2) two cap‘s of the sanie material, but with different shapes.

II. EXPERIMENTAL PROCEDURE

The doubly resonant cymbal transducers were made by first shaping the metal caps to the
desired geometry. In the case of the cymbal caps, a die punch simultaneously cut and shaped the
caps from a sheet of metal foil 0.25 mm thick. The dimensions of the cymbal caps were: diameter
= 12.7 mm, thickness = 0.25 mm, the cavity diameter was tapered from 9.0 mm at the bottom of
the cap to 3.0 mm at the top, and the maximum cavity depth ranged from 0.12 mm to 0.47 mm.
The flange of each of the caps was bonded to a PZT-5A disk (Piezokinetics, Bellefonte, PA) -poled
in the thicimess direction which was 12.7 mm in diameter and 1.0 mm thick. The*adhesiye was a
thin layer (= 20 im thick, 1.5 mm wide) of Emerson and Cuming Insulating Epoxy (45LV epoxy
resin, 15LV resin hardener). Great care must be taken to insure that no epoxy leaks into the air-

filled cavity and that the layer is thin enough to ensure a good metal/PZT electrode contact. The

capacitance of the transducer and its admittance (or conductance) spectrum are simple and effective
techniques that can be used to characterize the quality of the bonding layer, with the latter doubling
as a means to observe the dual resonances. The Ansys® (Swanson Analysis Systems, Inc.) finite
element software program was also used as a guide in designing the transducers. Modal analysis
was used to obtain the resonance frequencies and mode shapes for a two dimensional axisymmetric

model.

E



1. EXPERIMENTAL RESULTS

The fundamental resonance frequency of a 12.7 mm diameter cymbal transducer is
governed by the elastic constants of the endcap material [11], as well as the cap thickness and
cavity dimensions. Fig. 1 shows the FEA calculated first resonance frequency of a cymbal
transducer capped with different metals of varying cavity depth (cap thickness and cavity diameter
held constant at 0.25 mm and 9.0 mm, respectively). As can be seen, by the appropriate selection
of cap materials and cap geometry, the fundamental resonance frequency can be easily tailored
from 15 kHz to about 45 kHz. These data imply that capping the PZT driving element
asymetrically should result in a double resonance.

The first asymetrically capped cymbal transducer used two identically shaped caps of
different materials, steel and brass. The measured conductance vs. frequency spectrum is shown in
Fig. 2. The dual resovnance behavior is quite apparent. The first resonance, at 23.1 kHz, is the
(0,1) mode associated with the brass cap and the second resonance, at 32.9 kHz, is the (0,1) mode
of the steel cap. This conclusion was arrived at from the mode shapes at these two frequencies as
calculated by the Ansys® finite element program (Fig. 3). This shows that the ‘dual resonance
behavior of the steel/brass cap combination is a direct result of the individual vibrations associated
with each cap. The use of two different cap types also results in a double resonance. Fig. 4
compares the measured admittance spectra of (a) the moonie-type transducer, (b) the cymbal-type
transducer, and (c) the moonie/cymbal cap combination. These results experimentally verify the
argument that the dual resonance behavior derives from the fundamental resonance mode of each
individual cap.

As evidenced by Fig. 1, the cap geometry also strongly affects the resonance frequency.
Therefore, obtaining dual resonance behavior with cymbal caps of a single material can also be
accomplished by using two caps with different dimensions. The admittance spectra of cymbal

transducers with brass caps each with a different cavity depth is shown in Fig. 5. The dual



resonance behavior is again visible, where the first resonance, at 17.3 kHz, 18.1 kHz, or 24.3
kHz is due to the (0,1) mode of the cap with the shallower cavity, 0.12 mm, 0.18 mm, or 0.32
mm, respectively. The second resonance, at 30 kHz, is due to the (0,1) mode of the cap with the
deeper cavity, 0.47 mm. Utilizing caps with nearly the same shape can drive the two resonances
close enough that thej can couple together (Fig. 6). When this occurs, it is possible to increase the
operational bandwidth by lowering the mechanical Q. From this result, it appears as though the
operational bandwidth of the doubly resonant cymbal is roughly twice that of the singly resonant
Gevice. ‘ _

Being able to fix two individual resonances at the desired frequencies in a cymbal
transducer of a given diameter by simply either capping it asymmetrically with different materials
and/or with differently shaped caps provides the transducer designer the capability of working with
a very simple structure and being able to manipulate the working frequency range of the device

without the need for sophisticated electronics.
IV. CONCLUSIONS

A dual resonance transducer has.been déveidped sixnplyA b-y capping a PZT disk dnvmg
element asymmetrically. The siniple coﬁstruction, small size, thin profile, inexpensive fabrication
procedure, and ability to easily tailor the two resonances by changing the cap materials and/or
manipulating their dimensions are the striking features of this device. It is expected that capping the
ceramic driving element asymmetrically with caps of two different thicknesses or with two

different cavity diameters will also generate dual resonance behavior.
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Fig. 3. Vibration mode shapes calculated by FEA for the brass/steel cap combination at (a) 23.1
kHz, and (b) 32.9 kHz. The dashed lines indicate the undeformed shape.
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Abstract--A  ceramic-metal composite ~ electro-
acoustic transducer has been developed for use as an
underwater projector or receiver. Its resonance
frequency ranges from 10 kHz to 40 kHz and its
effective coupling coefficient is around 20%. Finite
element analysis has been performed to ascertain
how the transducer dimensions and the materials
that comprise it effect aforementioned parameters.

I. INTRODUCTION
A. The Cymbal Transducer

The new cymbal-type transducer [1], like the patented
moonie  transducer [2], is based on the concept of the
flextensional transducer. Both the cymbal and moonie utilize
either a poled piezoelectric, electrostrictive, or femo- to
antiferroelectric phase change material in the form of a
ceramic disk (fully electroded on each face). This disk is
sandwiched between two specially shaped metal electrode
endcaps, each of which contains a shallow air-filled cavity on
its inner surface. In the case of the moonie transducer, the
cavities are in the shape of a balf moon, whereas the-cymbat
contains a truncated cone-shaped cavity (see Fig. 1). The

mechanical transformers for converting a portion of an
incident axial direction stress into radial and tangential
stresses of opposite sign. Alternatively, the caps can also
couple an extensional vibration mode of the ceramic to a
flexural vibration motion of the cap to produce a large
displacement in the axial direction.

. B. Finite Element Analysis

The finite element method is a powerful tool for the design
and analysis of electroacoustic transduxcers. There are a host of
high quality references that detail the theory of FEM so it
will not be discussed here. A number of software packages are
currently available which perform FEA. The two most
common which have the capability to perform piezoelectric
analysis are Atila® and ANSYS®. The latter can do static,
harmonic, transient, or modal analyses [3]. Static analysis is
used to determine displacements, stresses, etc., under static
Joading conditions. Harmonic analysis determines the steady
state response of a structure under a sinusoidal external drive.
Transient dynamic analysis ascertains the response due to

. e
A TR
e ——

Fig. 1. Cross sectional view of the cymbal transducer (not 1o scale)

arbitrarily time-varying loads, and modal analysis calculates
the natural frequencies and mode shapes of the structure.

C. Transducer Characterization
When a transducer is used to detect sound underwater, it is

commonly referred to as a source or projector. Conversely,
when it is used to detect underwater sound, it is called a

receiver or hydrophone. It is typically desirable to use a .

“hydrophone at frequencies well - below its fundamental
. resonance so that-its' response (i.c. output voltage per unit
presence of these cavities allows the metal caps (0. sefve as - -incident pressure) will be independent of frequency overa wide - -

range. Projectors, on the other hand, are generally driven in
the neighborhood of the resonance frequency in order to
achieve the maximum volume velocity and output power.

The effective coupling coefficient, k., is 2 measure of the
transduction process. Its definition, based on energy
conservation, is:

ke = |stored mechanical energy
" 7Y input electrical energy

1

This coefficient can be calculated easily from the resonance
(f,) and anti-resonance frequencies (f,) as:

2

f

Kefr = J1-{-F
eff [fa]

This paper will focus on bow the geometry and materials
affect the resonance frequency and effective coupling
coefficient of the cymbal transducer.

@




II. EXPERIMENTAL PROCEDURE
A. Cymbal Transducer Fabrication

Using metal foil between 120 pum and 380 pum thick, 12.7
mm diameter caps were simultaneously cut and shaped using
a die punch. The cavity diameter was tapered from 3.0 mm at
the top of the cap to 9.0 mm at the bottom. The depth of the
cavity, as measured from the top of the cap, ranged from 120
pm to 470 um. These caps were then adhered to 1.00 mm
thick, 12.7 mm diameter poled PZT-552 disks (Piezokinetics)
using Emerson and Cuming insulating epoxy. To ensure
proper alignment of the caps, the entire assembly was kept

under pressure in a special dic during the 24 hour, room"

temperature curing step.
B. Finite Element Analysis

The ANSYS® software package version 5.1 (Swanson
Analysis Systems, Inc.) was used to calculate the resonance
and antiresonance frequencies, as well as the vibration modes
of the cymbal transducer. A two-dimensional axisymmetric
model was analyzed and it consisted of three parts: (1) a
piezoelectric (PZT) disk, (2) two metal caps, and (3) epoxy
lavers between the cap and ceramic as well as surrounding the
structure.

