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4magnitude and phase,

The angle beam model was used to design a procedure to inspect bronze-
epoxy-rubber multilayered structures. The design yielded an inspection mode
with shear waves in bronze and longitudinal waves in rubber, and a shear wave
angle of 320 in bronze, using IMz, pitch-catch transducers. At this angle,
the longitudinal wave in bronze was beyond critical and, while both shear and
longitudinal waves propagated in rubber, the former were attenuated enough to
not affect the results. At this angle, the model predicted maximum signals
for "flaw" and "no-flaw" conditions at the bottom of rubber, i.e., lack of
adherent and good adherent, which optimizes detection. A maximum phase differ-
ence for these two conditions was also maintained, for optimum discrimination.

'-Ultrasonic digital data were collected under flaw and no-flaw conditions.
The data were processed and the flaw and no-flaw signals were clearly separable.
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A model for the response of layeed tructures to off-normal ultrasonic
pulses was validated by modifying the computer model developed under Phase I
of this contract. For angle beams, the responses have different magnitude and
phases, and include different modes of propagation, unlike the case for normal-
incidence beams investigated under Phase 1. The model-simulated reflection
series was compared with ultrasonic digital data collected from a bronze-epoxy-
aluminum structure. The response from the different interfaces and for differ-
ent transit paths were validated for their (i) transit time, (ii) mode of
propagation and (iii) relative magnitude and phase.

The angle beam model was used to design a procedure to inspect bronze-
epoxy-rubber multilayered structures. The design yielded an inspection mode
with shear waves in bronze and longitudinal waves in rubber, and a shear wave
angle of 32* in bronze, using 1MHz, pitch-catch transducers. At this angle,
the longitudinal wave in bronze was beyond critical and, while both shear and
longitudinal waves propagated in rubber, the former were attenuated enough to
not affect the results. At this angle, the model predicted maximum signals
for "flaw" and "no-flaw" conditions at the bottom of rubber, i.e., l~ack of
adherent and good adherent, which optimizes detection. A maximum phase differ-
ence for these two conditions was also maintained, for optimum discrimination.

Ultrasonic digital data were collected under flaw and no-flaw conditions.
The data were processed and the flaw and no-flaw signals were clearly separable.
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SUMMARY OF RESUTLTS

A computer model was developed to predict the magnitude and phase of the
acoustic responses from different interfaces of an arbitrary multilavered
structure. As inputs to the model, the individual layer's acoustic parameters,
and mode of propagation are specified as well as the incident beam angle to the
top layer. The model generates a complex reflection series as its output, where
the independent axis is either time or travel path and the ordinate is the mae-
nitude of the response.

The model was validated with ultrasonic digital data collected from a
sample bronze-expoxy-aluminum specimen. Figure I shows in phasor form, the
experimentally observed and model predicted magnitude and phases of six re-
sponses for a 33° shear wave in bronze. The nomenclature of the responses are
of the form (l,m,n), where I is the number of round triV. paths in bronze and
m and n the number of paths, respectively, in epoxy and aluminum. A (1,1,1)
path, for example, has transited each of the layers I time, with a 310 beam
angle shear wave in bronze, a 370 longitudinal wave in epoxy, and 44* shear
wave in aluminum.

There is close correspondence between experimental measurements and model
predicted values.

The model was then used for designing procedures for inspecting bronze-
epoxy-rubber multilayer parts for flaws in the bottom rubber layer (lack of ad-
hesion). The design procedure yielded an optimum angle of 330 shear wave in
bronze (longitudinal wave was beyond critical), and from Snell's law, a 38*
longitudinal wave in epoxy, and a 360 longitudinal wave in rubber.

Figure 2 shows the signals received from this specimen under no flaw and
flaw conditions at the bottom of rubber. Figure I shows the no flaw signal
compared to the difference signal under no flaw and flaw conditions. A large
response due to a flaw can be discerned at about 5 and 7 ps.

It is concluded that the model was successfully validated and the results
used to design an optimum procedure for inspecting bronze-epoxy-rubber parts.

v
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I

ANGLE BEAM MULTILAYFRED MODFL

1.1 BACKGROUND AND OVERVIEW

Conventional ultrasonic NDE of multilayered components for bond inteerltv
is performed by employing normal-incidence pulse echo methods. Some components
are designed so that the acoustic transit times in the intervening layers
are almost identical, causing the signals from different layers to overlap, and
making signal interpretation very difficult. To decouple the arrival times,
angle beam inspection methods are used with a pair of transducers located
spatially apart, and with off-normal beam incident angles. However, signal
interpretation may still be difficult because of mixed mode propagation within
each layer (i.e., shear and longitudinal) at angles off-normal and because of
to mode conversion at each interface.

In order to develop a consistent and methodological approach to mu!tilav-
ered NDE, the U.S. Navy initiated the second phase of a project with Tetra
Tech to develop and validate a generic computer-based model for angle beam
inspection. In the first phase Tetra Tech developed a computer-based normal-
incident multilayer model using techniques developed in geophvsics r]i. In
[1i it was also shown that the model, written in FORTRAN IV for a general
purpose computer, was applicable for off-normal incident excitation, with
receiver in pulse-echo or pitch-catch mode. In addition, the model considered
the effects of attenuation in each layer and of mode conversion, for off-normal
beams, on the received signal.

