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I. INTRODUCTION

The general scope of this project is to investigate properties of ferroelectric ceramics
using new measurement techniques and to look for new technological uses of these materials in
device applications. One main focus of the effort is a study of interfaces between counterpoled
regions of a ferraelectric ceramic. Such counterpoled ceramics have been used in the past
for focused Fresnel zone plate transducers, bimorphs and tuning fork resonators. In such
applications it is important to know the structure of the interface and how it relates to
material composition and history.

Powerful techniques for experimental study of these questions involve: (1) elastic wave
scattering by an interface, (2) elastic wave guidance along an interface, {3) laser probe
pyvroelectric measurements of the electric polarization profile through an interface, (4) laser
probe measurements of the mechanical vibration profile through an interface. Items (1) and
(2) lead to potential device applications in the form of grating filters and interface delay
lines. A theoretical basis for treating uniform arrays of interfaces, such as might be used
in these devices, requires a general analysis of high frequency elastic wave propagation in
spatially periodic media. Such a theory can be constructed by using space harmonic analysis,
as developed for the vibration spectra of crystal lattices, and is also applicable to periodicities
in one-, two- or three-dimensional dimensions. These multidimensional periodicities occur in
a variety of PZT-epoxy composite materials, and a theory of elastic wave propagation is of
fundamental importance in understanding this class of ferroelectric materials.

The material interfaces discussed above may be introduced extrinsically by inserting
actual material inclusions in a matrix medium (as in the case of the family of PZT-epoxy
composite transducer materials), or intrinsically by altering the material properties with
selectively applied spatial distributions of electric field bias. In the second case, one can
distinguish between: (1) intrinsic material inhomogeneities introduced by poling patterns
of electrical polarization into remanent-type ferroelectrics (such as PZT or PLZT), and (2)
intrinsic inhomongeneities introduced by selective electric field biasing of relaxor-type fer-
roelectrics (such as PVMN). Materials with intrinsic inhomogeneities offer exciting possibilities
for realizing a variety of planar signal routing and processing devices on small ferroelectric
wafers, fabricated by simple inexpensive poling and biasing techniques. Such devices may
be etther slowly or rapidly switched and programmed. according to the choice of either a
remanent-type or a relaxor-type ferroelectric material.

w




1. COMPOSITE RESONATOR AND TRANSDUCER
STUDIES

These studies are being pursued in collaboration with R.T. Gururaja, W.A. Schulze and
L.E. Cross at the Materials Science Laboratory of the Pennsylvania State University, and
with Dr. W. Smith at the Philips Research Laboratory. The initial goal was to investigate the
high frequency dynamic behavior of 3:1 connected PZT-epoxy composites in plate transducer
configurations, to better understand the physics of these materials, and to explore their
exploitation for applications other than hydrophones. Progress made in formulating a general
Floquet (or space harmonic expansion) theory of elastic vibrations in composites now makes
it possible to extend the goals of this research. The dynamic behavior of composite materials
consisting of general periodic lattices of inclusions in a matrix can be analysed using this
theory. which has been tested in certain specific configurations against experimental results. A
capability now exists for quantitatively studying and exploiting periodic composite materials
(whether piezoelectric or nonpiezoelectric) in meeting Navy needs for improved, more reliable
and cost-effective techniques for detecting, generating, and controlling acoustic vibrations
in liquids and solid structures—including specifically the development of anechoic structures
and the control of undesirable noise in detectors.

A. Theory

Basic features of the theory were outlined in the Annual Progress Report for 1 February
1982-31 January 1983, and initial encouraging comparisons with experiment were reported
there. During the year covered by the present report, these results were refined and compared
in more detail with electrical transducer impedance measurements, time delay measurements
of acoustic velocity, and laser probe vibration pattern measurements.!~3 References 1 to 3
described the theory for unbounded isotropic composites with two-dimensional periodicity
in the ry plane (summarized in Appendix A). Explicit calculations have been made for the
*superlattice™ unit cell geometries shown in Fig. 1.

Although the general formulation is capable of treating Floquet waves propagating in
arbitrary directions, attention was initially focused on wave propagation either normal to the
plane of the periodicity (ry-plane) or parallel to that plane. These propagation directions cor-
respond. in the first case, to the longitudinal thickness resonances of a composite transducer
and, in the second case, to lateral resonances of the transducer. Lateral resonances occur
in all transducers.* However, certain resonances in composite transducers are enhanced by
Bragg-scattering from the lateral periodicity, and by phase-matched coupling of the electri-
cal excitation to selected lateral resonances through the periodically distributed piezoelectric
coupling.

Figure 2(a) gives a typical input impedance versus frequency curve, measured on a Penn
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FIGURE 1

Two-dimensional unit cell geometries. Area of unit cell is A. Area of PZT (shaded) is a.

State sample and showing three strong resonances. Here, f; is the longitudinal thickness
resonance and fi;. fiz are the two dominant lateral standing wave resonances—aloang the unit
cell edge and the unit cell diagonal, respectively (Fig. 2(b)). Since the sample is uniformly
electroded. the piezoelectric elements (shown stippled in Figs. 1 and 2(b)) are driven in phase,
so that the elastic vibrations excited must also be in phase at these points. This means that
the lateral resonances observed in Fig. 2(a) consist of standing waves with one full-wavelength
spacing between the piezoelectric elements—along the unit cell edge for f;; and along the
unit cell diagonal for f,2. Such standing wave patterns are shown schematically in Fig. 3 ((a)
for fi1 and (b} for fi2). These patterns will be discussed more fully in Section [I.B below, in
connection with laser probe measurements of the motion of composite resonators.

Our study of lateral resonances in composite transducers was initially approached by
assuming wave propagation in the ry-plane of an infinite composite. The model was further
simplified by supposing that only a :z-polarized elastic displacement existed, reducing the
elastic wave function to a scalar form similar to that appearing in electronic band theorv. In a
first approximation. coupled mode theory (which retains only simultaneously “resonant™ space
barmonices) is used to find the edges of the stop bands for wave propagation in the composite
medium. Stopband edges are located at frequencies where Bragg-scattering resonances occur
between certain planes of PZT rods {Bragg planes) in the periodic array of rods. (Resonances
occur at frequencies for which the Bragg planes are spaced by integral multiples of \/2 for
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FIGURE 2

Re<onance spectrum of a periodic composite plate resonator: (a) Typical measured impedance
curve: (b) Corresponding standing wave patterns.
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FIGURE 3

Unit cell geometries and laser scan paths for d = A Bragg resonances: (a) Standing waves
along cell edge ( fr1): (b) Standing waves along cell diagonal ( fi2).




the z-polarized shear wave assumed in the model.) These “Bragg” resonances are just the
enhanced lateral resonances referred to above.