The PZT disk was fixed at a radius of 6.35 mm and a
thickness of 1.0 mm. Equipotential surfaces were placed on
both the top and bottom surfaces of the PZT disk to represent

the electrodes. The epoxy layer between the cap and ceramic

had a thickness of 20 pum and a width of 1.50 mm. The outer
epoxy layer had a width of 0.20 mm and a height equal to that
of the outer rim of the transducer. ‘The radius of the cavity
was fixed at 4.5 mm at the cap/PZT interface and was tapered
to 1.5 mm at the top of the cap. Both the thickness of the cap
as well as the maximum cavity depth were used as variables
in the model.

The resonance frequencies of the transducer were obtained
using the short circuit elastic stiffness matrix, [c?), in the
model; whereas the antiresonance frequencies were calculated
using the open circuit stiffnesses [c°). The coupling
coefficients were then found by inserting the aforemnentioned
values into Equation (2) [4). Resonance and antiresonance
frequencies were also obtained experimentally in air from the
cymbal’s admittance spectra using an HP 4194A Impedance
Analyzer. The calculated values were then compared to those
obtained experimentally.

III. EXPERIMENTAL RESULTS

The results presented in this paper will focus on the
cymbal transducer as an underwater projector, as its pressure
tolerance and performance as a hydrophone has been reported
previously [S]. Fig. 2 shows the first vibration mode of the
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Fig. 2. First vibration mode of the cymbal transducer showing the cap
deflection when (a) the ceramic is costracting, and (b) when the ceramic is
expanding. The mesh size is also shown here.

cymbal transducer as calculated by the ANSYS® program.
This mode is the (0,1) or “umbrella” flexural mode of the
caps. The dashed lines indicate the undeformed shape.

F:g 3 shows the experimentally measured admittance and

phaseasaﬁmcuonofﬁeqmncyforabrassmedcymbal in
the ‘neighborhood of its fundamental resoaance. The cap was
250 pm thick and had a maximum cavity depth of 320 pm. A
sharp, smooth peak is indicative of a good quality metal-to-
ceramic bond. The resonance at 21 kHz is due to the (0,1)
vibration mode of the cap, as described above.
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Fig. 3. Admittance and phase as a function of frequency for a bras
capped cymbal transducer. ey *



The first resonance frequency of a fixed size cymbal
transducer but with different cap materials is shown in Fig. 4.
It appears to be a linear function of the ultrasonic velocity of
the cap material. The quantity [E/p(1-06%)]"? is proportional to
the resonance frequency of a thin circular plate clamped around
its edge [6], which is approximately the boundary condition
present in the cymbal. Experimentally obtained results are
included for comparison. Discrepancies are attributed to the
inability to precisely control the bonding layer width, cavity
diameter, and cavity depth (all of which influence the
resonance frequency) when fabricating the samples. These
results do show, however, that for a given size cymbal
transducer, the fundamental resonance frequency can be varied
simply by changing the cap material.

The effective coupling coefficients for cymbals with
different cap materials, both calculated and experimentally
determined, are shown in Fig. 5. The coefficient is solely a
function of the Young’s modulus of the cap material, as
opposed to the resonance frequency, which also depends upon
the density and Poisson’s ratio. The model underestimates the
experimentally obtained value by as much as 20%. This is
most likely due to the inability to adequately model the
bonding layer. The experimentally determined coupling
coefficients are probably more accurate because they are nearly
equal to the reported value for a class V flextensional [4].
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Fig. 4. Effect of cap materials on the first resonance frequency of the
cymbal transducer. Metal names or elemental symbols are shown.
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Fig. 5. Effect of cap materials on the effective coupling coefficient of the
cymbal transducer. Metal names or elemental symbols are shown.

Fig. 6 shows how the cap thickness influences the
resonance frequency of the cymbal transducer. These results
show that as the cap thickmess increases, the resonance
frequency also increases. This is because the caps effectively
become “stiffer” as they become thicker.

The effect of the cavity depth (i.e. the cap shape) on the
resonance frequency is presented in Fig. 7. As the cavity
depth increases, a comesponding increase in the resomance
frequency is also observed. This is attributed to the fact that
the nodal ring associated with the (0,1) vibration mode of the
cap moves toward the center of the cap as the cavity depth
increases, thus reducing the actively vibrating surface area.

Fig. 8 shows how the cap thickness and cavity depth affect
the effective coupling coefficient (as calculated by the
ANSYS® program). The data show that the cap thickness has
relatively little effect on k., whereas it is strongly influenced
by the cavity depth.

Figs. 9 and 10 show the effect of PZT type on the
resonance frequency and effective coupling coefficient,
respectively. These calculated results show that the PZT type
has little effect on the resonance frequency of the cymbal
transducer. However, the transducers with softer PZT's
exhibit slightly higher coupling coefficients than those which
are made of hard PZT.
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Fig. 6. Effect of brass cap thickness on the first resonance frequency of a
cymbal transducer.
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Fig. 7. Effect of brass cap cavity depth on the first resonance frequency of
a cymbal transducer.
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coupling coefficient of a cymbal transducer.
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Fig. 9. Effect of PZT type on the resonance frequency of a cymbal
transducer (with brass caps). Results are from FEA calculations.
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Fig. 10. Effect of PZT type on the effective coupling coefficicat of a
cymbal transducer (with brass caps). Results are from FEA calculations.

IV CONCLUSIONS

Both the fundamental resonance frequency and effective
coupling coefficient of a cymbal transducer can be easily
tailored either by changing its endcap material or varying the
cap dimensions. This capability gives the transducer designer
wider flexibility if constrained by size or materials
limitations. Studies are currently underway to determine the
effect of water loading on the performance and properties of
the transducers. ‘
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Abstract - Millimeter size hollow green spheres
have been formed from PZT-5 powder slurries with a
coaxial nozzle process. After binder burnout and
sintering, the spheres were poled tangentially with
top-to-bottom external electrode caps. Principal
modes of vibration were found to be an ellipsoidal,
a higher order circumferentlal and a breathing mode
near 230 kHz, 350 kHz and 700 kHz, respectively.
Coupled modes were also determined at higher
frequencies depending on the electrode
configuration. These same modes with similar
frequencies were obtained from the finite element
analysis of the spheres using the ATILA finite
element code, and experimental results were shown
to be consistent with the modeling study.
Hydrostatic piezoelectric charge coefficients of the
spheres were measured and the resuits were found to
vary between 600 - 1,000 pC/N, with hydrophone
figure of merit ( dp x g ) between 70,000x10°15 .
135,000x10°15 m2/N for tangentially poled spheres.
Previous results indicates even higher values for
radially poled spheres.

I. INTRODUCTION

For over 40 years lead zirconate titanate has been used as
the main piezoelectric material in many electromechanical
transducer applications [1]. However, bulk PZT ceramics
were unable to satisfy the requirements of the underwater
hydrophones and biomedical ultrasound applications due to
their low hydrostatic piezoelectric charge coefficient, dp
(=d33 + 2 d3; ) and high density ( 7.9 g/cm3 ), which causes
an acoustic impedance mismatch between the transducer and
the water, or human body ( density = 1.0 g/cm3 ). Those
problems have been overcome by coupling the ceramic
material with polymers [2] which causes a decrease in the
density of the structure and an increase in the sensitivity, as
well as with metals [3], which introduces hollow spaces into
the structure and amplify the sensing and actuating
characteristics of the ceramic by redesigning the transducer.

In addition to the sensing and actuating characteristics, and
acoustic impedance matching, the directionality of these
properties, as well as the size of the transducer has often been

an issue for certain applications. The intravascular image
catheters, today widely used in medicine for both diagnostic
and surgical purposes, are appropriate examples, where
ultrasonic transducers are utilized for both guiding the catheter
and forming the image. In such an application the size of the
transducer must correlate with the size of the catheter and the
vessel that is going to be imaged. A smaller size is also
needed to achieve improved resolution and higher power .
densities. Another requirement of the catheter applications
reveals itself with the problems encountered by using a flat
piece of transducer element. Such an elements ability to
receive an ultrasound pulse is limited to a small range of
angles around 90° to the receiver. This problem was addressed
by Vilkomerson et al. [4] and tried t0 be solved by using a
quasi-omnidirectional PVDF transducer with a spherical
geometry deposited on a spherical brass bead, which can both
receive and transmit signals independent of direction.
Similarly, Lockwood et al. [5] prepared a high frequency
transducer from a thin hemispherical ceramic dish to obtain an
inherently focused ultrasound beam.

A spherical transducer with omnidirectional properties has
been a research interest for other applications as well such as,
Navy-USRD series of F-42 omnidirectional standard ceramic
transducers [6]. Smaller sizes of these ransducers can be used
in flow noise studies for complex surface structures in
underwater ultrasound. Recently, Fujishima et al. [7] reported
larger size spherical air transducers to be used as
omnidirectional speakers.

Millimeter size piezoelectric hollow sphere transducers,
so-called bucking balls (BBs), described in this paper and
reported elsewhere by Meyer et al. [8], not only satisfy the
size, omnidirectionality and density (~1.3 g/cm>) requirements
but they were shown to have orders of magnitude higher
hydrostatic sensitivities over bulk PZT [9].