This report documents further work performed in validating the model with
ultrasonic data collected and digitized from bronze-aluminum multilaver Darts;
the specimen was selected because of the relative lack of signal attenuation
in each material. In addition, the model output was used successfully to
design a data collection procedure to inspect bronze-rubher multilayered
parts for flaws at the bottom of the first rubber layer. The design included
the optimum beam angles and transducer frequency to maximize the response
under flaw and no-flaw conditions at the bottom of the first ruhber layer.
Data processing results are shown wherein discrimination between "ooe" bond
and lack of adherent was successfully performed.

A pair of transducers was selected and a lucite wedge fabricated according
to specifications. Ultrasonic data were collected and digitized from bronze-
rubber multilayered specimens. The signals were processed in an attempt to
distinguish flaws.

The report documents the methods used for model validation and the results
in inspecting bronze-rubber multilayered specimens.

1.2 WAVE PROPAGATION AT OFF-NORMAL INCIDENCE

The development presented in Reference 1, Equation 3.9 and 1.6 leads to the
general matrix equation for arbitrary reflection and transmission coeffecients:

1I
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Nk -2Nk ,-2Nk
Dk(z) z z -Rkz Dk+l(z)

S Tk  1.()

k(Z) e Rk TkTk - RkR k  Uk+l(z)

The symbols D and U represent the amplitudes of the downpoing and uppoine waves,
respectively. The subscripts k and k+I refer to, respectively, the kth and
(k+l)st layer. The term Nk represents the number of sampled units of delav

which is a function of sampling interval, acoustic velocity, and laver thickness.
The arguments z of D and U refers to the sampled z-domain representation which
was shown in Reference 1 to be convenient for computer implementation. No, a
delay term is manifest as an exponent of z, i.e., z-2Nk, refers to a delay
of 2 Nk units. The four coefficients Rk, Rk , Tk and Tk are:

Rk: acoustic impedance for a downgoing wave from k to (k+l)

Rk: impedance for an upgoing wave from (k+l) to k

Tk: transmission coefficient for a downgoing wave from k to (k+l)

Tk: transmission coefficient for an tigoing wave from (k+1) to k.

For the normal incidence case
Rk - -Rk , Tk  I-Rk

and
TkTk - RkRk' = 1

and the matrix equation reduces to Equation 3.11 in Reference 1.

However, the equation can be modified to account for the case where
the ultrasonic energy is incident at any angle from the normal. For such off-
normal incidence several new effects occur, among them the presence of mode
converted energy in solids. That is, at angles other than zero, energv is
converted from shear to compressional waves and vice versa, when a wave strikes
a boundary.

The analysis presented here will not be complete, in that not all modes
will be accounted for. However, it will be seen that the neglected modes are
unimportant in this application.

The development of the matrix formulation of the arrival times and ampli-
tudes presented in [1] did not depend explicitly on normal incidence. All
that was assumed was a reflection and transmission coefficient at each bound-
ary, and a time delay within each layer. These quantities take on particular-
ly simple forms for the normal incidence case, but they can he calculated for
the off-normal incidence case and can be included in the model as before.

To illustrate this point, refer to Figure I.I. A wave provagates downward
through medium 1, and is reflected and transmitted at an interface. Wave
paths are drawn in their correct relation to boundaries. For the moment
mode conversion is ignored. For off-normal incidence, the travel path in each
layer is found by dividing the path length for normal incidence by the cosine

2
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of the angle with respect to the normal of the sound beam in that layer as
shown in Figure 1.1.

The reflection and transmission coefficients, Equations 3.1 and 1.2,
Reference 1, are also modified for the off-normal incidence case. Three im-
portant effects are present for the case where two solids abut one another.
First, at most angles a wave incident on the boundary in one medium will Rive
rise to two waves in that medium, and two waves in the medium on the far side
of the boundary. These waves are required for solid-solid boundaries to satis-
fy the conditions of continuity of displacement and stress everywhere.

Second, over certain angular ranges, some of the reflected waves do not
propagate into either medium, but are confined to the boundary between media.
They are never detected by a transducer on the surface, hut carry energy away
from the interface, and must be considered in order to correctly predict the
amplitudes at the surface.

Finally, over the range where the waves referred to alhove are confined to
the boundary, the reflection and transmission coefficients are complex. This
means that each frequency component of the incident wave suffers a time delay
upon reflection or transmission, and this delay is frequency dependent. The
emerging pulse (if a pulse is incident, as is usually the case) is dispersed,
and this must be accounted for when amplitudes are calculated.

The above simple theory, which accounts for only one wave in each medium,
may be used when in fact two waves are actually present in each. First some
notations are introduced. Reflection coefficients for compressional waves
not converted to shear waves, but remain compressional waves, are denoted as
R p Here the conventional seismic notation p for compressional waves and s
for shear waves is used. Where mode conversion to shear waves takes place, the
reflection coefficient is denoted by Rp5. Similarly, reflection without
mode conversion for an incident shear wave is associated with a reflection
coefficient Ras and that with mode conversion to p 4aves with Rsp Transmis-
sion coefficients T are assigned the same notation. Thus T5 p refers to theI amplitude of a wave which undergoes conversion from an s wave to a p wave as
it crosses a boundary, and so on.