At \/2 spacing between the Bragg planes, the resonant wave functions are standing waves
along the unit cell edge, the unit cell diagonal, and perpendicular to the higher Bragg planes.
These resonances cannot, however, be excited piezoelectrically in a uniformly electroded
sample because neighboring PZT rods vibrate 180° out of phase. The lowest lateral mode
that can be excited piezoelectrically in this geometry is that which occurs when the edge of
the unit cell equals one full wavelength (f;; in Fig. 2). At this resonant frequency several
allowed Bragg-scattering resonances occur, but unly the mode shown in Fig. 3 has the PZT
rods all vibrating in phase.® For the longitudinal thickness resonance (f; in Fig. 2), Bragg-
scattering resonances do not appear, because there is no periodicity of the medium along the
z-propagation direction. In this case the simplest model is a 2-propagation longitudinal wave
with properties determined by 7 and ;3 (spatial averages over the unit cell), and with weakly
excited space harmonics because no resonance of the space harmonics can occur. In other
words, the Bragg-scattering condition cannot be satisfied.

Comparison of experimentally measured resonant frequencies with those calculated from
the simple model described above gives good agreement for the longitudinal thickness mode
but only fair agreement for the lateral modes.!. One reason for this is that the theory
uses a spatial average of the density and the elastic stiffness constants ¢, (see Egs. (2)-(4)
in Appendix A) to model the effective properties of the medium at low frequencies, where
scattering from the periodicity is unimportant. This corresponds to the constant strain model
for the static (or low frequency) behavior of a composite. If a particular strain component
(the J-th) has the same value (S;) in the plastic matrix and in the PZT rod, the average I-th
component of stress over the unit cell is (see Fig. 1)

((A — a)lc1s)plastic + alcrs)pzT

" )SJ =?4Ss, (1)

corresponding to the spatial averaging of the stiffness ¢;; in Eq. 3(a) of Appendix A. For the
longitudinal thickness resonance (f;) the plastic matrix and the PZT rods vibrate like springs
in parallel, and the model of Appendix A reduces to this constant strain description at low
frequencies.

For the lateral resonances in Fig. 2(b), the plastic and the PZT are elastic members
connected in series, so that the stress (not the strain) is common to both; and the low
frequency behavior of the medium is best represented by the constant stress model. In this
case the counterpart of Eq. (1) is

((A — a)(314)ptastic + &(s1s)pzT

i )TJ =3y7T;, (2)
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for the average strain over the unit cell. Vibrations of the composite material at low
frequencies are now most accurately calculated from the spatially averaged compliances 5;,,
rather than the ;; of Appendix A.

Another reason for the observed discrepancies between experiments and the theory of
Appendix A is that the stress-free boundary conditions at the surfaces of the plate have not
been considered. This point was discussed briefly in Reference 2. It was noted there that
additional coupling among the space harmonics occurs at the boundaries, and that new plane
wave terms (not contained in the original set of space harmonics) are also generated by elastic
mode boundary coupling.

Appendix A (excerpted from Reference 3) summarizes the Floquet theory of wave
propagation in an infinite isotropic elastic composite with two-dimensional periodicity. This
theory is not adequate for a complete treatment of the composite plate transducer prob-
lem, because it does not include plate boundary conditions. As was noted in the previous
paragraph, the addition of boundary conditions to the theory of Appendix A introduces a
number of complications. Several attempts have been made to follow this approach. However,
it was found that (because of additional boundary couplings introduced between space har-
monic orders and between different polarizations of the same space harmonic order) this is
not a useful way to implement the coupled mode approximation for composite plates or to
iterate the coupled approximation up to solutions of increased accuracy.

A solution to the above difficulty is found by taking the basis functions of the Floquet
solution to be Lamb and SH waves of the plate, rather than plane waves. This procedure
has been carried out in detail for the case of a composite plate with material parameter
periodicity along one direction (z) only {Fig. 4). Details of the analysis are given in Appendix
B. where the general set of coupled space harmonic amplitude equations is shown to be of
the form

(w=— Wmu)amu =W Z I(mu.nuarw (3)
nv

In Eq. (3) m. n are one-dimensional space harmonic indices, and g, v are Lamb mode indices.
(For a one-dimensional periodicity, the Lamb and SH wave solutions are separable by sym-
metry. The case of two-dimensional periodicity can also be treated by the same method).
Using Eq. (3). the coupled-mode approximation is easily implemented by selecting only the
near “‘resonance” terms on the left-hand side. However, it must be noted that. in these equa-
tions. simultaneous “resonance” (Bragg-scattering) may occur either between space harmonics
of the same Lamb wave species, or between space harmonics of different Lamb wave species.
This adds a great many stop bands in the wave dispersion curves. Nevertheless, the Lamb
wave approach of Appendix B. as distinct from the plane wave approach of Appendix A, does
give a clear-cut method for describing and studying the stop band (or resonance) structure
of the composite plate.
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FIGURE 4

Definition of frequencies wn, in Eq. 4 of Appendix B. for the fanuiy of symmetric Lamb waves.




An aaditional feature of the Lamb wave formulation is that it leads to the average
compliance (constant stress) material deseription of Eq. (2). rather than the average stiffness
(eonstant strain) description of Eq. (1), It therefore more accurately represents the laterai
resonances in a composite plate. This point s confirmed by the comparison of theory and

experiment in subsection [I.B. below

B. Experiment

Comparisons of theory and experiment have been made using resonance spectra of the
electric input impedance (Fig. 2) and laser probe measurements of elastic resonance vibration
patterns over a unit cell of the composite. The second class of measurements has proved to be
a powerful tool for positively identifving and classifving resonances. For reasons mentioned
i subsection ILA. only the resonances f;, f;; and fi2 of Fig. 2b are strongly excited in a
uniformly electroded sample, and comparisons are made for only these resonances.

