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ABSTRACT

A rims domain model is wred to design sensizive short.responte randucers by means
af cowmputerized simuiations ¢f the impuize resporse of matched pilezoelscreic of the impulse
responze of marched piezoelecinc transducers. The effect of marching on the performance of
fransmiriing and receiving FEI-3A transducers warking inro water loed are analyzed. The
ophimum acoustical characteristics of the quarter-wave leagrh marcking layers are determined
relatively fa @ compromise berween the sensilivity and the pulse duration, The effecrs on
transducer perormence of the existerce of bonding layer subsfantally thinmer then a

wavelengrh berween the acourie vibrater and the matching layers har been Invesripaed.

INTRODUCTION

In uliragsonic mondestruclive 1ests and ultrasonic medical diagnosis, it is
NeCCssary 10 transmil and detect sbort ultrasonic pulses 10 auain good ranpge of
resolution,  The usudl ransducer generates ulrasonic pulses of puliz widlh much
lomger than elecirical signals. For damping this free oscillation, acoustic backing
material is used at the back of the wansducer[1] but the backing materials abscrb

acoustic energy and therefor: reduce the ransducer sensidvity,

Transducer sensitivity and pulse duration are geaerally impeoved by adding
single or muluple quarter-wave matching layers between the piezoeleciric vibrator
and the lead mediem and this redoces Josses between the vibeator and load. In sech
cases, the acoustic impedance of e mawching lavers sclecied are known to act as an
important factor in the performance of the ransducer. Several theoretical methods for
analyzring the optimom mechanical impedance of the intermediate layer which provides
Broad fregueeacy band bave been reporeed in te bieriwee [2,3.4,5]. sech methods suffer
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from several inherent disadvantages which tead 10 obscure the exact influence of
intermediate layers. For example, the plezoclectric receplion process has a strong
integrating action which may mack the high frequency components associated with
thin bondlines. Furthermore, if 2 computer model is used, it must be sufficiendy
accurate to predict the effects of bondline variation.

This paper describes the use of a time domain model of the thickness of
piezoelectric transducer for the estimation of maiching layers and boadline quality.
The model is implemented directy in the time domain, in Lhe form of a recursive
digital filter [1]. The oplimum acoustcal characteristics of the matching layers are
determined by defining a compromise berween the sensitivity and the pulse duration of
the impulse response.

TRANSDUCER EQUIVALENT CIRCUITS

The transducer performs the conversion of clectrical energy into mechanical
enerey, and conversely, the conversion of mecharical energy into clectrical energy.
There is a fundamental relationship between the properties of the transducer and the
techniques have been developed for modelling transducer bebaviour and hence

predicting the required Sysicm response.

There are many computer models describing the bebaviour of ultransonic
piezoelectric transducers[6-8). Hargreaves[7] has multilayered piezoelectric
transcucer connected 10 any arbitrary electrical load. It uses z-transform techniques(8)
10 provide a discrete time implementation of the original frequency domain equivalent
circuit of Mason {se¢ Berlincourt et al[%]). His computer model is split into two
parts. [irst. the basic transfer function of we loaded piezoelectric element is evaluated
in discrete form using the z-transform technigue. Secondly, the discrete time responses
50 obtained are then processed by a nested set of digital filter operations that simulate
reverberation in the coupling layers coanected to the device active element, and backing
and load media connected to these(1).
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Three transfer functions are required for the tmnsducer whose equivalent
circuit is depicted in Fig, (1), For the transmission response. Fi in Fig. {1} 15 220 10
rera, and we require a transfer function relating the voltage at the transducer
termingls (v) to the excitztion voltage, taking into account the genérator mmpedance in
A Thevenin model. Also, for the transmission response, we require the fumcion
relating the force generated at the transducer load face (F ) to the voliage at the
terminals (V). For the device response when acting as a receiver, ¥V in Fig. (1) s set

by g2, ad we require e wolape al e raceiver erminals o< a fuoncton of te fores at
thie transducer receiving face, F: .

COMPUTATION RESULTS

Calenlatiom was made using typical dats fior tinsdocers constructed with lead
zirconate titanate (FZT-5A) piezcelectric element [9] wilh different quarer-wave
matching layers. In this computaton, the backing medium o be air, and disregarded
the thickness of the bonding layers. The ransmiter response was obtained foc a 20
mn diameter pulse-echo transmitter of 4 }'-‘.|JIz resonance freequency. The electrical
mpedance of the generator was aken a8 5 Okme, Assuming sinple impluse éxcitation
o the transducer, and consider the received echo waveform and its freguency spectoum,