In this paper, results of the dielectric and hydrostatic
piezoelectric charge coefficient measurements of three types of
non-symmetric electrode configurations of tangentially poled
hollow sphere transducers are presented. Vibration modes and
their resonance frequencies are identified using ATILA finite
element code, and the resuits of the modeling study are
compared with that of the experiments.
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II. FABRICATION OF PIEZOELECTRIC HOLLOW SPHERE
TRANSDUCERS

Thin wall hollow green spheres were fabricated at room
temperature using a coaxial nozzle process by extruding a
liquid through an annular-cross-section nozzle with a gas jet
providing a ballooning effect. This process was originally
developed by Torobin [10] to mass produce large numbers of
ceramic and metal spheres. In the fabrication of BBs a fine-
grained slurry of PZT is prepared from PZT-501A (Ultrasonic
Powders, Inc.) powders, and Poly(methyl methacrylate),
PMMA is used as the binder and acetone as the dispersant.
The Torobin process is shown to be a flexible fabrication
technique for mass production of hollow spheres with various
compositions and dimensions.

Firing of the green spheres includes a binder burnout step
at 550°C for 30 minutes and a sintering step at 1285°C for 90
minutes. A previous physical characterization study on the
sintered spheres by Fielding et al. [11] concluded that thin
wall spheres contain microcracks and substantial porosity.
The wall thickness was also found to be larger than expected.
However, improvements in the process will be undertaken to
minimize these defects.

A thin layer of gold was deposited as the external top and
bottom electrodes with electrode gaps between them. Silver
electrical lead wires were attached to the electrodes using E-
solder #3021 (Insulating Materials, Inc). Spheres were then
dip-coated with polyurethane (Dexter Hysol us-0089) for
insulation and to provide strength for the hydrostatic
measurements. Poling was carried out with a tangential (top-
to-bottom) poling field of 20 kV/cm at 120°C for 4 minutes
in a silicone oil bath. Three types of non-symmetric electrode
configurations were investigated (see figure-1). Four samples
for each electrode configuration were prepared and evaluated in
order to increase the accuracy of the results of the
measurements. The results reported in this paper are average
values of the measurements taken from several samples and
vary within 15 % range. -

I. THE FINITE ELEMENT CODE "ATILA"

ATILA is developed at the Acoustics Department at ISEN
specifically for modeling sonar transducers [12]. A static
analysis can be performed which provides information
concerning prestresses, and the behavior under hydrostatic
pressure. A modal analysis can be done where vibration
modes, their resonance frequencies and associated coupling
factors can be determined. Finally, the in-air or in-water
impedance and displacement field, the Transmitting Voltage
Response and the directivity patterns of a sonar can be
modeled through a harmonic analysis.

In this study, ATILA is used to determine the modes of
vibration for each electrode configuration, along with the
resonance and antiresonance frequencies of these modes.
Calculated results were presented as admittance vs. frequency
spectra, and compared with the experimental results.

s |has
d
(a) TYPE-A (b) TYPE-B
silver —>
epoxy

Fig.1. Electrode configurations of the tangentially poled
piezoelectric hollow sphere transducers

IV. RESULTS AND DISCUSSION

A. Dielectric Characterization

Dielectric property measurements were performed at 1.0
kHz and 1.0 Voit using an HP 4275-A Multi-frequency LCR
Meter. Average capacitance values of 2.5 to 10 pF are
measured, (see table-1). Considering the fact that the sphere
walls are not free of defects those values are in fair agreement
with the calculated values of 6 to 10.5 pF using a cylindrical
tube approximation [8] :

| C=t—:,£owid+4) [

The capacitance of the tangentially poled spheres were found
to be highly dependent on the electrode size and uniformity.

B. Modes of Vibration of Tangentially Poled Transducers

The evaluation of the polarization behavior of a
tangentially poled sphere with finite element method clearly
indicates that only the unelectroded region between the
electrode caps is tangentially poled, and the material under the



electrodes is unpoled and inactive .From this result the size
of the electrode gap is expected to control the dielectric and
acoustic properties of the transducer.

The finite element analysis of the tangentially poled
spheres indicates that the principal modes of vibrations are :
an ellipsoidal mode -ellipsoidal distortion of the sphere- with
a resonance frequency of around 240 kHz, a higher order
circumferential mode -buckling of the sphere wall- at
frequencies between 300 to 400 kHz and a breathing mode
-volumetric contraction and expansion of the sphere- at around
600 kHz. Higher frequency coupled modes were also obtained
from the finite element analysis. Comparison of the
admittance vs. frequency spectra calculated by ATILA and
obtained from the measurements for a type-C sphere is shown
in figure-3 as an example.

The calculated and measured resonance and antiresonance
frequencies are also given in table-2 for all three types of
electrode configurations. It is clearly seen from the figure and
the results that there is a close match between the model and
the experimental results for the three main modes of
vibration. However, this is not true for the coupled modes.
The discrepancies between the model and the measurements
are attributed to the non-uniform wall thickness of the
spheres. Since these higher frequency modes results from a
coupling between either the ellipsoidal and thickness mode,
or the circumferential and the thickness mode, a non-uniform
wall thickness can be expected to influence the resonance
frequency of that particular mode and yield broad, smooth
admittance peaks. Each major peak in the admittance spectra
was also studied using ATILA and the displacement fields of
the main vibration modes are shown in figure-3. In the figure
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C. Hydrostatic Sensitivity Measurements

In order to evaluate the hollow sphere transducers for
possible underwater applications as hydrophones the
hydrostatic piezoelectric charge coefficient (dp,) of the spheres
were measured in an oil pressure chamber under hydrostatic
pressures from 100 to 1,000 psi with a 30 Hz stimulus. A
PZT disc was also measured to compare the BBs with bulk
material. From these results hydrostatic piezoelectric voltage
coefficient (g,) and hydrophone figure of merit of the spheres
were calculated using the following equations. The results are
given in table-1 and plotted in figure-4
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Fig.4. Hydrostatic sensitivity of the PZT hollow spheres

Evaluation of the resuits indicates that tangentially poled
BBs possess 3 orders of magnitude higher hydrophone figure
of merit. Even higher values have been reported by Alkoy et
al. [9] for radially poled spheres. The amplification of d;, and
figure of merit results from the spherical geometry and the
unique electrode designs. A detailed discussion along with a
simplified model is given elsewhere [9]

TABLE-1.
COMPARISON OF THE DIELECTRIC AND PIEZOELECTRIC PROPERTIES

m—

Type Bulk Tangentialiv poled spheres
Property PZT-5A | Tvpe-A | Tvpe-B | Type-C
electrode gap d (mm ) n/a 0.77 1.06 1.81
electrode height. h (mm) n/a 0.75 1.38 0.84
Capacitance. C  ( pF) 131.0 9.73 4.5 2.6

Dielectric loss. tan 8 0.017 0.017 0.022 0014

Dielectric constant, €, 1,622 628 300 739

Hydrostatic piezoeiectnic 30 630 736 966
charge coefficient e, dn

(pC/N)

Hydrophone tigure of ment, 60 71,354 | 76,464 | 133,640

dpxgp (10715 mN)

TABLE-2.
COMPARISON OF THE CALCULATED AND MEASURED RESONANCE
FREQUENCIES
Type Tvpe-A Type-B Tvpe-C
Vibration mode FEA | Exp. | FEA | Exp. Exp.
and resonance
frequency (kHz)
Ellipsoidal mode 240 199 | 240 220 240 234
Higher oraer 320 330 | 290 312 300 315
circumferential |
Breathing mode 590 | 631 | 390 | 704 | 390 | 716
Ellipsoaai + 1,000 | not 980 | 1,264 | 1,030 | 1.300
thickness coupled found
Higher order 1,660 | 1966 710 | 1,583 | 730 | 1,708 |
circumferential + 2,520 | 2,870 | 1,300 1,380
thickness coupled 1,660 1,840
1,980 2210

V. CONCLUSIONS

Miniature, hollow sphere piezoelectric transducers were
prepared using an inexpensive, flexible slurry-coaxial nozzle
process. Three different electrode configurations for tangential
poling of the spheres were examined through dielectric.
piezoelectric measurements, and using ATILA finite element
code. The main modes of vibration, regardless of the electrode
configuration, were determined to be ellipsoidal, higher order
circumferential and breathing modes. Higher frequency
coupled modes were also observed. Compared to bulk PZT.
much higher dy, and hydrophone figure of merit are obtained .
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Al.mm: Miniature piezoelectric transducers were
prepared from millimeter size hollow spheres which have been

formed from PZT-SA powder slurries with a coaxial nozzie .

process. After sintering, the spheres were poled in two ways:
radially and tangentially. Principal modes of vibration were
found to be a breathing mode near 700 kHz and a thickness
mode near 13 MHz for the radially poled spheres. and an
ellipsoidal. a circumferential and a bieathing mode near 230
xHz. 350 kHz, 700 kHz, respectively for tangentiaily poled
spheres. Coupled modes were also observed at higher
frequencres. These same modes with similar frequencies were
obtained from finite element analysis using the ATILA FEM
code. and experimental results were shown to be consistent
with the modeling study. Hydrostatic dh coefficients were
found to vary between 700 - 1,800 pC/N which are orders of
magnitude higher than the dy of bulk PZT. The hydrophone
figure of merits (dh*gh) were calculated to be between 68.000 -
325.000 *10-1S m2/N for various types of poled spheres.
These values are three orders of magniwde higher than the bulk
PZT figure of merit. Potential applications include ultrasonic
maging, non-destructive testing and hydrophones.