Many laser probe measurements have been performed. but only one example will be given
here (Fig. 5). The figure shows recorded amplitude and phase of the vibration amplitude
measured along a path between the rods in Fig. 3. Experimentally observed amplitude
maxima in Fig. 5 are seen to occur at the zero position and at point b of Fig. 3. In Fig. 3(a).
superposition of the z- and y-directed standing waves predicts a zero at the zero position
and a maximum at point b6: In Fig. 3(b). superposition of the ‘wo standing waves predicts
masimum amplitudes at both the zero position and at point 5. The latter behavior is in
agreement with the experimental result in Fig. 5. It can also be seen by superposing the
two standing waves in Fig. 3(b) that the vibration maximum at the zero position and that
at point b are I1R0° out of phase. again in agreement with the experiment of Fig 5. This
comparison clearly identifies the motion as belonging to the diagonal resonance of part (b)
in Fig. 3. Corroboration is provided by measurements taken at points a. ¢ and d in Fig 3.
which were also found to be consistent with the superposed standing wave patterns in Fig.
3(b)

The above laser probe technique was used at Sanford to identify the vibration patterns
of the resonances observed in certain selected samples among those hsted in Table 1. For
these particular samples. the resonance spectra (as in Fig. 2(a)) measured at both Stanford
and Penn State were found to be in elose agresment. Most of the sample frequencies listed in
Table I were measured at Penn State only.! and the resonant mode identification was made
by comparison with samples that were laser-probed.

In Table [ the piezoeleetric rods are of PZT-5A and the polymer of Spurrs epoxy. Material
parameters used in comparing theory and experiment are p = 7.75 X 103 Kg/md. 1, =
1032 m/s ¥, = 2263 m/s for PZT-5A. and p = 1.14 X 10° Kg/m®. V; = 2207 m/s.
Y, = 1003 m/s for Spurrs epoxy. The parameters for PZT-5A were obtained from the
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Laser scan measnrement of acoustic displacement at fio, scanned between the rods (Fig. 3(b)).
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TABLE I

Resonant Modes for PZT Rod-Polymer Composites®
{The numbers on the left correspond to the paints plotted in Figs. 6-11)

Label of f1 (anti- [ {reson- f3 (reson-
Plotted Sample Thickness Spacing resonance) ance) . ance) Frequency
Point Number ‘¢ PZT b(mm) d(mm) (KHZ) (KH2) (KHZ) Plotted
1 128%° 10% 1.9 1.27 - 804 1098 fa
2 2 3% 2.59 1.58 ~ 604 7868 fa
3 128°" 10%% 19 127 - 804 1096 f
] 10 5% 1.0 1.76 321.8 185 891 a
5 2 5% 2.59 1.58 - 604 786 fa
6 11 39 4.8 1.75 275.8 449 - [z
i 223 20% 2.54 0.90 612 894 - fa
3 122°° 10% 384 127 - 662 1008 fo
9 222 200 305 090 519 830 . ;
10 12 5% 5.9 1.76 2313 437 730 fa
11 10 3% 4.0 1.76 321.8 185 891 fa
12 130** 10%¢ 3.15 1.27 206 644 - f2
13 228 20%% 3.95 0.90 408 828 - fa
14 122 10%% 3.6 1.2% - 822 1006 f3
15 12 5% 5.9 1.76 231.8 437 730 f3
G 227 20%%¢ 4.60 0.90 353 326 - fa
7 226 20% 5.15 0.90 309 825 - fa
12 10 5% 4.0 1.76 321.6 485 891 N
19 1 3% 4.8 1.75 275.8 449 - hi
20 i 5% 5.9 1.78 231.8 437 730 h
21 130°* 10€z 3.15 1.27 206 644 - hH
22 237 20%% 4.60 0.90 353 886 - A
23 223 20 2.54 0.90 812 204 - N
24 228 20 3.95 0.90 408 828 - f1
23 222 206 3.05 0.90 519 830 - N
20 226 20% 5.15 0.90 309 825 - N

*Meusurements by T.R. Gururaga, Materials Research Laboratory,

University,

**Sample also tested at Stanford University.

The Pennsylvania State




manufacturer's data, using piezoelastically-stiffened elastic constants and assuming isotropy.
Spurrs epoxy parameters were measured at Stanford, using pulse echo methods to determine
the velocities.  Frequencies listed in the table are the anti-resonance frequencies for the
longitudinal thickness mode (f) and the resonance frequencies for the lateral modes (f2. f3).
In Fig. 2(a). the resonance frequencies are points of impedance minimum and the anti-
resonance frequencies are points of impedance maximum. A resonance frequency corresponds
approximately to the short-circuit natural frequency of the freely vibrating piezoelectric
resonator mode. and an anti-resonance frequency to the open-circuit natural frequency of
the free resonator mode. Since our composite theory does not yet include piezoelectricity, the
choice of which experimental frequency to compare with theory is not immediately obvious.
Onr choice was based on the following considerations: (1) In the Mason model for a parallel
plate transducer/resonator. the open circuit (or anti-resonance) frequencies correspond to
pure n\/2 standing waves across the plate:® for this reason, the anti-resonance frequencies
are chosen to compare with the theory of the longitundinal thickness resonance (f; = f¢).
i2) For the lateral resonances ( f2. f3), the standing waves are parallel to the electrode faces
(Fig. 2(b}} and the choice between resonance and anti-resonance frequencies is not clear at
this point: consequently. the resonance frequencies were chosen simply because they give a

better fit to the theory.

[n subsection [I.A above, it was noted that the constant strain model of Appendix A is
more appropriate for calculating the longitudinal thickness resonances, while the constant
stress model of Appendix B is more appropriate for the lateral resonances. Figures 6-11 com-
pare theory and experiment for these two cases. Figures 6-8 represent the dispersion curves
for the symmetric Lamb modes * calculated from spatially averaged stiffnesses (the constant
strain model). On these curves the frequencies of the longitudinal thickness resonances for
samples in Table I are plotted at 3b = 0. They lie very close to the Jb = 0 intercept
of the second symmetric Lamb mode, a point that correponds to the longitudinal thickness
resonance in a homogeneous plate. Plots of lateral resonance frequencies (at 3 = 2x/d. cor-
responding to the resonance conditions in Fig. 2(b)), lie far below the Lamb waves spectrum
in Figs. 6-8 This is unreasonable physically because the lateral resonances correspond to
Lamb waves that are Bragg scattered by planes of piezoelectric rods; and these points are

therefore not shown.

