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Abstract

A new type of transducer array has been
designed and built for imaging surface defect in
metals such as aluminum. The array is formed by
edge-bonding a piece of piezoelectric material to
a substrate of the same material as the sample to
be tested. The individual elements in the array
are formed by photolithography, and each element
acts as an edge-bonded surface wave transducer.
The array has 32 elements resonant at a center
frequency of 3.1 MHz with a round trip 6 dB and a
+35°, 3 dB acceptance angle at its center frequency.
A theory has been developed which predicts the
angular response of the array accurately.

1. Introduction

Several years ago, Kino and his colleagues
developed an acoustic imaging system for NDE based
on a phas?d array technique which used chirp-
focusing.! With this system, it was demonstrated
that various types of waves, including shear, Lamb,
and Rayleigh waves, could be excited by mode con-
version from a longitudinal wave array in water,
and that imaging could be performed using these
types of acoustic waves. Normally the array is
held at an angle to the surface of interest, longi-
tudinal waves are excited in water, and with the
correct choice of angle, Rayleigh waves or other
modes of interest may be excited and focused in
the substrate.

The problems of mode conversion have become
more severe as we have improved our imaging sys-
tems. The difficulty is that the mode conversion
process introduces aberrations into the image
because of the differences in velocity between the
waves in water and the waves in the metal so that
as angle of attach of beam entering the metal is
changed, the time and phase delays of the rays
change slightly. It was not a problem in our
earlier systems with definitions of the order of
2 mm; aberrations of this type have only become a
problem now that the imaging systems have defini-
tions of the order of .5 mm.

Accordingly, we have constructed a new type
of array especially designed for exciting acoustic
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surface waves in NDE applications. This array
consists of a piezoelectric ceramic slab bonded

to a metal substrate of the same material that it
is desired to examine. The principle of operation
combines some of the earlier ideas on monolithic
transducgrs with that of the edge-bonded trans-
ducer.2-5 Thin film electrodes are deposited on
the back of the ceramic, which is itself approxi-
mately a half Rayleigh wavelength thick. The
ceramic is poled in a direction perpendicular to
the surface of the substrate, so as to c.cite a
strong SV component. The electrodes are them-
selves approximately one wavelength long in the
direction perpendicular to the top surface of the
metal and ceramic. These electrodes, therefore,
efficiently excite a Rayleigh wave whose penetra-
tion depth is of the order of one wavelength. The
individual electrodes themselves are approximately
one wavelength wide and are separated from each
other by a gap of the order of a wavelength in
which a grounding strip is deposited, to shield
the individual array elements, one from the other.

The PZT-5H ceramic is epoxy-bonded to the
aluminum subsgrate using the Papadakis method of
thin bonding.® The back side of the array is
metallized to achieve good grounding and to mini-
mize the variation of electrical impedance from
element-to-element due to nonuniformity of the
epoxy bond. Individual elements of the array are
accessed by ball bonding 2-mil gold wire to the
electrodes. PZT-5H was chosen for the piezoelec-
tric material because of its high dielectric con-
stant in this application (7] = 3000) and large
coupling coefficient (k?% = 0.65) . This makes
it possible to obtain transducer elements with a
low enough value of impedance for transformer
matching to a 50 ohm load., Because the impedance
match between the ceramic and the metal is fairly
close, a wave excited by a single electrode, which
forms the array element, does not reflect back and
forth in the ceramic, thus avoiding coupling the
elements together. So the elements do not need to
be slotted. Furthermore, because the Rayleigh wave
velocity in the ceramic (2.05 x 105 cm/sec) is
Tower than that in most metals (2.85 x 10° cm/sec
in A1), it follows from Snell's law that a ray
excited in the metal substrate will emerge at a
larger angle to the axis than the corresponding
ray in the ceramic.
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By using the arrgy in the coupling configur-
ation shown in Fig. 197 it is possible to trans-
fer energy from the substrate in which the wave is
excited to a neighboring identical substrate mate-
rial. The two substrates are placed parallel to
each other, with a thin layer of plastic between
them, the layer of plastic being of the order of
5mm to 1 cm Tong. No aberrations in the focusing
are introduced by this coupling technique, because
the wave velocities in the two substrates are
identical.