Introduction

Lead zirconate titanate (PZT) based ceramics have been
the leading piezoelectric materials for electromechanical
transducers for the last 40 years. [I] However, for both
underwater hydrophones and biomedical ultrasound
applications bulk PZT is a poor material for several reasons.
The hydrostatic piezoelectric charge coefficient, dy (=d33+2d3))
of PZT is very low due to the opposite signs of d33 and d3;.
The hydrostatic piezoelectric voltage coefficient. gh (=dn/€c*€o)
is also low becausc of the high dielectric constant, &, of PZT.
In addition to those crawbacks. the acoustic impedance
matching of PZT with water and the human body (density =
1.0 g/cm3 ) is poor due to the high density (7.9 g/cm3 ) of bulk
PZT.

Since the 1980's attempts have been made to overcome
those problems by coupling the ceramic material with polymers
{2.3] and metals [4,5]. and introducing holiow spaces into the
transducer structure. These studies succeeded in improving the
hydroestatic piezoelectric properties by decreasing the density of
the transducer. and by amplifying the sensing and actuating
characteristics of the ceramic by redesigning the transducer. In
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developing new transducers, the biological world has often
been used as the inspiration for innovative ideas and new
designs. Sharks, fish and the other inhabitants of the
underwater world - the way they talk and listen - can be
imitated in piezoelectric transducer designs.

The piezoelectric hollow sphere transducers described
in this paper and eisewhere [6] are modeled after the inner ear
of a fish. The inner ear is made up of inerua-sensing chambers
resembling accelerometers. Within each chamber is a dense ear
stone (otolith) which vibrates in a near field sound wave. The
inertia of the ear stone causes it to lag behind the motion of the
fish, and to push against the hair cells lining the chamber
(sacculus). On bending, the hair cell membranes deform.
stimulating neural transmissions to the brain. Connections to
the swim bladder of the fish further improve the sensitivity to
far-field sound. {7]

Smaller sizes are needed to achieve improved resolution
and higher power densities for intravascular image catheters in
biomedical ultrasound. flow noise studies for complex surface
structures in underwater ultrasound, and embedded sensors for
nondestructive evaluation. Millimeter size piezoelectric hollow
sphere transducers (BBs) not only satisfy these size
requirements. but aiso possess omnidirectionality and low
deasity ( ~1.3 g/cm3 ), both of which are inherent to the unique
structure and design of the transducer. and both has been cited
as advantages for a transducer for certain applications. (8.9]

In this paper, several poling and electroding
configurations for the hollow sphere transducers are
introduced. Results of the dielectric and hydrostatic
piezoelectric charge coefficient measurements are presented.
Vibration modes and their resonance frequencies are identified
by the ATILA finite element analysis code and the results of
the modeling study are. compared with the experimentally
obtained admittance spectra.

Fabrication of PZT hollow sot I

Green PZT spheres are prepared using a fabrication
technique. which was developed by Torobin { 10] to produce
large numbers of ceramic and metal hollow spheres. A fine-
grained slurry of PZT-501A (Ultrasonic Powders. Inc.) is
prepared and injected through a coaxial nozzie with air passing
through the center tube. The slurry exits the nozzie in a hollow
cylindrical form, but the bottom later closes due to the surface
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teasion and hydrostatic pressure. The closed cylinder is inflated
into a bubble by the inner air pressure untill the pressure equals
that of the cylinder. At this critical pressure the bubble closes.
and the spnere breaks free. The Torobin process is shown to be
a flexible fabrication technique for hollow spheres with various
compositions [11,12]. It also allows us to tailor the size (1 to
6 mm in diameter) and the wail thickness (12 to 150 um) of the
spheres by changing the viscosity and air jet velocity.

The green spheres are fired at 550°C for 30 minutes for
binder burnout. followed by sintering at 1285°C for 90
minutes. Sintering is performed in a closed alumina crucible in
a bed of PZT powder to minimize lead loss from the spheres.
A physical characterization study by Fielding et.al. [13]
concluded that spheres with a sintered diameter of ~ 2.76 mm
and a mean wail thickness of 80 um, contain microcracks and
substantial porosity. The wall thickness variation was also
found to be larger than expected. ranging from 40 to 100 um.
Improvements in the fabrication process will be undertaken to
minimize these defects and wall thickness variations, since they
degrade the dielectric properties and disturb the vibrations of
the transducer.

Two poling configurations have been studied: radial
poling with inside and outside electrodes. and top-to-bottom

. poling with two external cap electrodes. (see figure-1). For the

top-to-bottom poling three symmetric electrode configurations.

- with electrode gap dimensions (d): d = 0.79 mm (Type-1).

d = 1.38 mm (Type-2) and d = 1.71 mm (Type-3) were
investigated. The effect of increasing the poled regions on the
capacitance. vibration modes and hydrostatic sensitivity of the
transducer was examined.

For radial poling Conductive Silver 200 (Demetron
GmbH) was used as the inner electrode after drilling an
electrode hole With a diameter of about 450 um prior to the
binder burnout step. Silver eiectrical lead wires were attached
and the electrode hole was sealed using E-solder # 3021
(Insulating Materials. Inc.) silver epoxy adhesive. A thin layer
of gold was deposited as the external electrede for both
configurations. Spheres were then dip-coated with
polyurethane (Dexter Hysol us-0089) for insufation and to
provide strength for the hydrostatic measurements. Poling was
carried out with an electric field of 20 kV/cm at 120°C in a
silicone oil bath.

Three samples for each electrode configuration were
prepared and evaluated in order to increase the accuracy of the
results of the dielectric, piezoelectric and hydrostatic property
mzasurements. The resuits reported in this paper are average
values. and they are within £ 15 % range of the results of the
measurements taken from several samples.

ATILA finite clerent code

ATILA is a finite element code developed by the
Acoustics Department at ISEN for the modeling of sonar
transducers. It can provide information concerning prestresses,
and the behavior under hydrostatic pressure (static analysis).

tegether with the resonant frequencies and modes ancd the
associated coupling factors (modal analysis), the in-air or in-
water impedance and displacement field. the Transmitting
Voltage Response and the directivity patterns (harmonic-:
analysis). {14-16]

electrode
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Figure-1(a), Radial poling configuration
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Eigurc-1(b), Top-to-bottom poling configuration



In cur study, ATILA is used to iczatify the modes of
vibration and. to determine the resonancs and antiresonance
frequercics of these modes for d:iferent electrode
configurations. The resultant calculatsd admittance vs.
frequency spectra are compared with the experimental
measurements obtained using an HP 4194-A Impedance/Gain
Phase Analyzer.

Results and Discussion

Dielectric Characterization : Dielectric properties of the
transducers were measured using a HP 4275-A Multi-
frequency LCR Meter at 1.0 kHz and 1.0 Volt. For radially
poled spheres a typical capacitance value of 2.900 pF . and a
dielectric loss of 0.020 were measured. An average dielectric
constant (€;) of about 1,000, somewhat lower than the typical
value of 1.850 for UPI 501A powders. was calculated from the
capacitance using the following equation for a spherical
capacitor [6] :

C= 47:8,5,,(—’1-'"— m

o= T;

This lower than expected diclectric constant can be attributed to
wall thickness variations, incomplete inner electrode, and the
defects observed in the sphere wali [13]. In the case of top-to-
bottom poled spheres, capacitance values ranging from 3 to 7
pF is measured. (see table-1). Those values are in fair
agreement with the calculated values of 9 to 11 pF using a
cylindrical tube approximation {6] :

m (rl + ",,) (2)

C=8'£v p

As expected. the capacitance of top-to-bottom poled spheres is
highly dependent on the electrode size and uniformity.

| vibrau : Finite
Element Analysis (FEA) of a radially poled hollow sphere
suggests two principal modes of vibration, shown 1n figure-
2(a) in the calculated admittance spectra. The first mode is a
volumetric expansion and contraction of the sphere, the so-
called breathing mode utilizing d3;. The resonance and
antiresonance frequencies of the mode are calculated as 62010
kHz and 780+10 kHz, respectively. Using the refation {17}

2
kR=1-L @)

the planar coupling factor (kp) is calculated as 0.61 from the
FEA results. The second vibration mode is identified as the
wall thickness mode of the sphere. and the predicted
frequencies are fr = 21.5 MHz and f; = 24.0 MHz.

In comparison to the FEA results, an admittance spectra
obtained from radially poled sphere transducer with a = 650 um
diameter electrode hole, and with an inner radius (r;) = 1.30
mm. outer radius (ro) = 1.38 mm, and an average wall
thickness (t) =80 pm is shown in figure-2(b). The expenmental
measurements agree well with the FEA resuits. For the
breathing mode the average resonance and antiresonance
frequencies are 633 kHz and 686 kHz. respectively. Since the
breathing mode frequency is mainly controlled by the diameter
of the sphere [6], the close agreement between the calculated
and measured values indicates fairly uniform dimensions for
the spheres. The planar coupling factor is calculated as 0.38
from these measurements. The difference between the
calculated and observed values of kp is autributed to the
electroding problems of the inner sphere surface. However,
the resonance and antiresonance frequencies of 13.4 MHz and
13.8 MHz. respectively, for the thickness mode vibration

- - which is determined from the sample given in figure-2.(b) - is
quite different from the values suggested by FEA. The

Table-1, Companson of the dieleczic and piezoeiectic properties

: , “Type | Bulk Top-to-bottom_poled radially
Property w2 PZT-5A type-1 type-2 | type-3 pole:&
electrode gap *.d ( mm) n/a 0.79 1.38 1.71 n/a
Capacitance. C  ( pF) 131.0 - 6.9 3.7 3.0 2.900
Dielectric loss. tan 8 0.017 0.027 0.071 0.026 0.020
Dielectric constant, €, 1.622 909 861 869 1.000
Hydrostatic piczoclectric chasge 30 743 788 870 1,800
coefficient @. dw (pC/N)

Hydrophone figure of ment- 60 68.677 81,659 98,610 324,000
dpxgn (10°15 mIN)

# valid only for top-to-botrom poled ransducers
@ determined at 100 psi and 30 Hz
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thickness mode itself has only been detected in a few of the
samples. and the samples which possess a detectabie thickness
mode reveal this response as a smooth, broad peak in the
admittance spectra. This discrepancy between the calculated and
observed values is due to the large wall thickness variations
within each sphere as reported previously {13].