In Figs. 9-11. the curves are Lamb wave spectra calculated from spatially-averaged com-
pliances (i.e., the constant stress model). The experimental longitudinal thickness resonances
(/1) are now seen to be in poor agreement with the theory, but the lateral resonances ( f2, f3)
(plotted at ,3 = 27/d) lie close to the lower modes of the symmetric Lamb spectrum, as ex-
pected from Appendix B. The experimental points are distributed along the dispersion-curves

* Antisymmetric modes cannot be excited in plates driven by PZT rods poled normal to the plane of the plate.
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Lamb Wave Curves for Constant
Strain Average Parameters
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Vz = 2811.7 m/s

Vs = 1451.9 m/s

-0 10.0 20.0 30.0 4Q.0 30

FIGURE 8

Comparison of constant strain model with experiment {5¢ volume ratio).
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Lamb Wave Curves for Constant
Strain Average Parameters
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FIGURE 7

Same as Fig. 6 (10¢ volume ratio).




m
s
[}
cn
QO N
(SN}
3}
53
w0
Y < O
0 n oA
ee Hr_..E sh
S~
wg N0 g B8
= I ] [-Ya
O N N [C I
[ [ . .
o > g o. M O
P < =%} o
Gy — <+ 0
= o [« -1 A
-~ 5
.ma L]
" e
o o o = ©»
dwn i> 1>

e
3

LE7

50.0

40.0

30.0

20.0

10.0

14.0¢
12.0
10.0
52.0
25

3b

FIGURE 8

Same as Fig. 6 (20¢ volume ratio).
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Lamb Wave Curves for Constant
Stress Average Parameters
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FIGURE 9

Comparison of constant stress model with experiment (57¢ volume ratio).
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and trace out the Lamb wave dispersion curves quite accurately.

C. Discussion

Experimental points plotted in Figs. 6-11 clearly show the expected behavior—i.e.,
longitudinal thickness resonances are best represented by the constant strain mode] and
lateral resonances by the constant stress model, for volume percentages of PZT as large as
20¢¢. In this comparison. the longitudinal thickness resonance is analysed by completely
neglecting any coupling into other space harmonics, and the lateral resonances are analysed
by the coupled mode approximation. These approximations are expected to be somewhat
inaccurate, even in the 5°¢ volume ratio case, and this fact may account for sorae of the
disagreement observed in Figs. 6-11. Continuing analysis should add more and more space
harmonics to the calculation until there is no further change in the resulit.

Another possible source of error is the incomplete treatment of piezoelectricity and
anisotropy in the PZT. One important consecuence of piezoelectric coupling was discussed
in subsection IL.B. with respect to the choice of the longitudinal thickness anti-resonance
for comparison with theory. The theoretical basis for choosing to compare lateral mode
experiments with theory on the basis of resonance frequencies has not yet been formulated.
Another area of uncertainty is how best to characterize piezoelectric stiffening of the elastic
constants in a composite medium. '

Despite these unresolved questions, agreement of theory and experiment in Figs. 6-11
is quite sufficient to permit drawing practical conclusions and to explain and predict various
aspects of the behavior of composites. In many experimental resonance curves a number
of small supplementary resonances are observed above and below f;; and fiz. These can
be explained by observing that Eq. (3) couples among all Lamb waves in all orders of space
harmonic, and that additional couplings occur in the two-dimensional version of the equation.
Bragg resonances therefore occur for the higher order Lamb modes, but are weakly excited
by the electrodes.

Understanding the resulting structure of the dispersion curves is best reached by using
the reduced zone scheme for the dispersion curves, as in the electronic theory of solids.” This
can be visualized by referring to Fig. 4. and supposing that

27h
Inb = — 14
n 7 (4)
which corresponds to the d = X stopbands discussed above. The reduced zone scheme is

generated by [olding the figure along the vertical line through J,b. so that the parts of the
curves on the right cross the parts of the curves on the left. Each crossing point corresponds
to a Bragg-matching condition, where the crossed curves split into stopbands. Crossings
on the vertical line through 3,6 = 27b/d represent Bragg-scattering of a Lamb mode into
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itself: these are the most strongly excited. Other crossings are for Bragg-scattering from one
Lamb mode into another. At these points, the band edge resonances do not have piezoelectric
rods vibrating in phase. so that they are less strongly excited than in the first class of band
edge resonances. Even in this one-dimensionally periodic model, there exists a large density
of stopbands in the frequency range above the lowest stopband frequency; and in a two-
dimensionally periodic structure this density is further increased by the proliferation of two-
dimensional Brillouin zones. Such features will be extremely important in determining the
scattering behavior of periodic composite materials, and may even be applicable in designing
and fabricating anti-reflection layers.

The discussion in the paragraph above is also relevant to the behavior of observed
resonance spectra curves as a function of the ratio of b/d in Fig. 4. Since the curves are
normalized to b. setting 3, = 27/d places the vertical dashed line at a position that moves to
the left as d increases. This means that the position of the lowest lateral stopband resonance
moves steadily to the left with increasing d, as can be tracked by comparing the points
plotted in Figs. 9-11 with their listed composite dimensions in Table 1. Eventually, as d
increases. the lowest stopband frequency approaches coincidence with longitudinal thickness
resonant frequency {at the ,J,b = 0 intercept of the second Lamb mode in Figs. 6-8, since the
constant strain model must be used for this resonance). This phenomenon has been observed
in experiments at Penn State, and an apparent coupling of the thickness and lateral modes has
been found to occur as their frequencies cross. Practically, the most important impact of this
Lamb mode Floquet theory is in providing a physical basis for optimally choosing the ratio
b/d in transducer and resonator design. However, explaining the mode coupling phenomenon
observed at Penn State may also turn out to have significant practical consequences.




Il. PMN-BASED TRANSDUCERS

The goal of the research is to study acoustic wave propagation in ceramic materials
in which spatially varying polarization patterns are established, with the aim of exploring
novel signal processing technology and applications. Initial work will be conducted with
lead magnesium niobate (PMN) and lanthanum modified lead-zirconate lead-titanate (PLZT)
ceramics. These materials exhibit a strain which is proportional to the square of an externally
applied electric field, i.e., electrostriction. In addition, suitable compositions do not possess
remanent polarizations. It is this latter property that may be most interesting for certain
device applications. since it permits rapid switching of transducer configurations.

Three experiments are currently being planned. The first is a basic study of some electro-
mechanical properties of the above-mentioned ceramic materials. Since these materials do
not possess a remanent polarization, the electro-mechanical parameters are a function of an
externally applied biasing field. This first experiment will measure this dependence using
a plate transducer structure of thickness ¢ and area W by L. The parallel plate structure
was chosen so that the externally applied field could be determined from readily measured
factors (in (his case the externally applied voltage and the thickness of the wafer). The basic
electrical measuring circuit is shown in Fig. 12. It is an impedance measuring system.