2. Theoretical Analysis

A theoretical analysis of the transducer has
been developed, based on the edge-bonded trans-
ducer theory given at this conference last year.
This theory has had to be modified to take account
of the finite width of the array elements and the
fact that the rays can be emitted at large angles
to the transducer axis.

We therefore considered the excitation of a
straight crested wave in the ceramic at an angle
6 to the x axis, shown in Fig. 1. This gives
rise to a plane wave in the metal at an angie GM
to the axis, where by Snell's law
sin 8 v
G . R | (1)

sin B Vo

where vy and vp are the wave velocities in the
metal ang ceramic, respectively.

We use the normal mode equations and notation

given in Ref. 5 and write, for a wave propagating
at an angle to the axis:

3 ju
s jga = — p(X',y‘Z')d;:(.x'.y')dx'dy' (2)
?z' 4p

where

B = kcos (3)
z' = zcos® +xsino (4)
x' = xcos @ -2zsine (5)

and k = w/vg .

We assume that the charge on an electrode of
width w and height h 1is Q so the charge
density is uniform and of value o = Q/wh . The
charge on the front electrode is more spread out
due to fringing effects, and its distribution is
taken account of in the theory. We assume a per~
fect reflection at the back surface of the wave
generated in the backward direction.

We also treat the reflection at the front sur-
face of an SV wave with only a v, component, We
find that the reflection coefficient at the front
surface is
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zl - Zl
R ®
Iy * 7y
where Iy = Zy cos Oy , Z0 = Zg cos 6 , and 2
and_ 23 are quasi Rayleigh wave impedances M
defined as IM = PMYM » Z0 = po¥g » and py and
pg are the mass densities of ghe metal ang piezo-
electric material, respectively.

Nith the use of these assumptionswe calculate
the amplitude [a(2,9,k)| of the excited wave to
be of the form

Ial = K(k,l)vl + secthg, - CES_SM
cosh y2
[sin (kz cos e) sin (kw sin 8/2)
2 kw sin 8/2
n Ve
%

2 (7)
Iy 2 2
— cos“(ke cos 8) + sin“(kr cos 8)
ZI

0

where K(k,2) is a parameter which can be calcu-
lated from the edge-bonded transducer theory5 and

Yy = (eg3/511)1/2k sin 6 . (8)
The first square bracket in Eq. (7) accounts for
the fringing field effect and gives the basic
excitation of the plane crested wave. The second
term accounts for reflection at the back surface.
The third term accounts for the width of the
transducer element, and the fourth term accounts
for the reflection at the front surface.

We note that the effective propagation con-
stant in the Z direction 1s k cos 8 . This
serves to peak up the response for off axis rays
at higher frequencies where there is a half wave
resonance, i.e., where k2 cos 8 = 7 . On the
other hand, the fringing field effect tends to
Tower the large angle response at higher frequen-
cies, as does the effect of the finite width array
element.

The radiation resistance R, of the trans-
ducer can be calculated from the original theory
of the infinite widtg edge-bonded transducer by
putting Ry =ReP/21¢ , where P 1is the radiated
power and I = juQ 1is the current entering the
transducer element. This in turn implies that
the original edge-bonded transducer formulation
must be modified by multiplying thg expression for
Ra by a term proportional to (G)Yde . The
normalization required is obtained by matching
both theories, analytically, for the situation
when kd + o |
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3. Experimental Results