If all eight coefficients at each boundary (four for downgoing waves andiI four for upgoing waves) are calculated correctly, and the wave to he tracked
in each layer is picked (the theory can handle only one per layer) the prover
coefficients to use in Equation 1.0 can be selected to predict the amplitudes
of these waves. For example, suppose the interest is in shear waves in layer I
and compressional waves in layer 2. Then Ras and Tpfor waves travelling
downward from layer 1 to layer 2 are needed. Waves corresponding to p9
and to T95 exist, but will be ignored. The coefficient Rand T., for
waves traveling upward in the second layer are also needed. Again the waves
related to two other coefficients are ignored. With these coefficients, and
the modified time delays in each layer, Equation 1.0 can be used to predict
amplitudes and times of arrival in this two-layered structure which consists
of shear waves in the first layer and compressional waves in the second.

This example is not so unrealistic as it might seem at first. Tf the
angle in the first layer, which is bronze, is selected beyond the critical

4
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angle, there will be no compressional wave in the bronze. The energy corres-
ponding to the compressional wave will propagate along the boundary, as dis-
cussed above. Therefore there is no contribution to the reflection series
from the term R.8 , and nothing is lost by ignoring it.

Further, a great deal of experimental evidence indicates that shear waves
in rubber are highly damped, so that they are not observed in the reflection
series for reasonable thicknesses of rubber. The energy represented by terms
such as T... corresponding to shear waves in rubber generated by shear waves
in bronze,, is lost to heat. It must be accounted for when calculating the
other reflection and transmission coeffecients, but once this is done, its
contribution to the reflection series is negligible.

Therefore the model developed above is appropriate to the problem of
alternate bronze and rubber layers. It can be extended to the case of several
layers in the same way as was done for the case of normal incidence.

One effect not predicted by the model is the location of the emerging
pulse of energy. For the normal incidence case, this point is just the en-
trance point, but for beams at an angle the emergence point is displaced by
some amount. This distance can readily be calculated: it is just twice the
layer thickness times the tangent of the angle the relevant ray path makes with
the normal. Each transit of each layer contributes this quantity to the over-
all displacement of the exit point, and therefore the contributions of all
transits of all layers must be added to get the total displacement.

The angle of the ray path is generally different from layer to layer, anti
from mode to mode within a layer. It can be calculated by Snell's law. If 01
is the angle made by the ray in question with respect to the normal, and vt
the velocity of the phase in the i-th layer, then

V - vi/sin(Oi)1.

holds for all layers. V is called the phase velocity, and is a constant
throughout the layered structure.

Having found the formalism by which the arrival times and amplitudes mav
be calculated for the off-normal incidence case, the reflection and transmis-
sion coefficients referred to above are calculated. In f21 the potentials 4andl
?p are introduced whose derivatives give rise to compressional and shear
waves as follows:

U - c/x z

1.2
w ~/ z +x

where u and w are displacements in x and z,respectively. If the form

u voeix

5



is assumed, the derivatives of equation 1.2 are equivalent to multiplication
by iw/v.

The equations for continuity of displacement and stress at the boundary take
the form

Al + Al - M13 A2 + M14 B2
I

BI - BI  - M23 A2 + M24 B2
1.3

Al - Al = M33 A2 + M34 B2

B1 + B; - M43 A2 + M44 B2

Here A refers to the amplitude of the compressional potential and B to that of
the shear potential. The subscript I refers to the upper layer, and 2 to the
lower layer. Reflected waves (present in the upper layer only) are denoted by
a prime sign ('). The coefficients Mij are functions of the material proper-
ties only, and are detailed in [2].

Only one incident wave at a time need be considered in the upper layer.
In the case above, only a shear wave is incident there. Then the incident p
wave amplitude Aj is zero, and B1 is the amplitude of the incident wave
potential. We divide each of the Equations 1.3 by B1 , and make the following
identifications:

|AI/BI - rsp

A2/Bl - tsp

B;/Bl - r.,

B2 /Bl - tss

Then the equations 1.3 can be written in matrix notation as

ro 1 [ 0 M13 M141rsp1 0 1 M23 M2 4 Irss 1.4
- 0 M33 M34  tsp

1 L0  -1 M43 M44 tss

Denoting the square matrix of coefficients on the right by H, the solution for
the desired reflection and transmission coefficients is

rlip [0] 1.5
r., =H-  I

tsp 0
tssL

A complex matrix inversion routine is required to evaluate this expresssion on
a digital computer.

6
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Finally, to get reflection coefficients, the coefficients given above must
be multiplied by an appropriate ratio of velocities. Thus if V s is the shear
velocity in layer 1 and Vp the compressional velocity in layer 2,

T ts V p
Tsp Ps

and so on in accordance with equation 1.2.

Figure 1.2 shows the theoretical reflection coefficients for the case of

a shear wave in bronze incident on a rubber half space, as a function of the
shear wave angle in bronze. Amplitudes are shown in Figure 1.2a, and the phase
in Figure 1.2b.