The second experiment uses the structure shown in Fig. 13(a). It is intended for use as
a surface acoustic wave (SAW) device. The idea for this structure is based upon other SAW
devices using piezoelectric materials that can be modeled as possessing the hexagonal type
of symmetry. In those devices, the material is oriented so that the c-axis is perpendicular to
the major face containing the surface electrodes. For ceramics, the “c-axis™ will be colinear
with the electric field. Thus, in our case, a DC bias field will be established between the
full surface electrode on one surface and the electrode pattern on the opposite surface. The
relationship between the various dimensional parameters is governed by two factors: acoustics
and electrostaties. Electrostatic considerations lead to the following relations:

(w+g)/t<<l w/g>1 (5)

Basically. these relations insure that the configuration produces an electrostatic field which
approaches the ideal parallel plate field. One practical consideration is that. from an operating
voltage point of view, we do not want ¢ to become too large. Acoustic properties lead to the
following relations:

(w+g)ft<<1 w/g=1 (6)

Clearly. the first relation is desirable since we want pure surface waves, which require that
the second surface be very far from the top surface.

Finally, we need to study the effect of the fringing felds near the electrode li. ~s. We
intend two methods for this study. The first is to deveiop a computer program * solve
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FIGURE 12

PMN impedance measuring circuit.

the electrostatic field problem, and the second is to experimentally measure the field. This
second method will use the PLZT material. This ceramic material is optically active, i.e., it
is uniaxially birefringent. Since the dielectric properties of both ceramics are very similar.
the fields obtained for the PLZT device will be directly applicable to the PMN device. The
structure intended for this experiment is shown in Fig. 13(b).

We plan to use two different polarizer configurations: a circular polarizer and a linear
polarizer. With the ecircular polarizer configuration we can measure the magnitude of the
electric field irrespeetive of its direction. Then. using the linear polarizer. we can measure
the orientation of the field. Thus, with this approach, the computer-generated solution can
be checked and confidence built for its use in other configurations.
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FIGURE 13

PMN biased SAW transducers: (a) Schematic; (b) Optical configuration for observing electric
field distribution,




IV. INTERFACE WAVES

Ferroelectric ceramics poled with a pattern of spatially varying remanent electric
polarization have been emploved in a number of novel device applications. These range
from optical displays and memories in transparent piezoceramics to Fresnel-type focusing
transducers for ultrasonic imaging in medicine and nondestructive evaluation. For these
devices. a uniformly poled piece of ceramic is reverse-poled in certain regions to effect a
desired spatial pattern of reversed piezoelectric coupling. Transition zones separating regions
of unlike remanent polarization. analogous to domain walls in ferroelectric crystals, arise as a
consequence of this regional counter-poling process. While the transition from one polariza-
tion state to another in a single crystal is quite abrupt (domain wall thicknesses less than a
lattice constant are tynical), the transition in a differentially-poled ceramic is comparatively
gradual. It has been shown theoretically and experimentally that both abrupt and gradual
polarization transition zones are capable of supporting guided acoustic waves.® Abrupt tran-
sitions were realized by glueing together two uniformly polarized ceramic plates along an edge.
with the two polarnizations reversed. Gradual transition zones are fabricated by depositing
electrode patterns on an already poled ferroelectric ceramic and counter-poling under the
electrodes.® This creates waveguiding polarization transition zones around the edges of the
electrodes, in spatial patterns determined by the electrode geometries.

In this way. single mode acoustic waveguides can be fabricated in ferroelectric ceramic
wafers, using simple inexpensive differential poling techniques. “Acoustostrip”™ waveguide
components based on this concept may be conceived in all of the microstrip waveguide
geometries utilized in microwave integrated circuit technology—i.e., parallel line directional
couplers. ring resonators. hybrids, channel-dropping filters, etc. Directional coupling action
has been already demonstrated experimentally—first, at 1 MHz® and, more recently, at
several megaherz. The significance of this new technology is that it has potential for realizing
integrated acoustostrip filters and signal processing systems (operating up to, perhaps. 10
MHz) on a single ferroelectric wafer. A possibility also exists for creating, on single crystal
wafers, poled-in systems of this kind for operation at frequencies up to hundreds of megaherz.
Materials such as PMN (section [Il. above) may eventually be developed in sufficiently high
quality to permit realization of switchable acoustostrip waveguide systems controlled by an

olecrrie bias field.

A. Waveguide Fabrication and Characterization

In poling an acoustostrip waveguide duct into an initially uniformly poled ferroelectric
ceramic wafer. a variety of electrode structures may be used. For a single duct, the electrode
covers the entire half of the wafer on one side of the duct; for a pair of ducts, a strip
electrode is used (Fig. 14 (top)). In either case a waveguide duct is centered on each zero
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Acoustostrip waveguide processing on a ferroelectric wafer.




crossing of the polarization profile. The experimental curve at the top right of Fig. 14 shows
a profile creating two such ducts, spaced approximately by the width of the strip electrode.
(Experimental procedures and instrumentation are dicussed in section IV.C below). Another
electrode configuration, with tapered ends suitable for directional coupler fabrication. is
shown in Fig. 15.

Parameters important in the fabrication of these waveguides are: (1) properties of the
ferroelectric ceramic, (2) thickness of the wafer, and (3) curvature of the electrode edges. The
properties of the ceramic play a fundamental role in establishing the width of the waveguide
duct. which is related to the slope of the polarization transition profile (Fig. 14, top right).
This width is important because it determines whether or not the waveguide propagation is
single mode or multimode. Experiments have been performed on both a hard ceramic (PZT-4)
and a soft ceramic {PZT-5H),® showing that PZT-4 produced narrow ducts (singlemode) and
PZT-5H broad ducts {multimode).

A conflicting requirement on the choice of ceramic is that it must have as large a @ as
possible at megaherz frequencies. There exists, at present, essentially no qualititative data in
the ferroelectric ceramics literature concerning @ as a function of frequency. However, our
waveguide experiments show that PZT-5H (in which single mode waveguides were easily real-
ized) has unacceptably large attenuation losses. A compromise candidate has been found in
PZT-R8. This is a hard ceramic with good high frequency @, but it also generates counter-poled
ducts of widths only slightly broader than those in PZT-5H. The exact physical phenomenon
determining the duct width.as not yet been identified; but in the materials listed a correlat’ u
has been noted between large elastic stiffness and broad duct width. Barium titanite ceramics
should also be studied in the future, to further explore this question.

Fin~lly. the thickness of the ceramic wafer and the curvature of the electrode edge
influence the width of the electrode fringing field. and therefore also control the width of the
region subject to depoling. (Figure 16 illustrates a calculated plot of the fringing field near
the edge of a depoling electrode on ceramic). The width of the fringing field region decreases
with the thickness of the wafer; and it has been confirmed experimentally that duct widths
are narrower on thinner wafers. This is another factor to be considered in designing these
aconstostrip waveguide structures.