The transducer elements of the array were
tested by exciting them with a narrow pulse and
receiving the returning echo from the far corner
of the aluminum block. The maximum amplitude of
the returning echo from the far corner were
within +1.0 dB of each other for all the elements.
Figure 2 shows the measured impulse response of
22 elements of the array, connected in parallel,
and the Fourier transform of this response. We
note that this result corresponds to normal inci-
dence. The elements have a center frequency for
normal incidence of 3.1 MHz and a 6 dB bandwidth
of 65%. The insertion loss of each element was
determined by exciting the element with an rf
tone burst and measuring the amplitude of the
reflected wave from the far end of the aluminum
block. After correcting for both the rgf]ection
coefficient of a 90° corner in aluminum® and the
diffraction loss, the measured two-way insertion
loss of each element is 14 dB.

The acceptance angle of an individual element
was measured by exciting it with a tone burst and
receiving the signal with a wedge transducer that
is moved along a 6-cm circle, facing the element.
The maximum amplitude of the signal receive by the
wedge transducer versus angle is plotted in Figs.
3, 4, 5, and 6 for 4 different frequencies,
f=04fy, f=08fg, f=Ff, ad f=1.2fg
where fp = 3.5 MHz , "and compared to the theoreti-
cal resu?t given by Eq. (7). It will be seen that
the agreement between theory and experiment is
excellent. The angle of acceptance at the 3 dB
points is approximately +35° at the center fre-
quency. It will be noted that there is some evi-
dence of cross-coupling in the response at 1.2fp .

The input impedance of 16 elements of the
array, placed in parallel, was measured and is
shown as a function of frequency in Fig. 7. The
insertion loss of these elements corresponds within
2 dB to the electrical mismatch 10ss when measured
into a 50 @ load. The theoretical plot is not
given as we have still to finish the complete
numerical analysis, using Eq. {7), along with the
results of the edge-bonded transducer theory. We
now have calculated vg for PZT-5H and find that
vg = 2.03 x 105 cm/sec . This is in good agree-
ment with measurements carried out by Yu with
interdigital transducers on PZT-5H which gave a
value of vy = 2.05 x 10% cm/sec . The measured
impedance has a peak at 3.9 MHz rather than 3.5
MHz. This is due to the excitation of waves at an
angle to the axis. The results of Eq, {7) when
used to perform the integration of aé(e) , do in
fact, tend to make the impedance have a peak value
at a higher frequency than 3.5 MHz. The minimum
insertion loss occurs at a lower frequency (3.1
MHz) due to the fact that the reactance has a
minimum below 3.9 MHz.

The surface wave generated in the substrate
has been coupled onto a substrate under test by
holding the two pieces parallel to each other and
using a thin film of water or plastic approximately
5 mm long as the coupling medium. For aluminum-
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aluminum coupling, it has been calculated that at
a center frequency of 3.5 MHz, the transfer loss

is 2.7 dB with an optimum coupling lengthof 4.5 mm.
Experimentally, the one-way transfer loss is mea-
sured to be 3 dB.

4, Conclusions

A new type of edge-bonded surface acoustic
wave transducer has been built. The array has the
advantages of simpler construction and use thanthe
conventional slotted array, and furthermore should
not give rise to aberrations in a focused surface
wave image. High efficiency, broad bandwidth, and
wide acceptance angles for the individual elements
have been obtained. A theory has been developed
to predict the angle of acceptance of the indiv-
idual elements, which is in excellent agreement
with the experiments. The theory should lead to
compiete predictions of the impedance of the trans-
ducer elements as a function of frequency.
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Fig. 2. The impulse response and its Fourier
transform of 22 elements of the array,
excited in parallel 0.5 usec/Div for the
impulse response.

-80 2 +37
ANGULAR ACCCPTANCE, DEGREES
F/EB = @. 4 Fig. 6. The experimental and theoretical angular
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Fig., 3. The experimental and theoretical angular
response of the transducer array at f/fg=0.4.
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The measured input impedance of 16 ele-
ments placed in parallel.
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