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Abstract Piezoelectric PZT—air composites with a com-
plex design optimized for hydrophones were fabricated as
arrays of hundreds of 60 p units using a microfabrication
technique involving coextrusion of mixtures of thermo-
plastic with PZT powder or carbon powder. The measured
piezoelectric coefficient was 300 pC/N with a figure of
merit of 18 pm?/N, in excellent agreement with the pre-
dicted properties.

Introduction

The general concept of creating designed structures with
specific properties is familiar for large objects, such as
vehicles or buildings. Usually designers heuristically
optimize for such goals as maximum strength for minimum
material. More recently, optimal design techniques have
used computational optimal design methods and have ad-
dressed other properties. An example is the topology
optimization and homogenization algorithm pioneered by
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Bendsge and Kikuchi in 1988 [1]. The technique is used to
design the fine-scale structure for composite materials with
pre-determined (prescribed) or improved properties not
available in common materials. Such a fine-scale com-
posite structure can be considered an ‘‘Artificial Material”’
(AM). This paper addresses piezoelectric artificial materi-
als optimized for sensitivity as hydrophones, from a mi-
croconfigured composite design of lead zirconate titanate
(PZT) and air.

The topology optimization and homogenization method
used to design piezoelectric composites with elastic and
piezoelectric coefficients optimized for transducer are
presented in detail elsewhere [2-5]. Very briefly, the de-
sign algorithm considers a small unit that, in this case,
consists of voxels of solid piezoelectric material and voids.
The properties are computed from the staring arrangement
of voxels, and compared to the target properties. The
algorithm progresses through a series of iterations that re-
fines an arrangement of voxels (three dimensional pixels)
towards a user defined property target. The ultimate goal of
the process is to develop a repeat unit of solid and void
voxels, which achieves agreement with the initial property
target. Finite Element Analysis (FEA) is done on the unit
cell to calculate a set of homogenized properties that de-
scribe the interaction of its boundaries with an infinite
number of identical neighbors. Proper homogenization re-
duces the computing power required to reach a solution so
that is becomes practical to perform many design itera-
tions. The computer assembles an array of many unit cells
and the calculated macro-properties are compared against
the user defined property goal and any other constraints
imposed on the problem (stiffness, volume fraction, Pois-
son ratio [6], piezoelectric response, coefficient of thermal
expansion [7], etc.). If the solution is not converged, the
algorithm enters a topology optimization subroutine where
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voxels of solid and void are added and deleted from the
unit cell according to a set of sensitivity analysis results.
The revised unit cell is used in the subsequent FEA-
homogenization iteration. The process continues until the
results converge on a local optimum. The optimally de-
signed unit cell is the basis for a PZT-air composite
transducers produced as an array of many of the unit cells.
This paper presents the fabrication and hydrophone prop-
erties for two-dimensional piezoelectric transducers with
enhanced hydrophone responses. The fabrication was
accomplished assembling a single unit cell, followed by
repeated extrusion to produce an array of many micro-
scopic unit cells, using the technique of microfabrication
by coextrusion (MFCX) [8].

Piezocomposites and hydrophones

The relationship between the induced polarization and the
applied stress [9] is expressed by the third-rank tensor of
piezoelectric coefficients, djjx units of picocoloumbs per
Newton (pC/N). For the case of a hydrostatic stress state,
we consider the hydrostatic piezoelectric response dy, of
material is the sum of the piezoelectric terms from all three
directions simultaneously, Eq. 1.

dyn =dsz +di3 +da (1)

The net hydrostatic response of a block of piezoelectric
PZT is roughly negated [10, 11] by the equal but opposite
contributions from ds3 and (dy3 + d»3). Thus solid blocks or
PZT have a relatively poor d; values. A hydrophone
transducer is employed as a sensor, and its sensitivity is
determined by the voltage produced in response to a
hydrostatic pressure wave. The hydrostatic voltage coeffi-
cient, g, relates the measured voltage to an applied
hydrostatic stress. The g, and d;, terms are related by the
relative permittivity of the material K according to Eq. 2 (e,
is the permittivity of free space). A useful figure of merit
for a hydrophone transducer is the product of the hydro-
static piezoelectric response d, and the hydrostatic voltage
coefficient g,. Equation 3 expresses the hydrophone figure
of merit, dygn, has units of m* N™'.The hydrophone figure
of merit can be increased by designing a transducer that
either increases the hydrostatic piezoelectric response, de-
creases the permittivity or some combination of both.