Measurements of guided wave propagation were reported on both PZT-4 and PZT-5H
single acoustostrip waveguides in Reference 3. These experiments were performed using a new
method of wave excitation (edge bonded transducers) that has turned out to be a superior
method for creating clean. localized acoustic excitation profiles. Laser probe measurements
were made in the pulse mode to determine the amplitude profile of the propagating duct
wave. Very accurate propagation velocity measurements were also carried out, and these gave
glue-bond and transition wave velocities in very good agreement with theoretical predictions.
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FIGURE 15

Differential poling apparatus
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Improper poling conditions and/or inferior ceramic may result in cracking within the
poling transition zone. Interface waves scatter strongly from such flaws and provide an
excellent means for probing the integrity of transition zone structures intended for waveguide

or other applications.

B. Directional Couplers

The bottom part of Fig. 14 shows our first acoustostrip waveguide structure designed to
test the directional coupling principle.® Two closely-spaced waveguide ducts were created in
the depolarized transition zones at the edges of a strip electrode (Fig. 14, top). Coupling
between the waveguides is adjusted by controlling the electrode width, so that the two
guided wave profiles overlap. In the light of the discussion in section IV.A above, it can
be seen that this overlap will also be affected by the properties of the ceramic and by the
wafer thickness. Directional coupling action was demonstrated by laser probing the acoustic
vibration amplitudes on the two parallel acoustostrip guides. An example of measured data
is shown at the lower right of Fig. 14, where the wave is launched at the top of the set of
curves and proceeds downward. It is seen that transfer to the second guide occurs after a
travel distance of 26.6 mm. This data was taken using 8-cycle tonebursts at 1 MHz on a
PZT-5H plate 3.81 mm thick and with a diameter of approximately 51 mm. As described
in Reference 9, the effective spacing of the coupled waveguides was subsequently decreased
by applying a reversed depoling voltage (6.3 KV/cm) to the electrode for 60 seconds. The
effect of this was to increase the coupling and to decrease the energy transfer distance from
26.6 mm to approximately 11.6 mm. Voltage control of directional coupling could be very
significant in PMN structures, if waveguide fabrication should prove to be practical in these
materials.

A new generation of acoustostrip directional couplers has now been fabricated. with
tapered duct spacing at the input and output to provide better isolation. Figure 15 shows
one of these devices in the poling station, where the tapered depoling electrode is clearly
visible. In Fig. 17, the processed device is shown with the poling electrode still in place:
and in Fig. 18 it is shown mounted in the text fixture, with the electrode removed. These
devices are being tested in the pulse mode at frequencies up to 7 MHz. The objectives are to
carefully quantify the S-parameters of the devices and to obtain quantitative data relating
performance to the fabrication parameters (i.e.. poling profile shape, wafer thickness, and
material properties). This will lead to better physical understanding of how the polarization
response of the ceramic can be tailored to suit various eventual device applications (directional

couplers. resonators, filters. etc.).

C. Instrumentation

To obtain the above results and to prepare for achieving the device characterization goals
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FIGURE 17

PZT-5H wafer with poling electrodes still in place.

FIGURE 18

PZT-5H directional coupler in test fixture. Poling electrodes have been removed.
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stated at the end of section [V.B, it has been found necessary to improve our laser probe and
poling system.

Laser Probe. During the current reporting period, the laser probe was interfaced with
a dedicated laboratory microcomputer. Software was written and hardware developed to
control the sample scanning mechanisms fully automatically, and to acquire and plot data.
{This facility has also played an essential part in the composite material studies of section I).
The electronics of the laser probe detection system has been modified to permit measurement
of acoustic tone bursts at carrier frequencies up to 7 MHz.

Poling Apparatus. To permit rapid characterization of the poling conditions, new record-
ing instrumentation has been developed. The circuit used is illustrated in the insert of Fig. 19.
where the series resistor is intended to limit current flow in the event of breakdown, and the
current integrator monitors the degree of poling achieved under various conditions. During
a poling operation, the amount of charge flowing through the integrator is

AQtotal = AQinitial charge +'A(AP) - AQd:’acharae —

= A(AP), @

where A is the electrode area and AP is the change in ceramic polarization due to poling.

Figure 19 illustrates data taken in this way for a PZT-5H sample, with the process allowed

to run to completion at each value of poling field. The same system can be used to quantify
poling conditions as a function of time.

V. SUMMARY OF SIGNIFICANT ACOMPLISHMENTS

(1) Floquet theory of periodic composite plates developed and compared satisfactorily
with frequency resonance spectra measured at Penn State on a large variety of
samples. This theory predicts dependence of the lateral resonance frequencies on the
thickness/spacing ratio for the PZT rods in plastic plates, with percentage volume
rates up to 20%.

(2) Characterized the dependence of interface waveguide duct thickness (acoustostrip
waveguide) on the material properties of the ceramic and on the plate thickness.

(3) Experimental demonstration of acoustostrip directional coupler action at frequencies
up to 7 MHz.

(4) Extended the operation of the laser probe up to 7 MHz in the pulsed mode.

{(5) Developed new circuitry for rapidly monitoring the poling state in fabricating
differentially poled samples.
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Relative polarization versus poling field measurements (PZT-5H at room temperature).
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VII. APPENDIX A

From Proceedings of Ultrasonics
Svmposium. 1983 (Reference 3)

OYNAMIC 3EHAVIOR OF PERIODIC PIEZOELECTRIC COMPOSITES

»
8. A. Auld, H. A. Kunkel, Y. A. Shui, and Y. Wang

Edward L. Ginzton Laboratory
Scanford Universicy
Scanford, California 94305

Abscrace

Comp:-site piezoelectcric transducer materials
:onsisting of two=- and three-dimensional periodic
irrays of piezoelectric ceramic elements (i.e.,
r3ds, scheres, etc.) in a plastic macrix aow plav
in imoorcanc role in hydrophone techaology. These
nacerials were conceived and developed on the basis
>t scricctly stacic elasticity consideracions, suic-
ible f{or general aspects of hydrophone performance,
suC in order to completaly understand and exploic
such macterials ic {s essencial co fully develap a
theorv of their dynamic behavior. This paper pre-
»ents 3 general Floquet theory of wave propagation
in seriodic elastic composites and develops de-
za1led results for composite places consiscing of
.eramic Tods imbedded in a plascic macrix. Laser
Jrobe measurements of cthe vibracion discribucion
.1 such places show good agreement with theory.

l. [I[atroduction

The design and fabricaction of artificial mace-
r1als for special purposes i3 a rapidly growing
secnnology, with applicacions spanning the range
‘rom mechanical structures to electronic devices.