Adminance specta of a radially poled PZT hollow sphere transducer

- n :
Finite element analysis of the top-to-bottom poling
configuration indicates that only the unelectroded region
between the electrode caps is tangentially poled. and the regions
under the electrodes are unpoled. inactive regions (see figurs-
3). Therefore, the electrode gap is expected to control the



Eigure-3, Polarized region of a top-to-bottom poled sphere

dielectric and acoustic properties of the transducer. Three types
of top-to-bottom poled spheres with increasing electrode gap
dimensions were studied. The principal mode of vibration
under investigation for top-to-bottom poling configuration is
the ellipsoidal distortion of the sphere. However, FEA resuits
indicate the presence of two other modes in addition to the
eilipsoidal mode. namely a higher order circumferential mode
and a breathing mode. together with higher frequency coupled
modes. The admittance spectra obtained from FEA for a Type-
3. sphere with the largest electrode gap is compared with the
experimentaily obtained spectra in figure<t. Each major peak in
the spectra was studied by FEA and the displacement fields of
these vibrations are shown in figure-5.

The calculated and experimental resonance and
antiresonance frequencies of all three types of transducers are
given in table-2 . It is clear from these values that there is a
close match between the modeling and the measurements for
the three main vibration medes. However, in the case of the
coupled vibration modes. the measured frequencies differ
significantly from the values caiculated by FEA. This is
auributed to the non-uniform wall thickness of the spheres.
Since these vibrations are a result of the coupling between
either the ellipsoidal and thickness modes, or circumferential
and thickness modes. the wall thickness variation is expected to
strongly influence these coupled modes.

Another result obtained from the experiments and
confirmed by the FEA is the introduction of new higher order
circumferential-thickness coupled modes created by decreasing
the electrode separaticn (see table-2).
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Eigure-4  Admittance spectra of a top-to-bottom poled PZT
hollow sphere ransducer

Effect of Polvmer Coating : Prior to the hydrostatic
measurements the spheres are dip-coated with poiyurethane.
Admittance spectra of a radially poled sphere recorded before
and after the polymer coating are shown in figure-6. It is found
that the polymer coating has a clamping effect on the spheres.
which shows itself as a decrease in the peak amplitude of the
breathing mode. and a smoothing of the spectrum. A similar
effect is observed for the top-to-bottom poled spheres
accompanied by a slight shift of ellipsoidal and breathing
modes to lower frequencies. This shift is about 10 kHz for the
ellipsoidal mode. and 20-40 kHz for the breathing mode.

Hydrostarjc sensitivity measurements :  As part of the
transducer characterization. hydrostatic measurements were
carried out on poled and coated hollow spheres for possible
application as underwater hydrophones. The hydrostatic
piczoelectric charge coefficient (dp) was measured in an oil bath



(&) Ellipsoidal + thickness coupled mode ( f;~ 1.0 MHz)

Figurc-S. Modes of vibration of 2 top-to-bottom poled
piezoelectric hollow sphere

(¢) Higher order circumferential + thickness coupled mode
(fr> 1.0MHz)
Eigure-5, (cont.) Modes of vibration of a top-to-bortom poled
piczoelectic hollow sphere
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Table-2. Cormparison of the calculated and measured resonance irequencies

Type Type-1 Type-2 . Type-3 Radial
Vibratlon mode & ‘ FEA | Exp. | FEA | Exp. FEA.| Exp.
resonance frequency (kHz) I
A

Ellipsoidal mode 240 235 230 221 240 233 nva va

Higher order circumferential 390 380 320 308 400 358 na va

mode

Breathing mode 590 | 712 590 701 590 708 620 | 633

Ellipsoidal + thickness coupled 980 | 1,272 ] 980 { 1,226 | 980 | 1,280 | na va

mode

Higher order circumferental + | 1,630 | 2,005 | 1.680 | 1,987 | 1,750 | not na na

thickness coupled mode 2,330 | 2,866 § 2.430 found

3.751
at hydrostatic pressures from 100 to 1.000 psi with a 30 Hz
stimulus. A PZT disc is used to calibrate the measurements. _ Pora(r3 - r) p,r,-’(r.? -r)
The results are piotted in figure-7(a) for dn vs hydrostatic O.= 3rd . 3 T3 . 2 ®
r(ri'ra) r(r,--r,,)
pressure.
3 3 3 3.3
The hydrostatic piezoelectric voltage coefficient (gn). O.= pori(2rd + r}) piriQ2r3 - r3) D

and hydrophone figure of merit of the spheres are defined and
calculated from the measured dy, values:

dy

. 8h = = 4)
Exn

figure of merit = dp=* g (5)

The resuits are piotted in figure-7(b) for the hydrophone figure
of merit vs. hydrostatic pressure. The measured and calculated
values for both dy and figure of merit are given in table-1.
From these plots. the dy, values of the BBs are found to be one
to two orders of magnitude higher than the dy of bulk PZT,
with the radially poied BBs displaying the highest dx of all.
Similarly the hydrophone figure of merit is found to be three
orders of magnitude higher that of bulk PZT. Finally.
evaluation of the results indicates that increasing the eiectrode
separation for top-to-bottom poled spheres results in an
increase in the hydrostatic sensitivity.

The amplification of the dy, and figure of merit lies in the
geometry of the spherical BBs. A simplified explanation can be
derived using Timoshenko's (18] argument for the
transformation of an applied hydrostatic pressure on a spherical
shell into a radial stress (G,) and two tangential stresses (Cr).
This is schematically shown in figure-8. These stresses can be
calculated using the following relations

2rr} - ) 2(r}-1d)

where P, is the outer hydrostatic pressure, P; is the inner
hydrostatic pressure and r is radius at which the stress is
evaluated. For a thin-walled shell with the wall thickness
(t=to-r; ) . assuming P; = 0, the above equations are simplified
to give average stresses of:

6t='8.89 ‘Po ='O.50‘P0'(f/() (9)

cr= - O.So = po (10)

where the ratio "r/t” is the stress ampliﬁcatio:i factor which
makes hollow spheres important as a sensor. From the known
relation between polarization (P) and stress (G)

P3=d3 =G| +d32#O2+d33* 03 =-Posdn  (11)

Using the stress configuration in figure-8. and combining
equation (11) with equations (8) and (9), we obtain the
following relations :

radial poling dp=0.5*d33 + 17.8 «d3n (12)

top-to-bottom poling dy =8.89 # d33 +9.39 = d3; (13)
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Figure:7. Hydrostatic sensitivity of the PZT hollow spheres

From equation (12) a dy of about 2.600 pC/N is calculated for
radial poling -with the assumption that 90 % of the sphere
surface is electroded and poled effectively- whereas an average
d;, of about 1800 pC/N was measured. This difference is
attributed to the defects in the sphere wall and to the imperfect
inner electrode. For the top-to-bottom poling configuration with
only gold sputtered outher electrodes the model holds better,
and equation (13) gives dy values ranging from 550 pC/N to
1.190 pC/N for poled regions of 28.6 % for type-1 to 62 %
for type-3. whereas average dj, values ranging from 743 pC/N
to 870 pC/N were measured.

(a) radial poling case

(b) top-to-bottom poling case

Eigure:2. Transformation of an applied hydrostatic pressure
into radial and tangendal swresses '

Conclusions

Small, hollow-sphere piezoelectric transducers can be

prepared with an inexpensive and flexible manufacturing
process. The main modes of vibration for radially poled PZT
spheres are the breathing and thickness modes, which can be
tailored over a frequency range of 200 kHz to 20 MHz by
changing the diameter and the wall thickness. The main modes
of vibration for top-to-bottom poled spheres are ellipsoidal.
higher order circumferential and breathing modes. Higher
frequency ellipsoidal and higher order circumferential modes
coupled to a thickness mode are also observed. Compared to
bulk PZT. much higher dn and hydrophone figure of merits are
obtained from the hollow sphere transducer design.
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PIEZOELECTRIC HOLLOW SPHERES
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Abstract

Lead zirconate titanate based green hollow spheres have been prepared with a coaxial nozzle
process using fine grained slurry of PZT-5. Following the binder burnout and sintering, the
spheres were poled radially and tangendally to be tested as piezoelecrric ransducers. For the
radially poled spheres principal modes of vibration were found to be a breathing mode near
700 kHz and a thickness mode near 13 MHz. For the case of tangentially poled spheres those
rmain modes of vibrations were determined as an ellipsoidal, a higher order circumferendal and
a breathing mode near 230 kHz, 350 kHz and 700 kHz, respectvely. Higher frequency
modes. which consist of coupiing between ellipsoidal and thickness modes, or between
circumferental and thickness modes were also determmined for tangendally poled spheres.
Hydrostatic piezoeiectic charge coefficients (dp) of the ansducers were measured for their
possible applicacons as hydrophones, and dp values ranging from 700 to 1,800 pC/N were
obtained. The hydrophone figure of merit (A x gh ), caicuiated from dp measurements were
found to vary berween 68,000 x 10-15 to 325.000 x 10-15 m?/N. These values are
substandally higher than the bulk PZT dj and hydrophone figure of merit