Figure 1.2a does not give all the information required to pick the optimum
inspection angle. This is because the phase shift given in Figure 1.2h also
affects the amplitude in the time domain. To see how it does so, take the
incident pulse to be an impulse, given in the time domain by

(t) J eiWt dw 1.6

Then a reflected pulse f(t), where the reflection coefficient is r e i, is
given by

f(t) - rf eiw (t+TwT)dw
1.7

The presence of the absolute value of the frequency in the integral is recuired
to make the phase shift correspond to an increase in the time for negative as
well as positive frequencies.

This integral can be evaluated, and the resultant pulse is

f(t) - r6 (t) cosO + (r/2r 2 t) sinG 1.8

It is plotted in Figure 1.3 for several values of phase shift.

This pulse displays noncausal behavior in that it has non-zero amplitude
at large negative times, but this is not cause for concern, for the same rea-
sons that it was not in the case of the constant Q model. The assumption of
plane wave behavior has been made here which is violated at a low enough fre-
quency (and hence large enough wavelength) for any finite size reflector.

The general properties predicted for f(t) by equation 1.8 have been veri-

fied seismically.

The utility of Equation 1.8 is that it may be convolved with the assumed

shape of the incident pulse to find the time domain amplitude of the reflected
or transmitted pulse. The peak amplitude of this pulse is what is really used
for detection.

7
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1.3 COMPUTER IMPLEMENTATION OF ANGLE BEAM MODEL

The computer model developed under Phase 1 was modified to include beam
angles off normal. This meant Implementing the matrix equation in Equation 1.4
to compute the eight (8) complex reflection and transmission coefficients for
the downgoing and upgoing waves at each interface. In addition, the computer
program allows the user to vary the beam entry angle over a range of values in
incremental steps specified by the user.

1.3.1 Model Inputs

The material characteristics used in the top and bottom half space and in
the multilayered specimen are specified. These characteristics include: ma-
terial thickness (for each layer in the specimen) and density, longitudinal
and shear wave velocities, attenuation (in dB/mm) at the frequency with which
the specimen will be inspected and the desired mode of propagation in that
layer (i.e., whether shear or longitudinal). The user also specifies the
sampling interval of the reflection series and the signal. length (in number of
points).

1.3.2 Model Output

The model generates the complex reflection series as a function of time.
The time axis should also be interpreted as travel path, by multiplying by the
phase velocity (equation 1.1). This remains constant for all layers and so a
linear transformation of the time axis will yield the transducer separation.
Along with the real and imaginary parts of the reflection series, the program
also generates its magnitude. If the user specifies varying beam angle, the
output will compute the complex and magnitude 3eries for each of the entry
angles. The reflection series will consist of impulses whose magnitude, phase
and location are computed by the model. This is the impulse response of the
multilayered specimen. The output for a specific transducer-receiver pair can
be obtained by convolving the impulse response of the pair with the reflection
series.

1.3.3 Simulated Reflection Series

Figure 1.4 shows the magnitude reflection series for a bronze-epoxy-alumi-
num multilayered specimen; the epoxy layer has been specified to be nominally
0.8 mm thick. The beam angles are also indicated in the figure. The ton and
bottom half spaces are both air.

The decaying m,agnitude of the (1,0,0), (2,0,0) and (3,0.0) responses,
which are located at 1.25, 2.50 and 3.75 ps, is evident. The first return
from the bottom of aluminum occurs at about 6.0 Ps.

Convolution of the complex reflection series with a 5KRZ transducer-re-
ceiver pair, designed for 320 shear wave in bronze is shown in Figure 1.5.
Notice that the responses which could be clearly discerned in Vigure 1.4 are
smeared" by the transducer-receiver impulse response.

It can be seen, thus, that the limiting factor in discerning the individual
returns is the response of the transducer-receiver pair. To improve resolution,

10
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signal processing methods -- such as deconvolution or cepstral method,;-- must
be used.
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ANGLE BEAM MODEL VALIDATION

2.1 INTRODUCTION

Model validation was performed by comparing four different aspects of the
simulated series with actual data. These four were: time of travel in each
layer, mode of propagation, the amplitude, and finally the phase of the response
from different interfaces. To reiterate, the model predicts that reverberations
within each layer will be a rotational phasor whose amplitude and phase vary 1 v a
constant amount, unlike the normal-incident case where the phase is unaffected.
The model was validated by comparing ultrasonic data from a bronze-epoxy-al-
uminum structure with its simulated series. The structure was chosen because
both bronze and aluminum do not significantly attenuate the acoustic si'nai.

2.2 ULTRASONIC DATA COLLECTION

The bronze-aluminum specimen were, respectively, 6.35 mm and 2'.AO mm
thick. In between a layer of epoxy was used to hold the specimens. This
layer was nominally 1.00 mm thick. Both the bronze and aluminum layers were
machine finished.

Figure 2.1 shows a schematic of the experimental arrangement. A pair of
transducers, rated at 5 mHz, whose crystal face was approximately r.4 mm by A.4
mm, was mounted on plastic wedges to produce a 450 shear wave beam in aluminum.
This translated to aproximately a 330 shear wave in bronze. These two angles
were beyond critical for longitudinal waves in both materials, insuring that
the model output could be compared with the actual data.