An important class of these new materials is the
‘amilv of piezoelectric~polvmer composite trans-
sucers for various sonic and ultrasonic devices.
I Jesigning sSuch macterials, consideracion is given
=2 zhoosing the component phases of the composite
naterial so a8 CO maximize some f{igure of merit for
:ne aoplicaction envisaged. For example, in an elec-
sromechanical transducer one wight wanc to maximize
zne plezoelectric coupling, minimize the density and
sotimize the acoustic macch to wacer. Single phase
~acerials, such as ceramic piezoelectrics and plas-
©.l olezoelectrics, are not chemselves optimum in
3.1 1nese respecIs and che zoal {n composite mace-
rial design is to find che Sesc combinacion of
~nases. For example, it ~as been found that com~-
sosi1tes consiscing of 22T rods imoedded in a plascic
~acrix have certain plezoelectric coupling coeffi-
.23 CThat are mucnh superior to those of homoge~
1eous ?ZT.! Many diffarenc regular two-phase :PZ7
g tlastac) composite stTuctures (ot lattices) nhave
-een ‘abricated ind studied in the low frequency
Lang wavelengch) regime, wnere the periodicitv of
e sgructure 18 smail compared with CLhe acoust:ic
«velengcn. This is appropriate to tvdrophone
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applications. More recentlv interesc has bdeen
directed toward the behavior of these macrerials in
the frequency range where the structural period (s
comparable to a wavelength and where the material
itself exhibits frequencv~dependent behavior simi-
lar to that of vibrations of a crystal lattice near
the Brillouin zone boundary. Quantitactive under-
standing of this phenomenon is necessary for an
evaluation of che role of chese materials in trans-
ducer applications at higher frequencies.

2. Floquec Theory for Two~-Dimensional Composices

Although the theory presented here is appli-
cable to full three-dimensional lattices of arbi-
trary inclusions impedded in a macrix and can Je
extended to periodic composites with three or more
phases, the discussion will be restricted 2o two-
dimensional struccures such as those shown in
Fig. 1. The treatmenc is completely paral%el to
the ctheory of the bdand stCruccure of solids< but it
involves vector, rather than scalar, wave functicns.
Another analogy may se drawn with the vibracions ot
a crystal lattice, with the difference that the com-
posite is a continuous medium rather than 3 latt:ice
of point masses coupled by springs.
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“flere tne -derivative actuallv appears IO the left
>f the eiastic ZonsZant but can de shifted o the
riznt-nang side when che zonstant is uniform in

space. This step canno¢ be taken Ln a composice,

w“here spatial derivatives of the elastic constants

TusC Je consigdered. To 2o this, it iS5 Ionvenlent
22 write Ig. 1) as
o
N S -
M;I‘IJLJjuJ - Swiyy , ()

Jnere -ne operators are defined in Ref. 3, and to
separate -he mnater:al parameters inco spacial aver-
age and spacially varying parcs,

2, (t,y - o, +dc x ' Ja
1 v) g+ U( vY) (3a)
(x,y) ® o+ Jo(x,y) . (3%)

Supscitution reduces Zq. (2) co

= =2 ,

L= oWl s wom B(xy) s w (4
2 3 « ) magrix equation. The first term on the
Left is the operator on che .eft-nand side of Zq.
»2), written for the spacial average elastic con-
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be described by three vector components. These
could be taken as components with respect o che
coordinate axes. However, it {s mych more useful
to take as a basis the polarizacion vectors of
elagtic waves propagacing in the average mvedium
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tne square roa lactice af Fig. [(a). For the cir-
1ulat Tod geomecrv tRe siac funczions ire repliaced
v rinc functions. A dispersion relation Yetween
. and 3. in Eq. ¢7b) is obcained Sv sectiag
zne decerminant of Z3. (3) %o zero, performed in
Iractice 2y truncating the system and adding aadi-
1ional terms until sacisfactorv accuracy is at-
tained. In cthe limic of D = J in Fig. | zhe
zsupling constants 3o to zero, and the solutions
secome the three plane elastic solucions traveling
:n the direction of 3 in a homogeneous zedium.
Zonsequently, the solutions (elascic 3loch waves)
2f Zq. (8) are of three distincc types, consistent
<ith this limiting bSehavior.

-

J. Wave Propagacion in Special Direcctioans

‘nderstanding the wave behavior described bv
the theory apove and applying it to the incerpre-
tation of experiments is facilicated “Hy considering
speclal propagacion directions. [f 3z 1is zero
A 2q. (7h), cthe assumed 3solutions are z-indepen-
lent and the macrices in Eq. (4) partition inco a
1 < I matrix involving wux,uy and a scalar parc
iavolviag uz . This is easily pictured pavsi-
zaily if che generacion of space harmonics is
visualized as arising Ifrom mulciple scattering of
¢v=propagating waves by a perjodic square arrav of
ine z-oriented rods in Fig. l; and it means thac
z-poiarized 'and xv-polarized) solutions can bde
lreated independently.

The z-polarized solution, being scalar, has
tne same form as an electronic wave function and
13 zherefore particularly useful for picturing che
anvsicali denavior of these waves. A basic Ieature
.S the existence »f stopbands, which can be related
15 3ragg scatlering {rom planes of rods having
various orientacions in che square lattice. The
*3sencial pnenomena can bSe explained by reference
12 Fig. 3. Suvppose in Fig. 3(a) that a z-polarized
<=-propagating shear wave 1s incident on the gracing.
At a frequency for which the rod spacing d is
Jne~-half shear wavelength, constructive reflecrion
+3ragg scatrering) occurs from the vertical planes
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Tigure J = Jnit cell geometries and laser scan
sachs. (a) Standing waves ac the
second scopoand, along che unit cell
2dge. D) 3tanding waves at the second
stoovand, along the unit cell diagonal.

2f rods, and resonance 2Ccurs Jerween id:ac
vertical planes. The x-orocagatinz wave .3
scattered from planes of rods at +3 iegrees
X and y axes; bur, la this case, 3razg :
tions ire 10t satisfied and resonance i0es
Jccur. A sfoppand 2x1sCs it 2 = -5, 1 I3
oropagating wave, dut Znere (s ng resonant s
fering Lnto v-propagarling wvaves. AL tne
edge the solution is a standing wave alan
1f the scactter:ing 15 Zeax, the wave form .3
curately described bv only :Iwo space narmonils,
those for which the corresponding left-nana sides

of Eq. (8) are simultanecusly near resonance

(0 0 and -1 9J; with 3” 2 3¢ ). From zne sguare
symmecry of the lattice a similar scanding wave
solution along v , described aporaximatalv ov

space harmonics 0 J and ) ~i; with .