1. Introduction

Although lead zirconate ttanate (PZT) based ceramics have been the leading piezoelectic
material for electromechanical ransducers for years, research in the last decade has intensified
on coupling these ceramnics with polymers and metals 10 overcome some of the problems
associated with the bulk material. Those problems can be cited as the hydrostatic piczoelectric
charge coefficient, dn (=d33 +2d31) of PZT which is very low due to the opposite signs of
d33 and d31, the hydrostadc piezoclectic voltage coefficient, gn (=dp /€ € ) which is low
due to the high diclectric constant, & of PZT. and the acoustic impedance mismatch berween
bulk PZT and water, or human body (density = 1.0 g/cm3) because of the high density of PZT
(1.9 g/cm3). Some of the solutions presented include decreasing the density of the ransducers
by combining the ceramic with a polymer [1], and inoducing hollow spaces into the
ransducer stucture by using metal endcaps [2]. These designs were shown to amplify the
sensing and acruaang characteristcs of the wansducer. Nevertheless, directionality of those
propertes and the size of the mansducer has often been cited.as 2 crucial issue for some
applications such 2s: incravascular image catheters(3], omnidirectional hydrophones (4] and

speakers [5].

Miniature piezoelecwic hollow sphere transducers, SO called bucking bails (BBs), described
here and reported eisewhere by Meyer et al. [6] were designed to satisfy the size, directionality
and acoustic irmpedance matching requirements. In this paper results of the dielectric,
piezoelectric and hydrostatic sensitivity measurements are presented for several types of
radially and tangendally poied spheres.




2. Fabrication of the Hollow Sphere Transducers

Spheres were fabricaicd at the Georgia institute of Technology using a coxial nozzle
process based on the Torobin patent {7]. The process is originally developed to mass produce
trin-wall ceramic, metal and glass hollow spheres with diameters and wall thicknesses,
ranging from 1 to S mm and 12 to 150 pum. respecdveiy. The fabrication method used in
producing the lead zirconate titanate based hollow spheres includes the preparaton of a fine-
gained slury from PZT-501A powder (Ultrasonic Powders Inc.), Poly(methyl methacrylate),
PMMA and acetone. This slurry is then injected through a coaxial nozzie with inert gas passing
tarough the center. By the surface tension and hydrostanc forces a bubble forms and breaks
zse_ The binder is then removed from the spheres by a binder burn-out step at 550°C for 30
reinutes. furthermore the densification is achieved by a sintering step at 1285°C for 50 minutes.

A physical characterizadon study on the sintered spheres by Fielding et al.[8] indicated
that the spheres contain microcracks and substandal porosity. The wall thickness variation was
also found to be larger than expected, ranging from 40 to 100 pm. Improvements in the
fabrication process will be undertaken to minimize these defects and wall thickness variatons,
since they degrade the dielectric properties and distrb the vibrations of the transducer.

Two poling configurations have been studied: radial poling with inside and outside
slectrodes. and top-to-bottom poling with two external cap electrodes, (see figure-1). For the
top-to-bottom poling several symmerric and nonsymmerric electrode configuratons were
investgated. and the effect of increasing the poled regions on the capacimnce, vibration modes
and hydrostatic sensitivity of the mansducer was examined.

For radial poiing Conductve Silver 200 (Demezon GmbH) was used as the inner electrode
after drilling an electrode hole with a diameter of about 450 pm prior to the binder burnout
step. Silver electrical lead wires were attached and the electrode hole was sealed using E-solder
# 3021 (Insulating Materials, Inc.) silver epoxy adhesive. A thin layer of gold was deposited
as the external electrode for both configurations. Spheres were then dip-coated with
poiyurethane (Dexter Hysol us-0089) for insulation and to provide smrength for the hydrostatc
measur=ments. Poling was carried out with an electic ficld of 20 kV/cm at 120°C in a silicone

oil bath.

Three samples for each elecrode configuration were prepared and evaluated in order to
iicrease the accuracy of the results of the dielectric, piezoelectric and hydrostatic property
measurements. The results reported in this paper are average values, and they are within + 15
% range of the results of the measurements taken from several samples.

3. ATILA Finite Element Code

ATILA is developed at the Acoustics Deparument at ISEN specifically for modeling sonar
transducers [9]. A static analysis can be performed which provides information concerning
prestresses, and the behavior under hydrostatic pressure. A modal analysis can be done where
vibrarion modes, their rescnance frequencies and zssociated coupling factors can be
detérmined. Finally, the in-air or in-water impedance and displacement field, the Transmirting
Voltage Response and the directivity pattems of a sonar can be modeled through a harmonic

analysis.



In this study. ATILA 1s used to derermine the modes of vitrauon for each clecoode
configuration, along with the resonance and antiresonance freguencies of these modes.
Calculated resuits were presented as adminance vs. frequency specua. and compared with the
experimental results.
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Figure-1. Eiectrode and poling configurations piezoelectic hollow sphere mansducers
4. Characterization of Spheres
4.1. ielectric je

Dielectric characterizadon of the spheres were done using a HP 4275-A Multi-frequency
LCR Meter at 1.0 kHz and 1.0 Volt. For radially poled spheres a typical capacitance value of
2,900 pF , and a dielectric loss of 0.020 were measured. An average diclectric constant (€) of
about 1,000, somewhat lower than the typical value of 1,850 for UPI 501 A powders, was
calculated from the capacitance using the following equation for a spherical capacitor [6] :




= r’ro
C = ange, (55 ~ "
This discrepancy between the caiculated and measured values are atributed to the wall
thickness variadons. inner electrode quality and the defects in the sphere wall [8]. Similarly,
capacitance values ranging from 2.5 to 10 pF were measured for tangendally poled spheres
(see wble-1). Those values are in fair agreement with the calculated values of 6 to 11 pF using
a cylindrical tube approximaton [6]:

m(ri+r,)

C=¢§&& 4

4]

As expected. the capacitance of the tangentially poled spheres were found to be highly
dependent on the electrode size and uniformiry. '

Table-1, Comparison of the diclectric and piczoelectric propertes

Type{ Bulk Top-to-bottom poiled radially
Property PZT-5A | type-1 ! tvpe-2 ] tvpe.3 | tvpe-d | type-51 poled
elecrode gap,d (mm) na 0.790 1.380 1.710 1.060 1.810 na
electrode height. h ( mm) nfa 0.985 0.690 0.525 1.380 0.840 n/a
Capacitance. C__( oF) 131.0 6.9 3.9 3.0 4.5 2.6 2.900
Dielectric loss. tan § 0.017 0.027 0.071 0.026 0.022 0.014 0.020
Dielecinc constant. Er 1.622 909 861 869 800 789 1.000
Hydrostatic piezoelectric charge 30 743 783 870 736 966 1,800
coefficient @, dh (pCN) ]
Hydrophone figure of merit 60 68.677 | 81.659 | 98.610 | 76.464 | 133,640 { 324.000
dp x gh. (10°15 m2MN)

@ determined at 100 psi and 30 Hz
4.2. Modes of vibragon of radiall | h an crof el |

Results of the finite clement analysis suggest two main modes of vibration for the radial
poling configuration. These are the brcathing mode and the thickness mode with resonances-
anriresonance frequencies at 620-780 kHz and 21.5-24.0 MHz, respectively. Experimental
measurements agree well with the calculatdons for breathing mode. The measured average
resonance-antiresonance frequencies for this mode are 633-686 kHz. However, similar
agreement could not been obtained for the thickness mode. This mode has only been detected
in a few samples as a smooth, broad peak in the adminance vs. frequency spectra and the
frequency range was 13.4-13.8 MHz for resonance and antiresonance frequencies,
respectively. This discrepancy between the calculated and measured values is due to the large
wall thickness variations within each sphere. as it has been reparted by Fielding et al. [8].




The effect of the presence of an electrode hole on the vibrauon of the spheres was also
investigated using the ATILA code and the results suggest that the hele inroduces a new peak
in the frequency range of the breathing mode at 750 kHz (see fig.-2/a). A similar secondary
peak was also observed in the experimentally obtained admittance vs. frequency specorum (sce
fig.-2/b). This secondary peak was studied using ATILA and the displacement field of the
hollow sphere at 750 kHz is given in figure-3 with an arbimary amplitude. In the figure the
dashed lines correspond to the rest positon and the solid lines shows the drive positon.
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Figure-2. Effect of electrode hole on the adminance spectra of a radially poled hollow sphere

Figure-3, Displacement field of the radially poled hollow sphere with hole at 750 kHz
( with an arbitrary amplitude )

4.3. Modes of vibrarion of tan gentallv poled spheres '

Finite element studies on the spheres with top-to-bottorn electrode configuration concluded
that only the unelectroded region berween the electrode caps is tangendally polarized, and the
material under the electrodes is unpoled and inactive [10]. Therefore, the size of the electrode
gap is expected to control the dielectric and piezoelectric properties.