dy
= 2
8h oK ( )
d2
dngn = —2 3
h&h oK ( )

Research efforts into improving hydrophone transducer
performance can be classified as either modifications that
seek to enhance the materials properties of the piezoelectric
ceramic, or designs that improve performance by creating
piezocomposites. Efforts to enhance the material properties
of electroactive ceramics have included the formulation of
new ferroelectric compositions, the use of dopants to
modify the dielectric, piezoelectric, and coupling coeffi-
cients of electroactive ceramics, and most recently the
growth of single crystals [12—-16]. While these efforts have
succeeded in delivering materials with improved d,, values,
maximum benefit is gained by increasing the d;, value
while simultaneously decreasing the transducer permittiv-
ity. This has been accomplished through the careful design
of piezocomposites [17], combinations of piezoelectrics
with non-piezoelectric materials. Highly sensitive piezo-
composites exist ultrasonic and hydrophone transducers.

One of the most common piezocomposite architectures
is the 1-3 piezocomposite invented by Klicker et al. [18].
The 1-3 designation refers to the number of dimensions in
which the ceramic and polymer phases are continuously
connected [19]. The manner in which the active and
inactive phases of a composite are interconnected deter-
mines the distribution of electric field and distribution of
stress, and therefore the performance of the composite. The
hydrostatic response of 1-3 composites is decreased by the
high Poisson’ ratio of the encapsulating polymer [20]. The
internal stress created during mechanical excitation op-
poses the applied stress and hence reduce the net stress
amplification on the ceramic phase [21]. Modifications to
the 1-3 design have been proposed minimize this effect
[22-24]. Several other piezocomposite designs exist that
exploit alternate connectivity, such as 0-3 composites [25]
or composites with three-dimensional connectivity [26].
Radially poled hollow spheres [27] composites exhibit
pressure independent d;, values in excess of 1,000 pC/N.
Piezoceramic—air composite hydrophones with arrays of
ordered flat voids have been fabricated by printing fugitive
ink on tape cast sheets of PZT [28, 29]. More recently 2-2
piezocomposite made from alternately stacked sheets of
piezoceramic and soft polymer and operated in transverse
mode [30]. When combined with rigid end caps, the 2-2
piezocomposite yields a dyg, value of 30 pm?N. The
Moonie is a ceramic—metal composite flextensional actu-
ators. Moonies used as hydrophones are reported [30] to
have dpgy, values as high as 50 pm?%/N.

Topology optimized piezocomposites

Figure 1 shows Design 1, which has repeat unit comprised
of a 20 x 20 pixelated grid of PZT (black) and air (white)

@ Springer
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Design1 Theoretical Design

dh=230 pC/N
dngh=19 pm?/N
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Fig. 1 Theoretical topology optimized PZT-air piezocomposite
hydrophone Design 1. A single repeat unit and partial array are
illustrated along with the polarization direction and predicted
performance values

phases. A partial hydrophone array is included to demon-
strate their alignment and connectivity in the final com-
posite. The polarization direction is through the thickness
of the piezocomposite as indicated in the figure. The cal-
culated values for the hydrostatic charge coefficient (d},)
and the hydrophone figure of merit (d,gn) are 230 pC/N
and 19 pm*/N, respectively. These values are compared
against several of the best piezocomposite architectures in
Figs. 2 and 3.