A Metrotek pulser-receiver was used in pitch-catch mode with the return
signal displayed on a Tektronix T7854 sampling scope. The instrument had a
dynamic range of 10 bits and 1024 words of memory. The sampling rate was
adjustable and, for the validation study, was set at 102.4 MHZ to provide Rood
resolution. The data were then transferred to an HP-9825 minicomputer and
finally to computer-compatible magnetic tapes for analysis.

2.3 MODEL VALIDATION

As indicated previously four aspects of the multilayered response were
compared with actual data for model validation. These were

(i) transit time within each layer
(ii) mode of propagation
(iii) amplitude of interface response
(iv) phase angle of the interface response.

While absolute values could not be compared -- because of the unknown delay and
magnitude and phase response of the transducer pair -- the relative changes with
respect to a reference response could be compared for both simulated and actual
data.

The actual data that were used for validation consisted of the (3,0, v,
(4,0,0), (5,0,0) responses, i.e., those that passed only through the bronze layer
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three, four and five times, respectively. In addition, the responses from the
bottom aluminum layer were also analyzed. These were the (1,1,10, (,1,1) and
(3, 1,1) response. The response for each of these paths was obtained by "peaking"
the receiver response by moving it to the appropriate location.

2.3.1 Validation of Transit Time and Propagation Mode

Figure 2.2 (a) through 2.2(f) show the individual responses. The delay

time of these responses are tabulated below:

Response System Delay Delay in Total nelay

(is) Window ( s) (xis)

(3,0,0) 25.64 4.58 30.22
(4,0.0) 32.39 4.51 16.90
(5,0,0) 39.14 4.55 41.6Q
(11,1) 37.40 2.75 40.15
(2,1,1) 42.62 4.04 46.66
(3,1,1) 49.49 3.75 53.24

Table 2.1: Time Delay Measurements

The average difference between the (3, 0, 0), (4, 0, n), and (S, 0, n',
and between the (1, 1, 1), (2, 1, 1), and (3, 1, 1) is 6.64 ps which is the
bronze transit time. The theoretically computed transit time for a 11* shear
wave in bronze 6.35 mm thick is (refer to table in Figure 1.4)

tBronze . 2 x 6.35 6.58ps

2.2cos(33)

This compares favorably with the actual measured value.

From the data Table 2.1 the delay within the transducer wedges can be
computed from the (3,0,0) response, by subtracting from it three times the
average bronze transit time (6.64 ps). This delay is 30.22 - 1x6.64 -f l.3fnps.
Subtracting the wedge delay and the average bronze time from the (1,1,1)
transit time gives the combined epoxy-aluminum transit time: this time is
40.15 - 10.30 -6.64 - 23.21 ps. Ignoring the time within the epoxv laver,
the theoretical transit time within aluminum for a shear wave at 440 is (refer
to table in Figure 1.4)

talum. ' 2 x 25.4 - 23.23 ps

3.04 x cos(44)

which is a close match to the actual measured value of 23.21 ps.

2.3.2 Validation of Signal Magnitude

Validation of the signal magnitudes with that predicted was accomplished
by first computing the power spectrum of the signals in Figures 2.2(a) through
(f) and then measuring the power in a band of frenuencies around the center
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frequency. Since the receiver amplifier had a variable attenuation feature
4and the oscilloscope's voltage sensitivity was adjusted for maximum dynamic

range, the power computed had to be standardized to a fixed attenuation and
sensitivity setting. Peak amplitudes could not he used for this purpose due
to the effects of the phase shift introduced by the complex reflection and
transmission coefficients.

Figures 2.3(a), through (f) show the log magnitude spectrum of the six
responses shown in Figure 2.2. It can be seen that the responses from the
bronze-epoxy interface are all centered around 5 MHZ. The responses from
aluminum, however, show a peak shift toward a lower frequency, i.e., about I.S
MHZ. This is because of attenuation within epoxy or aluminum or both. There-
fore, to make valid comparisons between model output and actual data, the
returns from the aluminum layer had to be compensated according to a constant
Q model (see reference 11.

The reverberation within bronze, however, did not have to he compensated.
Table 2.2 lists the average measured amplitude of the magnitude spectrum about
+ 0.4 MHZ of the peak power for the (3,0,0), (4,0,0) and (5,0,r) responses.
Also indicated are the receiver amplifier attenuation, data acquisition system
sensitivity, and finally the actual voltage and dB change with respect to the
(3,0,0) reponse.

Response Average Amplifier Voltage Actual Voltage dR Change
Amplitude Attenuation Sensitivity
(units) (dB) (v/div)

(3,0,0) 10.855 1 0.05 0.6090 0
(4,0,0) 8.944 0 0.05 0.4472 -2.7
(5,0,0) 10.753 3 0.02 0.3038 -6.0

Table 2.2: Amplitude Measurements for Bronze Reverberation

The average decay per round trip path in bronze is 2.9dB (2.7 + 6.n?
2.9). The response predicted by the model is enumerated in Table 2.1. The
beam angles in bronze and aluminum are, respectively, 13 and 44%. The acous-
tic parameters used are listed in the table in Figure 1.4. The half space on
either side is air.