Finite element analysis of the tangentdally poled spheres indicates the main modes of
vibrations as an ellipsoidal, 2 higher order circumnferential and a breathing mode near 230 kHz,
350 kHz and 700 kHz, respectively. Higher frequency modes, which consist of coupling




between ellipsoidal and thickness modes. or berween circumferential and thickness modes
were also determined for this poling configuragon. The admittance vs. frequency spectrum of a
type-4 sphere obtained from analytic calculations and experimental measurements are compared
in figure-4 as an example. Comparison of the resuits indicate that there is a close match
between the calculated and measured values for the resonance-angresonance frequencies of the
three main modes of vibration. However, this is not the case for the coupled modes. Since
these higher frequency modes are formed as a result of a coupling between the eilipsoidal and
the thickness, or the circumferential and the thickness modes, the non-uniform wall thickness
is expecied to disrupt and broaden these coupled modes. The displacement fields and the
resonance frequencies of these modes were discussed in details elsewhere [10].
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4.4. ic sensitivity s

Partial evalvation of the performance of hollow sphere piczoclectric transducers as
underwater hydrophones were achieved through the hydrostatic piezoelectric charge
coefficient, dy measurements. These measurements are carried out under hydrostatic pressures
from 100 to 1,000 psi with a 30 Hz stimulus. A PZT-5 disc was also used in the
measurements to compare the spheres with the bulk material. From the results of these
measurements, hydrostatic piezoelectric voltage coefficient (gn) and hydrophone figure of
merit are calculated using the following equations. The results are given in table-1 and plotted

in figure-3
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Figure-5. Comparison of the hydrophone figure of merit of the hollow spheres

In figure-5 only two types of tangentally poled spheres, namely type-1 with the lowest values
measured and type-S with the highest values measured, were piotted. The other three types
were found to fall within this range. The results indicate that hollow sphere piezoelectric
transducers posses three orders of magnitude higher hydrophone figure of merits. The
amplification of the sensitivity results from the transformation of a hydrostatic pressure into
tangential and radial swresses on a spherical geomerry. In this geometry, radius to thickness
ratio (r/t) can be taken as the stess amplification factor. A detailed discussion along with a
simplified model for this amplification is given by Alkoy et al. {10]). The results of these
hydrostatic measurements also ‘shows that increasing the active surface area, i.c. unelectroded
and tangendally polarized region. leads to an increase in the hydrostatic sensigvity. The change
of hydrophone figure of merit with increasing active area is shown in figure-6.
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Figure-6. Change of hydrophone figure of merit with the area of the actve region

s. Conclusion

Piezoelectric ransducers were prepared from PZT based millimeter size ceramic hollow
spheres. Dielectric, piezoelectric and hydrostatic characterization and a modeling study was
carried out on radially and tangentially poled spheres. The principal modes of vibration were
found to be breathing and thickness modes for radial poling, and ellipsoidal. higher order
circumferential and breathing mode for tangentdally poled spheres. Higher frequency coupled
modes were also observed in the tangendally poled spheres. Compared to the bulk PZT orders
of magnitude higher d and hydrophone figure of merits were obtained from the PZT hollow
spheres.
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The modified Moonie (Cymbal) transducer has been investigated for an accelerometer application. High effec-
tive piezoelectric charge coefficients (d33) of the Cymbal transducer was observed around 15000 pC/N, which is
much higher than that of the piezoelectric ceramic itself (~ 550 pC/N}. With this feature the Cymbal trasducer
is a good candidate for high sensitive accelerometer applications. Tae sensitivity of the Cymbal accelerometer
was measured as a function of driving frequency and compared with the single plate ceramic disk which was used
as driving component in the transducer, Besides. the geometry of the transducer such as endcap thickness. the
effect of different Lead Zirconate Titanate (PZT) compositions and metal endcaps on sensitivity was investigated.
The sensitivity 50 times higher than the PZT disk was obtained.

dified M

KEYWORDS: accelerometer, pi jectric effect,

1. Introduction

Accelerometers are used widely throughout engineer-
ing, both as research and development tools and as
control-svstem components. Ilowever. the most popu-
lar application area is using of accelerometer for vehi-
cle dynamics.!? Since the market especially for vehicle
dynamics is very large, various types of acceleromecter
design have been reported.?-™

One of the most popular techniques to measure accel-
eration is using the piezoelectric effect of materials. In
the piczoelectric effcct. no matter which mode is used,
such as compression (longitudinal), bending or shear. the
sensitivity of acceleration sensor depends on piezoclectric
charge coefficients of the material. YWhen a longitudinal
mode is used, the sensitivity is directly proportional to
d3; of the material. Lead zirconate titanate (PZT) based
ceramics exhibit a large d;; constant. but still it is not
high enough to measure acceleration efficiently. There-
fore. PZT-polymer composites have been used by Ohara
and Miyvayama and the sensitivity has been tripled in
comparison with the single PZT plate.?’ The other way
of improving sensitivity taken by Ohtsuki et al. was using
multilayer piezoelectric ceramics," with sacrificing the
cost. Since piezoelectric sensors have various advantages
such as fast response. which is very important for shock
measurement, and simple detecting circuits. they are pre-
ferred for some applications such as safety and suspen-
sion systems in the automobile. A metal-piezoceramic
composite structure with very high effective d,; constant
may be a good alternative for acceleration sensors.

A metal-ceramic composite design. Moonie. was first
used for hydrophones which sense weak pressure wave
in fluid.® The metal endcaps of the Moonie were re-
cently modified. and as an actuator higher displacements
were obtained than multilayer actuators (see Fig. 1).%'?
The new transducer. “Cymbal”. named after the endcap
shape like cymbals. has also higher piezoelectric charge
coefficients and an easy production method than the
Moonie trasducer.

In this study, the cymbal transducer has been used
to detect acceleration. with mectal endcaps transfering a
longitudinal stress into a radial stress. When the metal

65

ie (Cymbai) transducer. sensitivity

endcaps move radially due to the compressive stress. the
bonded PZT disk is stretched. Therefore, the ineffec-
tive di; of a single PZT disk becomes effective. and
that causes higher effective piczoelectric charge coeffi-
cient (d5T) and thus much higher sensitivity.

2. Acceleration Sensitivity of the Cymbal

The force from a mass (m) due to acceleration (F =
ma) is transferred through the two metal endcaps on
to the PZT thin disk. and it causes a stress toward the
circumference of the ceramic disk, most of which is in
the radial direction and some part of which acts as a
compressive stress in the thickness direction (Fig. 1(b)).

The polarization vector due to the stress acting on the
polyervstalline piezoelectric disk is defined as:

X,
P, 0 0 0 0 dys0 f
P,l={0 0 04ds 00 x’,(l)
P, dydydyy 0 00 x:

[ X

where. P, P, and P. are the polarization vectors in a
cartesian coordinate. dy,, d3; and d,s are the piezoelec-
tric charge coefficients of radial, longitudinal and shear
mode and X,’s (i = 1.---, 6) are the stress components.
In a cylindrical coordinate system, which is more suit-
able for the geometry of the piezoelectric thin disk, the
stress components are:

X.=X,=-K,F
Xy=K.F and X:=Xs=Xe=0. (2
Then the polarization vector can be obtained as
P, = (dy3K, — 2du K, )F. (3)

Here. the proportional constants, K, and K., depend
on geometry of the metal endcaps and the piezoelectric
ceramic disk such as cavity angie of the metal endcap 6.
thicknesses, diameter and elastic constant of the metal
endcaps and the piezoelectric disk (A paper that has a
detail expression for A, and A", will be reported in the
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Fig. 1. (a) Structure of the modified Moonie (Cymbal). {b)
Schematic compressive force transformation to the radiai direc-
ton on a ideal metai endcap.

near future). Note that the negative value of dj; acts
positively because of the negative sign of the summation.
Then. charge generation for the whole disk can be defined
as: .

Q= rr§(dnK, - 2dyK,)ma (4)

and finally the charge sensitivity of this transducer de-
fined by the charge generation by unit acceleration be-
comes:

S, = wri(daK, - 2duK,)m [pC/(m/s®)].  (3)
3. Experimental Procedure

The composite transducers were made of electroded
ceramic disks (12.7 mm in diameter and 1.0 mm in thick-
ness) and metal endcaps (12.7mm in diameter with
thickness ranging from 0.18 to 0.30 mm). Piezoelectric
properties of the PZT disks and elastic characteristics of
the metal endcaps are given in Table I and Table II. re-
spectively. Truncated-cone shape endcap was fabricated
first by punching and then pressing the metal sheet up to
100 MPa to give 250 um cavity depth. The ceramic disk
and metal endcaps were bonded together around the cir-
cumference with two component epoxy (Eccobond). The
epoxy was distributed by taking care neither to fill the
cavity nor to make open circuit between the endcaps and
the electroded face of the PZT. After 24h epoxy cur-
ing process under a small pressure. the samples became
ready for the measurements.

Figure 2 shows the experimental setup of the sensitiv-
ity measurement of the metal-ceramic composite trans-
ducer. The transducer was fixed with added mass (8.4 g)
inside a housing unit. A commercialized accelerometer
(PCB 302A02) was mounted on the top of the housing
unit to produce a reference signal. A mini-shaker (Bruel
& Kjacr 4810) was used to produce vibration. A charge

B. hOC el at.

Textromx TDS310

N o0
v | oe

L P P

Bruel & Kjaer
4810
Mini-Shaker

Fig. 2. Experimental setup for the sensitivity measurement.

Table 1. Piczoelectric propertics of PZT disks used in the Cymbai
transducer.

CERAMIC < tgb da1 {(pC/N) d33 (pC/N)
PZT 8D 1104 0.003 -107 289
PZT 3A 1802 0.016 -208 429
PZT SH 3300 0.016 -283 581

Table iI. Elastic characteristics of metal endcaps used in the

Cymbal transducer.