also exiscs. This hehavior czorresconds o the firsc
stopband of cthe lactice.
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When the rod spacing & 1S One shear wave=
leagch, a complecely different stanaing wave pac-
tern resulcs, as illuscracea in Fig. 3{a,. Ia zais
case a z-polarized x-propagating wave is 3gain 3ragy
scattered, with a phase shiftc of I~ Irom sne ver-
tical plane of rods o an adjacent plane. However,
it {s easily verified that the wave is ilso 3ragg
3cattered, at the same Irequencv, 2v zhe +39 2lanes
of rods, so that resonant scatteriag of the x-~ozrova-
zating wave 1into a v-propagating wave 3ccurs. Lhese
y-propagating waves also experience resonance scat-
tering of the same -ype. As a cesul:, the solucian
is a two-dimensional resonant standing wave pattern
described, for weak scattering, dv {our space rar-
monics (0 0, -2 0, -1 1, =1 =1, wich 3 _ = iy ).
JDifferenc combinactions occur, consistent wiza :the
symmetry of the lattice. Figure 3(a) sncws tne zne
for which the rods 31l vibrate in pcnase. This and
the octher two~dimensional standing wave »acza2rns
correspond to che second stopband of zhe sguarve
composite lattice.

Similar commencs :an be 7ade Ior xv-oolarized
7ave propagation, starting from an x-solarized x-
propagating or 3 y-polarized x-nropagating wave.
In this case the 3ragg scattering argurent 310Ws
thac onlvy longictudinal soace harmenics 3r sears
space harmonics can bYe si1mullfaneous.y “ear T2350-
nance, a conclusion that is easiliv zzoniirmed v
£q. (3).

Another special -ase .s Ihe ne ot
Z - = 2 )
< /
in £3. (79). Sucpose, for =2xamp.z, 1

z-propagating Jave .3 Lncllent on The
3ragg scatrering 2an JCccur seciuse tne s
uniform alang However, a 3patia. =
of the pnase “roncs 1s sraduces >v Ire 1
in the properties 5 <he £ocds ang ne Tna . i
sequentlv, space Narmonlss are jeneractac, Ul ~Ine
are resonant. 3imi.3r zonclusions 3dre J0C3iled [T
z=propagacing Javes 3f 1Iher D0.3rL4CL385. 1
are consistant wiin the svstam >f
monic equations ‘Iz, Y

oz
<2UD.el 3D4Ce “ar-




VIII. APPENDIX B

LAMB WAVE FLOQUET THEORY FOR A
PERIODICALLY COMPOSITE PLATE

Flogquet theory for an infinite isotropic composite medium was formulated in Appendix
A by expressing solutions to the acoustic wave equation in a series of plane wave harmonics
Each order of space harmonic (for example, the ¢m-th space harmonic) includes plane waves
with the three possible plane wave polarizations corresponding to the space harmonic propaga-
tion factor 3. - (Fig. 2 of Appendix A). There are therefore three space harmonie amplitudes
Army (n = L. S,5") 1n each order (€ém) of space harmonic. Substitution of the Floquet solu-
tion (or space harmonic expansion} into Eq. (2) of Appendix A, and use of the orthogonality
properties of the space harmonic wave functions, lends to an infinite set of coupled equations
for the space harmonic amplitudes (Eq. {8) in Appendix A). Standard methods can be used
to solve these equations. including the coupled-wave approximation (in which only space har-
monies that are near “resonance™—i.e., have the right-hand member of Eq. (8) near zero-—are
retained). Difficulties arise in treating the composite plate problem by this method, because
space harmonies are coupled both by the spatial inhomogeneities (Ap, Ac;y) and by the plate
boundary conditions. These boundary conditions couple not only space harmonics of different
orders but also different polarizations in the same order of space harmonic. Selection of the
important terms in the Floquet solution therefore becomes very complicated.

The ditliculties stated above can be avoided by taking the space harmonic terms .. the
Floquet solution for the plate to be Lamb mode and SH mode wave functions, rather than
combining infinite plane wave space harmonics to match the plate boundary conditions. By
choosing Lamb and SH mode wave functions as a basis, one pre-matches the space harmonies
to the plate boundary conditions. To illustrate the method, a simplest example (the one-
dimensionally periodic composite plate of Fig. 4) has been chosen. For plate mode Floquet
analvsis the acoustie field equations

(1

are used. rather than Eq. 1) of Appendix A. Here, the spatial average dens..y 7 and com-
pliance & are defined in a similar way to § and @ of Appendix A. The general form of the
Floquet solution is
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v v(z)
] = [ ]exp(—iﬁor)

(2)

In = Jo + 27m/d.
where v(z), T\z) are functions of period d (expanded in a Fourier series), and a, are the
space harmonic amplitudes. At the stress-free surfaces of the plate (z = 0, b) the houndary

conditions are

3 T= Z ans - Tphexp(—id,x).

Since this condition applies for all values of r,
2 Th=0 (3)
for all n.

As in Appendix A, the individual space harmonic wave functions on the right-hand side
of Eq. (2) must be expanded in suitable basis functions. In a structure with one-dimensional
periodicity and propagation parallel to the periodicity, the Lamb and SH modes are decoupled
by svmmetry. The Floquet solutions may therefore be taken to be of either Lamb mode or
SH mode species. Here, the first case is chosen; and

an[l’n(z)} exp(—Jﬂ‘r) = Zanu[

T,(z) v
where v,,,. Ty, is the Lamb mode function that satisfies the acoustic field equations at J, and

vnu(:) )
exp(—in,r), (4)

YIL’Z

« = wnp (Fig. 4). These mode functions can be shown to satisfy the orthogonality conditiun
of Eq. (11.73) in Reference 5. To develop coupled space harmonic amplitude equations, Eq.
(4) and Eq. (2) are substituted into Eq. (1). This result is reduced to a set of coupled space
harmonic equations by following the procedure used in deriving Eq. (11.71) of Reference 5
(taking solution 17 to be Eq. (2) above and solution *2” to be the Lamb mode wave function
with n = m and v = pu (@ = wny) in Eq. (4). The result, corresponding to Eq. {11.71),
is then integrated through the plate thickness. Expanding the divergence operator on the
right-hand side of Eq. (11.71). applyving the boundary conditions of Eq. (3), using the fact
that the m.u solution satisfies the field equations at w = w,,,, and integrating over the unit
cell. finally vields the coupled space harmonic equations

(W = wWmu)amy =uZ[\’mu,m,anp : (3)

nv

The coupled constants on the right-hand side of Eq. (5) are obtained by integrating the
Ap. As matrix in Eq. (1) (weighted by multiplving with appropriate combinations of Lamb
mode space harmonic functions) over the unit cell of the composite.
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