Design 1 feedrod fabrication and coextrusion

An extrudable compound of powder and thermoplastic was
prepared by mixing powder with melted polymer in an
electrically heated high intensity shear mixer (Brabender
Corp, Model PL2100, USA). The PZT powder (American
Piezoelectric PZT856, USA) was surface treated by ball
milling for 12 h with %” cylindrical zirconia media to-
gether with one weight percent stearic acid suspended in
isopropyl alcohol. The average particle size, dsg, of the
PZT powder was measured to be 1.0 u. The carbon black
fugitive powder (Cabot Carbon Black-Black Pearls 120,
USA), with a dsy value of 75 nm, was used directly from
the container. The thermoplastic was an ethylene copoly-

Fig. 2 Comparison of dygy,
values for various
piezocomposites, after Safari
[20] with the Optimize Design 1

Diced Encapsulated ]
Emilio1 Optimized Hydrophone | [ N
1-3-1 Composite

Moonie Transducer ]
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Fig. 3 Design 1 experimental and theoretical values for the
hydrostatic piezoelectric response and hydrophone figure of merit.
Note the significant improvement of the optimized hydrophone design
relative to PZT 5A and the close agreement between the theoretical
and experimental results

mer based blend as reported previously [31]. The fugitive
(at 44 vol% loading) and PZT (at 52.7 vol% loading) were
compounded to equivalent apparent viscosity values of
2,300 + 120 Pa s at an apparent shear rate of 111 + 4 s~
and stock temperature of 125 + 1 °C. The PZT and fugitive
compounds were extruded into sheets one millimeter thick
using a stainless steel extrusion die.

Extrusion was conducted using a piston extruder, which
forces as solid block of the powder-EEA compound (a
feedrod) through a heated die. Since, the flow behavior of
the PZT-EEA compound and the carbon black-EEA com-
pound were adjusted to be very similar, these two com-
pounds can be extruded together, or coextruded. Thus a
feedrod having the design of PZT-carbon black unit cell
could be reduced in size without distorting the cross sec-
tion. These extruded sections could be re-assembled and
coextruded repeatedly.

PZT

0 5 10 15 20 25 30 35 40 45 50
Hydrophone Figure of Merit, pm*/N
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Fig. 4 Design 1 hydrophone fabrication methodology illustrating the
first, second, and third coextrusion steps. Optical images of extrudate
from each coextrusion step are included to the right

To fabricate the first feedrod, PZT-EEA ceramic and
carbon black-EEA fugitive sheets were cut to shape and
assembled as shown in Fig. 4 in the design of one unit
cell. The assembly was uniaxially pressed at 9 MPa and
160 °C to create a consolidated feedrod containing the
piezocomposite repeat unit. The parallelepiped feedrod
was extruded through a symmetric 6:1 square reduction at
120 °C and 4 mm/min. The material exiting the extrusion
die was reduced in size by a factor of six without dis-
torting the cross sectional structure. The optical image
located to the right of the three-dimensional coextrusion
illustration depicts the size reduction and shape retention
of the coextrusion process.

Lengths of the first extrudate from the first coextrusion
pass were bundled together with sheets of ceramic and
fugitive compound to create a 25-element array of repeat
units. The assembly was uniaxially pressed at 9 MPa and
160 °C to create a second feedrod. The coextrusion process
was repeated with the second feedrod. Twenty-five lengths
of extrudate from the second extrusion step were cut to
equal lengths, bundled together with sheets of ceramic and
fugitive compound, uniaxially pressed, and coextruded a
third time to create the final green piezocomposite structure.

The third extrudate contained 625 repeat units arranged in a
continuous two-dimensional array. Cross sectional optical
micrographs from each extrusion step are shown along with
their respective 3-d illustrations in Fig. 4.

The extra piezoceramic and fugitive materials about the
periphery of the second and third feedrods were added to
ensure accurate registration between neighboring repeat
units. It is important to point out that these additions should
not affect the performance.