Response Amplitude (xl0 6 ) dB Phase
Change , reference1

(3,0,0) 25.999 0 ("

(4,0,0) 17.379 -3.5 -1"
(5,0,0) 11.617 -7.0 94
(1,1,1) 12.266 -6.5 -O
(2,1,1) 16.396 -4.0 162
(3,1,1) 14.438 -4.0

Table 2.3: Model-Predicted Amplitude and Phase Response.

It can be seen from Table 2.3 that the rate of decay predicted for the
bronze reverberations is 3.5 dB per round trip compared to on a,?erage of 1.o A

19

. - -i.



0, o' T

"II

+ ? I[ ' . 4 00

0 001 0 000

11E P( .I, -'..T .,. 4 -I.. 4'00-t

A

oS

I p

LF 'T 11.£ t '[ 1tl,4

I ,,+== [ IH• -l

P.I'[ IH • AL4S I

EEIIE'.1' 0 9 -01I Elt l .?l+T ' 0 500 II~IU.IE i
' IP+E: .. TTE,,IJ.T[I+IO0 ' 0 000

32 39

B

IO "0

4 ;4$
735

sl

eE 0

0000E. .. *'* 1'

t:0 .... .. E ,.e E * r 111 •

-FE, 'oEP t' 0 10,1-08

I '.PFE. E I. 11 , -0
'II1l'PIE ll ",t I 0 l*T tOO

I " 
t

PE+iIEI,+~p? 0~ 2O01-01

I. At"~r [,P. 39 I3
74

04

-40 "" ""

II-'.I.

P1I

440

'5' 4 741

.04

*00" ... " - 20 0

Figure 2.3. MAGNITUDE SPECTRUM OF WAVEFORM USED IN MODEL VALIDATION

20



*IL It saftLLI I

:10 1,' T A***

0000 se

29

2, U

4 14?
4 .4

as LS
000 ,.. ,. . ..

FIL E .. I~E soa
'ISE%( 'r 0.1.1 . 091.04

1Dos *0
1" OO4A

.47

14V all OF-lts qI*

04

4 7771

4-77



measured. The discrepancy of 0.6 dB may be due to improper choice of acoustic
constants, but from a practical standpoint the discrepancy is well within
experimental errors.

To validate the amplitudes of the aluminum returns, the magnitude spectrum

of these responses were compensated for frequency-dependent attenuation. Figure
2.4 shows the log magnitude spectra and their difference for a (3,0,0) and
(1,1,1) path. Notice that the (3,0,0) response peaks at 5.0 MHZ, while the

(1,1,1) peaks at 4.0 MHZ. The difference of the log spectra appears to he
linear, verifying that there exists linear, frequency-dependent attenuation.
The slope of the difference is 16.5 dB/MHZ. The compensating factors at dif-

ferent frequencies are therefore:

Frequency(MHZ) Compensating
Factor Amplitude Ratio

(d)

4.0 -10.0 n.32
4.5 - 1.8 0.81
5.0 + 6.5 2.11

5.5 +14.8 5.50
6.0 +23.0 14.11

The amplitudes of the aluminum returns at different frequencies should he

modified according to the appropriate value listed in the table.

The measured and compensated amplitudes from the frequency response of
the (1,1,1), (2,1,1) and (3,1,1) paths are listed.

Response Compensated Amplifier Voltage Actual dB
Average Amplitude Attenuation Sensitivity Voltage Change

(units) (dB) (v/div) (v) (relative
to 3,0,0)

(1,1,1) 12.192 0 0.02 0.2418 -7.9

(2,1,1) 11.055 2 0.02 0.2783 -6.8

(3,1,1) 16.471 1 0.02 0.3696 -4.3

Table 2.4: Resionse of the Bronze Aluminum Paths.

The dB change shown in Table 2.4 should be compared to that predicted in Table

2.3. The measured and predicted for the (1,1,1) response, with (3,0,0) response
as reference, are -7.9 and -6.5 d, respectively; while for the (2,1,1) response
they are -6.8 and -4.0 and for the (3,1,1) response they are -4.3 and -4.0.
The average discrepancy is approximately 1.5 dB, which could be due to inadequate
compensation or due to experimental error.

2.3.3 Validation of Signal Phase

The phase spectra of the different responses were computed usinp the FFT

algorithm. Since the (3,0,0), (4,0,0) and (5,0,0) responses were different
spectrally from (1,1,1), (2,1,1) and (3,1,1) -- because of frequencv-devpndent
attenuation in aluminum -- comparing the former set with the latter set could
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-I
only be accomplished over a frequency range common to the two; however comoari-

sons within each set could be made over the frequency range where the oower
was considerable. For the first set it was + 0.4 MNZ, centered about 5.2 MV7,
while for the latter set it was also + O.4 MHZ, centered around 4 M"Z.

The phase difference for the first set is tabulated below and the average
phase difference computed.

Phase Difference (Degrees)

(3,0,0) (4,0,0)

and and
Frequency (MHz) (4,0,0) (5,0.0)

4.8 -150 -172
5.0 -148 -170

5.2 -147 -168
5.4 -145 -166

5.6 -143 -162

Average Difference: -147+3 -168+4

The measured phase shift at different frequencies between the (1,1,11 and

(2,1,1), which is indicative of the phase shift due to one bronze transit
path, were:

Frequency Phase Difference
(1,1,1) and (2,1,1)

3.6 -177
3.8 -172
4.0 -169
4.2 -166
4.4 -162

Average Difference: -169 + 6

The overall average phase shift measured for one bronze reverberation is there-

fore -161* (i.e., (-147)+(-118)+(-169)/3).

