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1,0 Dosign requirements

For the lower frequencies, particularly below 20 KHz, occcasion=
ally up to 100 KHz, the sandwioh tranpducer is a well-eatablished
design, most frequently of cirsular section in the form of a tapered
head sectlon, s ateck of plezo-electrisc ceramic rings with an outside
diemeter arcund a half or a third of that of the heed, and s heavy
tail mass, the whole held together by epoxy reain bonde and a central
pre-streasing bolt; +the proportions of the parts sen be esasily
varied, giving the designer a wide choice of parameters, in partiou-
lar s lower Q belng obtained by making the staok of smaller dlameter
than the radiating face. The major limitation to this technique
is that the face has an optimum dlametar of about 0.6 to 0.8 wave-
lengths (in water); with s smaller diameter mere unita are needed to
cover a given area, and with a larger size a heed driven over only
the central part does not act as a rigid piston, so that the redia-
tion load is lower than expectsd and the beamwidth wider. For
the high frequency range, partloularly above 200 KHg, single pieces
of ceramic are uged, although with soms limitations on the maximm
alze. However the designer has to sacept what the ceramio manu-
facturer can provide, and the bandwidth and electromechsanical coup-
ling can be varied in only & very reatricted way by choice of plezo-
electric material, but thers is little restriction on the shape and
slra, For the intermediate rangs, around 100 to 200 KHz, the
type of transducer most convenient to make is the sandwich element
of constant cross-saction. In this range, the thickness of a
asingle plece of ceramic resonating in the "thicimess® mode way be
too thick for poling, and the small asize of & tapered sandwich leads
to difficulties in manufacture and additional uncertainties due to
the finite thiclmess of ths epoxy bondas. Furtharmore, unleass
an array has to be subdivided inte a number of small e¢lements, &.g.
for scanning or multiple beem forming, it is obviously uneconomic to
use several transducers where a aingle one will do tha job. Whaen
the radtating faces of these straight sandwiches are many wavelengthas
aoross, maybe ten or mere, so that edge effectamay be neglectad, the
design can be done by ualng "bulk" velocitlea and impedances, in
exactly the,sams way that the "bar" parameters are uged in the design
‘of tapered sandwiches, although without the edvantages of variable
aren. But for face siges between ths two extremss, mainly one
to five wavelengths mcross in water, for both straight sandwichea
and single ceramic plates the lengitudinael or thickmess resonances
are not uniquely defined, and edge offects are of considerable impor—
tance; within the bulk of the materials infinitesimal elements are
neither laterally free, as in narrow bars, nor laterally blocked as
in infinite plates, and the effeots of resonances which are functiona
of the cross-dimsneions must be considered.
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2.0 Plazo-olectric plates and diaca

The resonances of ceramic plates oan ba calculated, albslt with
soma diffloulty, and the resulta for PZT-4 squaree of varying thiok-
nesses {from oubes to thin plates) and BaTi0, dises ere given in ref.
1, but without any direct indication as to u&ioh of the rescnances
correspond to good radiating modes, and in general there are many
resonances, The results of measurements oh a few specimens are
shown in fig.2, in which the Q due to loading by water is plotted
against the face sire in wavelengths, since this is the usual star-
ting point for most deaigna. The 40 mm. BaTil, dlsc was obtained
as & 100 KNy olement, with D/A aqual to 23, but af this Prequency
the Q is 60 (for the purposes of the present inveatigation a value
of 30 is taken as the margin of asceptancs, as thim is the Q of a
large PZT-i plata); a much more useful result is obtained st B3 Kis,
DA = 2%, § = 36 {unfortunately neither the luwest resonange at 67

KHz nor that at 13t KHz were measured). The 32 mm, PZT-4 disc
Bives quite good Q's for all its lowest four resonances, the best
being 28% for DI/A aqual to 3.1. The 25mm. square PZT-; plate was

obtained as a 250 KHz eloment (D/A = 4.2); W the § at this resonance
is rather high at 59, but the next two lower ones are much better,
with Q's of 30 and 33. The lowest two resonances, not shown on
the graph, have elthsr a high § or a low coupling ccefflcient, and
this is probably due to this crystal being relatively thinmer than
the other two tested. It should be notad that the Q's gilven are
due solely to loading by the water, any damping due to the simple
mounting {foam rubber glued round %o keep the water out) or to losses
in the ceramic having been allowed for. A high leading Q indi-
oates that there are significant amplitudes of vibration elsewhere
than on the radiating face {and by symmetry on the back aide}, or,

in an alternatlve expression, energy storage in modes of vibration
which are only weakly coupled to the load, Thus any aebsorbing
structures, such as part of the mounting, attachad to tha sidea of
the element can meke the ¢ appear low, but giving a peer radlating
efficiency. This may be ecceptable in some applications, but it
may be ascompaniad by unfavourable phase and amplitude distributions
ove., the radiating face. ’