at the teeminals of the same ransducer.,

The sensitivity is defingd as the maximum height of reccived pulse, given in
terms of volt and the duration pulse is the pulse lengih, given in terms of tme. Lat us
now examine changes in the performance of transducers with ong and two guaner-
wave lengih marching layers and detseming e optimum maching layer for the
transducer. Table (1) shows the variation of the materials that have been used for the
single quarter-wave matching layer with the pulse duraton and sensitvity. These
variations, for a single matching layer, in sensitivity. These variatons, for a single
matching layer, in sensitivily and pulse duration as funclions of impedance of e
materials are shown in Fig, (2). It is clear that the sensitivity [s maximized and
duration pulse minimized when the matching layer is Crlassbeads and Epoxy
fz=4.2x10% kgm'* £ [10). The vasiation, for 2 two marching laver of materials, in
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Fig. 2 Dependence of seasitivity and pulse duration ca the acoustic impedance of

the single matching layer.
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sensitivity and pulse duration are shown in Table (IT). We varied each of the matching

layer materials, and searched for the combination of materials that gives the smallext
value of duration can be cbuained by use of a glass of arseatic wisulphide (z,=8x10%

(4] for the first matching layer and a polystyrene (zz=2.5x10°) [11] for the second

matching layer. A matching layer arrangement that provides a minimum pulse
duration values does not necessarily give 2 maximum value for sensitivity, because the
seasitivity fluctuates much less than the duration pulse. Fig. (3) and (4) show the
received waveforms and frequency bandwidth computed for the optimum condition of
single and two matching layers. Fig. (3) and (4) shows that as the number of matching
layers increases, the received waveform has a relatively shorter tail, the frequency
characteristics of the amplitude and phase ase considerably improved.

Desilets et al[14] bad described a generalized formulation for several front
matching layers of an air-backed transéucer, From their analysis, the acoustic

impedance z of a single A4 maching section on the front of the transducer should have
a value of Z = ZT"’Zu’” = 4.19x10" and 10 obtain the opumum bandwidll, and for

two matching A4 layers Z, and Z, the acounstc impedances are Z,= ZTL"ZM“"-
23x10° and Z,=2 "2, ** 2 3.6x10° where Z, and Z,, the acoustic impedance of the

transducer and Wi load medium respectively. This configuration is relatively close to
one of our optimal configurations.

The actual transducers have bonding layers that couple acoustically the vibrator
and matching layers together. The presence of bonding layers in particular may means
that transducer seasitivity is not necessarily maximized at a matching layer thickness
of & quarter wave-length. Fig. (5) shows the reccived waveform for the cgtimum
single matching layer with epoxy bond line of thickness 10jm. Tt can be scen that the
sensitivity increased 10 3.67 volt and the pulse duration is 4.95 ps. It is clear from all
of these results that calculation using e technique proposed ir. *vis paper vields an
accurate analysis in the design of ultrasons = o
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Fig. 5 The received waveform of Figure (3 2) with Epoxy boad lin between the
vibrator and the matching layer,

Table (I) variation of single matching layer with pulse

duration and sensitivity

Materials for quaner wave maiching Pluse Secnsitivity
type and mixture impadance (Z) duration (Voliage)
: ' 2 5 (ps)
(Kg/m“.$)x 10 .
mathylplaten (10] 185 49 1.3
polystyrene {11] 3 4.7 1.7
polymethylmeth- (12}
acrylate 32 314 20
Gilassbeads and Epoxy (10 40 244 29
Glassbeads and Epoxy (10 420 23 22
Mclopas (10) 493 26 23
Al-Epoxy (13) X 31 22
Tungsten - araldiee  (13] 10 189 19
Glass arsenic (4)
trisuipbide 8.0 4.25 1.8

Tungsten - Epoxy  {13) 10.0 <5 1.8

-
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CONCLUSTIONS

A discrete time model of the thickness-mode piezoelectric ransducer has been
used to predict the influence of mechanical layers and inteamediate bond lines. The
model is obtained from the analysis of the electrical cquivalént circuit of a
piezoelectric device, The received waveform of uitrasonic transducers with one and
two quartier wavelength acoustic matching layers have been analyzed, and found that
the response of the transducer appears 10 improve as the number of matching layers
in¢reases. The technique could be exweaded 1o incorporate with four matching layers.
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Table (II) variation of two matching layers with pulse
duration and sensitivity
Materials for quarter wave malching Pulse Sensitivity
{irst matching layer Second matching layer duratidn
2 3
s z,Kg/m®.s) Ka/m*s)
Type 1 6 Type |20 p (us) (Voltage)
x 10 x 10

(rlass

arsenic 3.0 Polystyrene 25 22 24
trisulphide
Guassbeads | ., Rubber 1.4 235 234
and epoxy
Al- epoxy 55 methylplaten 1.85 294 2.2
Olussveads | 2. |oaspipuna]| 285 297 20
and epoxy
Al-gpoxy 55 polystyrene 2.5 3.4 20

Glass T i (Y 448 244

and epoxy