The model predicted phase difference for one bronze reverberation is -I11
for a 33* shear wave beam in bronze (see Table 2.3). This phase difference
compares well with that measured.

The measured phase difference between (3,0,0) and (1,1,1) for two frequencies

where the magnitude spectra show overlap is:
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Phase Difference

(3,0,0) (3,),r)
Frequency and and

(1,1,1) (2,1,1)

4.6 -34 167
4.8 -35 171

Average Difference: -35 16Q

The average difference predicted by the model for the (3,0,0) and (1,1,1)

difference is -65, and between (3,0,0) and (2,1,1) it is +167 (see Table 2.3).
Again this discrepancy between the measured and predicted could be due to

improper choice of acoustic parameters especially in the poorly understood

epoxy layer and due to experimental error.

2.4 SUMMARY OF VALIDATION RESULTS

Table 2.5 gives an overall comparison of the measured and predicted

amplitude and phase response, with the (3,0,0) response taken to be unit maRni-
tude and zero phase.

Response I Amplitude (dB) Phase (degrees) -
_ Experiment I Theory I Fxperiment I TheoryI T I

(4,0,0) I -3.0 -3.5 -164 I -13
(5,0,0) I -6.0 -7.0 -322 I -'66
(1,1,1) I -7.9 -6.5 -350 1 -040

(2,1,1) I -6.8 -4.0 +169 +167
(3,1,1) I -4.3 -4.0 +80 I +200

Table 2.5. Comparison Between Experimental Measurements and Theoretical Results

The comparison is illustrated in Figure 2.5. It can he seen that both
magnitude and phase compare satisfactorily.

Validating the model allows one to design the optimum beam anple for
inspecting bronze-rubber specimens. The choice of angle would optimize the

response in the presence of a flaw. The angle would he selected so that there

is a maximum phase shift in the presence and absence of a flaw.

The rest of the report details the experimental techniques including selec-

tion of the optimum beam angle and signal processing methods for inspecting
bronze-rubber multilayered parts.
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SELECTION OF INSPECTION CONFIGURATION FOR BRONZF MI'RBFR SPFCTYFNT

3.1 INTRODUCTION

The model was applied to the structure of bronze and rLber layers of
interest to the Navy. Table 3.1 shows the parameters of bronze, rubber and
epoxy relevant to the problem.

(mmV / V Density O O& Thickness

s) hMicCkCe (mm

Bronze 4.85 2.20 8.9 3.175
Epoxy 2.45 -- -- -- l.n
Rubber 2.20 1.05 1.37 10 *

*Too small to measure

Table 3.1 Acoustic parameters for Bronze and Rubber

In order to simplify the problem it was decided to inspect beyond the
critical angle (270) in bronze. Then no longitudinal wave is present in
bronze. Due to the low Q of rubber in the shear mode, it seemed unlikely that
shear waves through these layers would be important and none were ever observed.
Under these circumstances the restriction inherent in the model, co only one
kind of wave per layer, is unimportant. Only shear waves in each bronze laver,
and compressional waves in each rubber layer, need to be considered.

The parameters of the epoxy layer are not so well known as those of the
bronze and rubber layers. Even the epoxy thickness is known only approximatelv.
However, the epoxy layer is expected to be so thin (.010") that attenuation
should be negligible unless the epoxy Q is exceptionally low. Therefore
Q in epoxy was assumed to be infinite.

Both compressional and shear waves can propagate in epoxy at these angleq,
a situation beyond the ability of the current model to deal with. Rowever, the
epoxy transit time for either phase is so small (0.10ijs) compared to a period at
typical ultrasonic frequ -tes (1.0 - 0.2 sec) that arrival times of phases
which have propagated through the epoxy will be substantially independent of
which phase carries the energy there.

Since Q for shear waves is usually lower than that for compressional waves,
and since the velocity enters into equation for the attenuation In such a way
that lower velocity results in greater attenuation even 'or constant 0, it was
assumed that longitudinal waves are more inportant in h, epoxy laver than are
shear waves. This assumption is borne out by the agre ?ment between theory and
experiment described in Chapter 2 concerning the bronze-.r)x-.-aluminum results,
where the epoxy shear waves were ignored. They will al o be ignored in the
bronze-epoxy rubber structure.

3.2 INSPECTION ANGLE

The optimum inspection angle for this structure was found by calculatfnf,
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the reflection series at various angles for a structure with a defect at the
bottom of the first rubber layer and one without a defect. The best angle
was chosen on the basis of comparisons between these reflection series.

Figure 3.1a and 3.1b represent reflection series for a shear wave angle of
280 in bronze, for a bronze-epoxy-rubber-epoxy-bronze structure, and a bronze-
epoxy-rubber structure, respectively. The first structure represents an un-
flawed specimen, as far as the second epoxy layer is concerned. The second is
a reasonable approximation to a lack-af-epoxy condition at the second epoxy
layer, although it might be satisfactory for other defects there as well.