A portion of third extrudate was sectioned into 1 cm
lengths using a sharp blade and cofired in a two-stage
process. The parts were laid on a setter bed of PZT + ZrO,
to avoid contact with the alumina crucible. In the first
stage, the thermoplastic binder was removed during a 60 h
binder burnout to 700 °C in flowing air. The binder re-
moval heating schedule was devised from thermogravi-
metric analysis of the extrusion compounds, Fig. 5. Binder
burnout and fugitive removal was accomplished by ther-
mally processing in a flowing air atmosphere according to
the following schedule; 90 °C/h to 170 °C with a 0.1 h
hold, 5 °C/hr to 225 °C with a 1.0 h hold, 4 °C/h to 265 °C
with a 1.0 h hold, 8 °C/h to 325 °C with a 1.0 h hold,
20 °C/h to 400 °C with a 0.5 h hold, and 60°C/h to 650 °C
with a 0.1 h hold. Once binder burnout was completed, the
parts were sealed in an alumina crucible containing
PZT + ZrO, setter bed powder. The parts were sintered by
heating at 3 °C/min to 1,300 °C and holding for 2.0 h in
air.

A simple slab-shaped test coupon, with identical pro-
cessing and sintering, was fabricated to provide specimens
to accurately determine the density and properties of the
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Fig. 5 Thermogravimetric analysis of the binder burnout and fugitive
powder removal processes
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coextruded PZT. The density of the PZT was measured to
be 7.5 g/lem® using the standard Archimedes technique,
which is 97.5% of the theoretical density reported by the
manufacturer. Figure 6 shows the polished and etched
microstructure. The average grain size by the linear inter-
cept method is 4.6 ¢ and a point count suggests 2%
residual porosity. A small fraction of a phase in darker
contrast was rich in NiO and MgO.

The piezoelectric properties of test coupons fabricated
from sheets of PZT coextrusion compound, after poling at
2 kV/mm and 150 °C followed by 24 h of aging, were
d33 = 100 pC/N using the Berlincourt dy; meter and the
impedance method, (HP impedance analyzer, model
HP4194A, USA coupled with TSI Software, PRAP soft-
ware, Canada). This agrees with the manufacturer’s pre-
dicted value of 70 pC/N. According, the material formed
by the MFCX technique can be considered a well-formed
PZT ceramic with respectable microstructure, a minimal
amount of secondary phases, and piezoelectric properties
that match reported values.

The final sintered structure for Design 1 is pictured in
Fig. 7 as an as-fired SEM micrograph of the piezocom-
posite cross section. The SEM image illustrates the feature
retention achieved during extrusion, the theoretical design
is inset into the SEM image for comparison. We consider
this quite good reproduction of the complex repeat unit,
considering that it has been reduced by a factor of 216
times through three extrusion stages. The final perforated
hydrophone (micro-configured voids left behind by the
removal of the fugitive material) is made up of an
arrangement of twenty-five 5 X 5 arrays of repeat units
measuring 80 u across with 25 u features and a net cross
sectional density of 3,000 repeat units per centimeter
squared. A comparison between the fine features of the part

Fig. 6 Polished and thermally etched PZT coextrusion material after
sintering, average grain size of 4.6 u and 98% theoretical density

@ Springer

Fig. 7 As fired SEM and polished micrographs of the MFCX Design
1 hydrophone. The ceramic transducer exhibits open channels, 80 u
repeat units, 25 p feature sizes, and 3,000 repeat units per square
centimeter

and the measured grain size implies portions of the fabri-
cated part are only 2-3 ceramic grains across.

Design 1 hydrophone fabrication results and testing

Samples of the sintered Design 1, approximately 4 mm
cubes in size (with 625 repeat units), were sent to Dr.
Francisco Montera de Espinosa at the Instituto de Acous-
tica, in Madrid, who kindly performed the hydrophone
property evaluation. The samples were poled in oil a field
of 1.5-2 kV/mm at 140 °C (the Curie temperature is
150 °C for this PZT). Figure 2 shows the piezoelectric
charge coefficient and figure of merit of the PZT-air
Artificial Material. Note that the hydrostatic charge coef-
ficient of the Optimally Designed PZT hydrophone, with its
micro-configured voids, is 300 + 50 pC/N. This value 4.4
times greater than solid PZT. More exciting is the agree-
ment between experiment (250-350 pC/N for repeated
samples) and predicted value for this design (260 pC/N).
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We consider this an outstanding agreement, for our rela-
tively crude fabrication. The figure of merit for these
optimally designed PZT-air hydrophones, also shown in
Fig. 2, is measured to be 18 pm*/N, virtually identical to
Design 1 prediction of 19 pm*N, and a remarkable 9,500%
improvement of over solid PZT at only 0.2 pm*/N.