3.0 Sandwich Transducers
11 Description of the unit tested

A serles of measurements have been carried out on a 25mm,
aquare stack consisting of & 2mm. thick plate of PZT-h bonded between
equal lengthe of aluminium alloy. A square section was chomsen in
preferenca to a clrcular one, because of the greater ease with which
it could be ground to a uniform section after bonding and for ease of
¢lamping while the head and tail are machined to length. At the
start the.total length was about twice the width.

3.2 Frequency spectrum of resenances

This is shown in fig.i. The axes ere D/A, the face width in
wavelengths in water, and D/T, the width divided by ths total length.
The lowest resonant frequency for a thin bar ia determined by the
"bar" velocity, and this mode would appear on the graph as a straight
line through the origin with a slope given by : bar velocity = velo-
city in water x 2(n/f)/(D/T). The results for B/T up to 0.7 thus
give the velocity in aluminium as L.9 Km/ssc, the ceramic with dirp-
erent velocity and impedence having probably little effect. Also
ghown is the line for infinite plates in the thickness mode, with an
eatimated velocity for aluminium of 6.6 Km/sec. For thinner
shapes the frequency of this lowest mode varies less rapidly with T,
teing therefore controlled more by the width, and ultimately it muat
tend towards the lowest mods of the bare plate with D/A equal to 1.16.
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The naxt resonance shows initially no variation with thickmesa, and
it is post probably a planar resonence of the ceramic with the facea
blocked; with the faces free this mods has D/A equal to 1.68. The
third mode corresponds to the third harmonic of the prinoipal length
mode for a thin bar, but even at the thinnest shape tested the width
in wavelangths in the metal is teo great for the effective wava valo~
oity to be that for a thin bar, and so the rescnant frequency is not
jnversely proportional to length. As T is reduced, this mode
aplits into three, a phenomencn which theoretloally cannot happen
with homogenecus materdials, The higher modeas were not inveati-
gated in detail, becauss better reaults are obtalned by using a mede
more equivelent to a fundamsntal thickness mode, i.e. having D/T

in the reglon of the line representing the bulk veloclty,

3.3 Loaded bandwidths

The loaded messurements were done with the rediating face juat
dipping below the surface. of the water, so that it was effectively
wnbaffled; the same results would not necessarily be obtalned with
the transducer mounted in a housing providing s baffle, but this ia
unlikely to affeot the conclusions reached on the usefulness of the
various wodes. The unlcaded Q's are generally in the range of
500 to 2000, ths slloy having very low lossea, and so efficlencies of
over 95% have been obtained. The lowest mode is well behaved,
with 8 minipum ¢ of 14 for D/X about 0.85, rising to 27 at 1.5; how-
ever with the decreasing rate of change of frequenoy with T, not much
changse in D/) 1a expected for this mods. The effective electro-
mechanical coupling coefficient is high enough, increasing from 0.18
to 0.20 as the proportion of sceramic incresses from 4% to 10% by
voluma. The sesond moda showed very little coupling to the water
and detmiled measurements have been omltted. The third mode
started to show useful results only for D/M\ % 25, and then for the
two higher frequency resonances; at the time of writing the experi-
montal work is still continuing, but the evidence sc far ia that
rescnances are probably useful ift they lie aomewhore near the fre-
quencles predicted from the bar or bulk velocities. The main
exception to this is in the reglon 12 Z D/A 2 2%, where the velocity
ia not clearly either "bar” or "bulk", and square transducers with
aluminium alloy hesada g.nd tai%n canrot be mede for this range, which
glves beamwidthe of 20° to 40, a very convenient size for simple
echo-sounders; there 1p & 1little evidence that this is true alse for
clrcular cones.
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Fig.2 Bandwidth of sandwich element and ceramic plates

© PZT-4 32 mm, dia. 12 mm. thick

a 25 mm, square 8 mm., ©

A BaTi0, 40 om. dia. 27 om. "
—Sandw‘ich element 25 mm. square