Metal Density Young's modulus (E)
endcap (g/cm3) (GPa)
Zirconium 649 k14
Brass 3.53 110
Tungsten 19.30 405
PZT SH 73 71

amplifier circuitry has been used during the Cymbal and
the single PZT disk measurement. The output signals
(mV/G) of the purposed transducer and the commer-
cial accelerometer were measured simultaneously with a
digital oscilloscope (Tektronix TDS 310).

4. Result and Discussion

The metal endcaps of the Cymbal transducer trans-
fer some part of the acceleration stress in the normal
direction into the radial direction. Therefore. the sensi-
tivity of the transducer depends not only on dy; but also
on d31 of the piezo-ceramic. The Cymbal transducers
with different piezoelectric ceramics whose piezoelectric
charge coefficients are different, are compared in Fig. 3.
The ceramic with the larger ds; and d3; in magnitude
provides the higher sensitivity. As shown in Table I,
PZT-3H shows the highest d3, constant. and also shows
the highest sensitivity to the acceleration. The identical
zirconium endcaps were used for all transducers.

Figure 4 shows the sensitivity versus frequency of the
PZT-5H singie disk and of the Cymbal transducers with
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various metal endcaps. The output of the Cymbal trans-
ducer with Zirconium end caps was found to be about
30 times as large as that in PZT-3H itself. Consider-
ing the Young’s modulus and the density of the PZT SH
ceramic (E = 7T1GPa, p = 7.5 g/cm:'), it may be con-
cluded that the elastic properties similar to the PZT are
required to transfer the acceleratin force effectively. It
is also possible to compensate thermal dilatation effect
on the piezoelectric material by choosing a suitable end-
cap metal. For example, when tungsten endcaps have
been used temperature insensitive displacement actua-
tors have been obtained.!"

The transferred stress from the metal endcaps, which
act as springs, to the ceramic material depends also on
the endcap geometry. Then. the sensitivity of the trans-
ducer is strongly affected by the thickness of the end-
caps. When the endcaps are too thin. they deform with-
out stretching the ceramic causing energy loss. On the
contrary when they are too thick. they can not produce
enough momentum in the radial direction, but the longi-
tudinal stress on the edge of the ceramic disk. Figure 5
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Fig. 3. Dependence of the sensitivity on the endcap thickness.

shows the endcap thickness dependence of the sensitivity.
The thickness 0.18 mm provided the highest sensitivity
for the brass endcaps.

5. Conclusion

A metal-ceramic composite structure (Cymbal trans-
ducer) has been investigated for accelerometer applica-
tions. The Cymbal transducer has provided 50 times
higher sensitivity than the single PZT disk. which was
used to make the Cymbal transducer. This 50 times
higher scnsitivity of the Cymbal transducer compare to
single PZT disk corresponds to a voltage sensitivity of
4.3V/G and a resolution of less than 25 uG, while volt-
age sensitivity of single PZT disk was 90mV/G.

The most significant result was that the sensitivity of
the purposed acceleration transducer depended on the
geometry and the structure such as the cavity depth,
thickness. Young's modules of the metal endcaps as well
as elastic and piezoelectric properties of the PZT disk.
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UNDERWATER ACOUSTIC ABSORPTION BY COLLOCATED
SMART MATERIALS

S. KUMAR, A. S. BHALLA and L. E. CROSS
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(Received for Publication December 20, 1995)

Abstract: Collocated smart structures provide the most effective technique of
influencing the stimuli. Such systems can also be used for absorbing underwater
acoustic waves. A collocated system is designed by mounting piezoelectric sensor
on a multilayer PZT discs stack. Using PZT sensor for narrowband response and
modified lead titanate sensor for broadband response, the effectiveness of these
smart structures in absorbing acoustic waves is experimentally determined by
using an acoustic tube.

INTRODUCTION

It has been shown that collocated smart structures can be used in active vibration
control and removal of energy from the vibration field [1,2]. These collocated systems
for vibration control are designed by directly mounting a piezoelectric sensor on
multilayer stack of piezoelectric (generally PZT) thin discs. The piezoelectric thin discs
in the actuator are mechanically in series and electrically in parallel so that
displacements of each disc adds up. If the sensor voltage, which develops due to
pressure change on the sensor surface, is amplified, inverted in phase and applied to
the actuator, the dynamic compliance of the sensor-actuator composite can be
controlled and used in active vibration control. The material properties play a crucial
role in the designing of the systems. For example to obtain a narrowband response
from a simple collocated system, a PZT sensor can be used. But for broadband
response, there are restrictions on choice of sensor material. A modified lead titanate
sensor is required to obtain broadband response from a simple collocated system. In
these systems there is a very strong field coupling between the sensor and the actuator
and therefore they are quite difficult to design because of stability considerations.
However, they provide the most effective technique of controlling the field since
sensing and actuating takes place at the same point. It should also be pointed out that
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by moving the sensor surface by electronic feedback to the actuator, the acoustic
impedance of the smart material (sensor-actuator composite) can be controlled. This
presents the opportunity of using these smart systems for underwater acoustic
absorption and therefore making them useful in many applications. In this work we
investigate the underwater acoustic absorption by collocated smart materials.

Experimental

Figure 1 shows the collocated smart system which has been used to absorb energy
from underwater acoustic waves. For this investigation, an acoustic tube experiment
was set up as shown in fig. 2. A 3 feet long aluminum tube with 3 inch internal
diameter and 0.5 inch wall thickness was used as an acoustic tube.

Pressure wave

Sensor —>

Feedbock
amplifier

Actuator

FIGURE 1. Collocated Smart Material.

Standard navy transducer J9, which operates at low frequencies, was placed on one
side of the acoustic tube and a cell as shown in fig. 3, was designed to house sensor-
actuator combination. The cell was placed on the other side of the acoustic tube. A
solid aluminum cone was joined to the sensor in the cell to increase the effective area
of the sensor. The cell was filled with castor oil so that the gap between the rubber
diaphragm and the aluminum cone contain castor oil which would provide acoustic
coupling between the diaphragm and the cone. Because of air bubble problems the cell
design was changed to remove castor oil. The rubber diaphragm was glued directly to
the aluminum cone.
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FIGURE 2. Acoustic tube set up for underwater acoustic wave absorption measurement.
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FIGURE 3. Cell containing collocated sensor actuator combination. A low noise
preamplifier is housed in a cavity in the aluminium block behind the
actuator.

Narrowband Response

In this case a PZT disc was used as a sensor in sensor-actuator smart composite
and a high Q bandpass filter was placed in the feedback circuit. Assuming that
diameter of the tube is small compared to the wavelength so that plane wave
propagates in the tube, the pressure as a function of length in the acoustic tube can be
calculated by solving the well known Helmholtz equation and applying the appropriate
boundary conditions. This assumption is clearly valid for the low frequencies used in
the experiment. In the experimental set up, provision was made to monitor the
pressure along the axis of the tube by placing very small pressure sensors through
very small holes in the wall of the tube. The acoustic tube was lowered in the water
tank and filled with water so that whole acoustic tube with J9 and cell on its sides was
submerged in the water. Care was taken to remove all air bubbles from the acoustic
tube. The signal from the sensor was amplified, passed through the bandpass filter
which was tuned to the J9 frequency, inverted in phase and applied to the actuator.
The effect of the sensor-actuator combination on the pressure along the axis of the tube
could not be seen due to small applied voltages to the actuator. Alternatively, the
sensor voltage was n;onitored with and without feedback applied to the actuator. The
frequency of the standard transducer J9 was changed and the bandpass filter in the
feedback circuit was tuned to the same frequency. Figure 4 shows the effect of
feedback on the sensor voltage. The reduction in sensor voltage when feedback was
applied implies that the smart material partially absorbed the incident acoustic wave.
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FIGURE 4. Narrowband response of the collocated sensor-actuator combination for
the under water acoustic absorption.

| Broadband Response

The PZT sensor was replaced with modified lead titanate sensor in the cell and the
high Q bandpass filter was removed from the feedback circuit. The feedback circuit
used in this system is described elsewhere [2). The sensor voltage was monitored with
and without feedback to the actuator. The frequency of transducer J9 was changed and
sensor voltage again monitored. Figure 5 shows the broadband response of the smart
system.

RESULTS AND DISCUSSION

Figure 4 shows the narrowband response in which the ratio of sensor voltage
without and with feedback applied to the actuator as function of frequency is plotted.
Higher reduction factor implies higher effectiveness of the smart system since the
sensor voltage is a measure of acoustic impedance of the smart system. The reduction
factor obtained is about 50 at low frequencies dropping to about 35 around 2 kHz. The
drop in sensor voltage reduction factor is expected since response time of the actuator
comes into picture.
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FIGURE 5. Broadband response of the collocated sensor-actuator combination for
the underwater acoustic absorption.

The broadband response of the smart system is obtained without using a higher
order filter in the feedback circuit. This design is possible because of low planar
coupling coefficient of modified lead titanate. Again the sensor voltage reduction factor
is seen to be 55 at low frequencies dropping to 40 at 1.5 kHz. This is a broadband
response of the smart system since there is no bandpass filter in the feedback circuit
and only J9 frequencies are changed keeping the J9 voltage same at each frequency.
These results for narrowband and broadband response show that it is possible to
control the acoustic impedance of the smart structures and remove energy from the
incident acoustic waves.
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