Second generation topology optimized designs

A second generation designs were attempted. These de-
mand extremely fine features (~10 u) and tighter. The
fabrication and sintering conditions were similar. They
differ in that the compounding conditions were improved
to allow a solids loading of 56 vol% for the PZT, which
was rheologically matched to carbon black fugitive at
43 vol%. In this case the final samples were arrangements
of forty-nine 7 by 7 arrays of repeat units, each measuring
60 u across with about 10 u features and a net cross sec-
tional density of 15,000/cm?.

Figure 8 shows the ‘‘square geometry,”” a heuristically
determined design intended to allow the direct performance
comparisons with topology optimized designs. Simulation
of this square design predicts a dyg, around 6 pm?*/N.
These square channels were fabricated with walls about
10 p wide and 60 p repeat units. Optimal Design 2 appears
in Fig. 9. This was predicted to have extremely large dygy
32.1 pm?/N. It consists of very slender vertical columns
with slots where it connects to the horizontal rectangles. In
this case the 10 p wide vertical columns are only 1-4
grains wide, so this is at the limit of resolution for a sin-
tered ceramic with this grain size. Figure 10 shows the

b}

square

Fig. 8 Square hydrophone fabrication results. The PZT-air piezo-
composite is composed of empty square channels, 60 y repeat units,
large aspect ratio 25 u features, and 15,000 repeat units per
centimeter squared

Design 2

Fig. 9 Design 2 hydrophone fabrication results. The PZT-air
piezocomposite is composed of empty square channels, 60 p repeat
units, large aspect ratio 10 u features, and 15,000 repeat units per
centimeter squared

structure of Design 3, which was predicted to have a figure
of merit of 16.6 pm?/N. The repeat unit for this design was
quite complicated, with sigma-shaped columns. These
could not be reproduced well.

Property measurements could not be made because the
samples of Designs 2 and 3 physically fractured during
poling at 140 °C (T¢yre = 150 °C) and ~1.5-2.0 kV/mm.

Design 3

Fig. 10 Design 3 hydrophone fabrication results. The PZT-air
piezocomposite is composed of empty square channels, 60 p repeat
units, large aspect ratio ~5 u features, and 15,000 repeat units per
centimeter squared
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During the poling process, the hydrophone is mechanically
unconstrained, therefore the stresses required to propagate
a crack through the samples must be generated internally.
We suggest that the mechanism for failure is microcracking
imposed by poling stresses. A similar phenomenon was
reported by Kahn, Dazell, and Kovel, who suggested
cracking of their PZT—air composites from highly localized
poling stresses. In our case, it appears that poling stresses
aggravated pre-existing processing flaws, which were
found in the failed samples returned from Madrid. These
flaws were parallel to the extrusion direction, apparently
from contamination during green forming. We suggest that
fracture during poling was due to synergistic effect
involving flaws present in the material, grain size equiva-
lent to feature size effects, stress concentrators resulting
from the sharp cornered design, and polarization strains/
microcracking effects.

Conclusions

Piezoelectric ceramics can be obtained from PZT using
microfabrication by coextrusion to achieve a microstruc-
ture and piezoelectric coefficient comparable to conven-
tionally processed PZT ceramic. With the shape capability
of this process, it is possible to fabricate piezoelectric hy-
drophones created by the technique of Optimal Design by
the Homogenization Method. A PZT-air composite based
on a two-dimensional Optimal Design was predicted to
have a hydrostatic piezoelectric coeffient of 230 pC/N and
a hydrophone figure of merit of 19 pm*/N was realized as
an array of 625 repeat units, each 80 u across. The mea-
sured piezoelectric coefficient was 300 pC/N with a figure
of merit of 18 pm?/N, in excellent agreement with pre-
diction. This confirms that such designed materials can be
accurately designed and practically realized.
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