The response labeled (1,1,1,1) is the first response diagnostic of condi-
tions at the second epoxy layer, since it follows a direct path to that laver
and returns directly to the surface. Other later arrivals from that surface
are larger, and then smaller, for reasons explained earlier (Reference 1).

Figures 3.2a nd 3.2b represent unflawed and flawed reflection series for
an angle of 320 in bronze, and Figures 3.3a and 3.3b are the same for a bronze
angle of 36. A wider range of angles than this was examined in search of tht
optimum inspection angle, but these three illustrate the results satisfactoral-
ly.

It was decided that inspection should be performed by observing a particular
response from the second epoxy layer, and that the response and inspection
angle should be chosen to simultaneously fulfill two criteria, if possible.
First, a large change should occur betwen the flawed and unflawed cases.
Second, the response should be detectable in both cases, so that no inferences
need be drawn from non-detection of a return.

The reason for the first requirement is obvious: it maximizes the
reliability of the flaw-no flaw discrimination. The reason for the second is
that lack of detection of a response may be for reasons other than the absence
of that response. In the present case, lack of couplant, an unusually thick
first epoxy layer, or a high noise level might obscure the return from tne
second epoxy layer. In this case conclusions about that layer based on this
lack of observation would be incorrect. Both the return from the flawed and
unflawed layer should be observed.

If both flaw and no-flaw signals are to be as large as possible, discrimin-
ation must depend on signal shape. To maximize the change in shape, the phase
difference between flaw and no-flaw conditions should be as large as possible;
i.e., as near 180* as possible.

The maximum flaw responses could be observed between the (1,0,0) and
(4,0,0) responses. This also satisfies the criterion for the minimum physical
separation betweeen the pair of transducers that were available. The largest
response between the (3,0,0) and (4,0,0) in Figure 3.1 for the unflawed case is
the (3,1,1,1); that which has travelled three times within bronze and once
each in the epoxy, rubber and second epoxy layer. For the flaw case, the
response (3,1,1) is the largest, i.e., that which has no epoxy at the bottom of
the rubber layer.
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To satisfy the previous criterion for equally large responses for flawed
and unflawed cases, the 280 angle may not be adequate because of the small
amplitude of the no flaw signal: it is a negative discriminant and is not of
practical value.

For a 32' shear wave (Figure 3.2) however, the magnitudes of the no flaw
(3,1,1,1) and flaw signal (3,1,1) are of equal amplitudes and could he discri-
minated either in time or in the phase characteristics.

At 36° (Figure 3.3), the situation is similar to 32, perhaps with a small
decrease in amplitude of the no flaw signal. At other angles, the ability to
detect the small amplitude signals between (3,0,0) and (4,0,0) would be ques-
tionable.

So from this an analysis either 32* or 36* appeared to be optimum angles.
The final choice was made this on the ability of discriminating between two
equally large amplitude signals from their phase behavior. For the reasons
detailed below, the 320 shear wave was selected.

Figures 3.4 (a),(b), and (c), show phasor diagrams of the responses of
interest in Figures 3.1, 3.2 and 3.3; however, the plots show the phase
relationships in addition.

Figure 3.4(a) shows the phasor response of (3,0,0) and (4,0,O) as well as
the no-flaw (3,1,1,1) response and the flaw (3.1,1) response for 280 shear wave;
the magnitudes are shown in dB's. Although the flaw- and no-flaw phases are
180* apart -- a good condition for separation -- the magnitude of the no flaw
response is 20 dB below the (3,0,0) response. This would make detection of
this response difficult and the consequent phase measurement inaccurate.

At 320 (Figure 3.4b), however, the two responses are fairly strong,
about 10 dB below the (3,0,0) response and the phase difference is approximately
130, which is almost opposite in phase. So in practical situations the no
flaw signals and flaw signals should be easily detectable, and their phases are
almost opposite each other, leading to good discrimination capabilltv.

At 360 (Figure 3.4c) the flaw and no-flaw response have dropped about 2 dR
from their neighboring (3,0,0) response, but in addition the phasor difference
is 1100, a change in 200 from the 320 shear wave case in an unfavorable direction
for discrimination.

For the reasons that the magnitude of the flaw and no-flaw signal are
relatively large and these phases are almost opposite of each other, the 320
shear wave in bronze was shown to be the optimum angle.

3.3 INSPECTION FREQUENCY

To separate the time-domain (3,1,1) response from the much larger (3,0,0)
and (4,0,0) responaes, that response should be of the order of the (3,0,0)-
(4,0,0) separation time in duration or less. Even after deconvolution or
matched filtering, the (3,1,1) response will be on the order of a period or so
in duration at the dominant frequency. Therefore the (3,0,0)-(4,0,0) time
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separation sets an upper limit on the period of the ultrasonic energy used to
inspect and hence a lower limit on the frequency.

The time separation between the (3,0,0) and (3,,1,1) peaks is about 3 micro-
seconds at this angle. Consequently a frequency higher than (3x10-6)-I - 300Yz
should be used.

Operating against this requirement for high frequency for resolution is
that for low frequency for good transfer of energy through the rubber layer.
The low Q of 10 found earlier for rubber (Reference 1) means that rubber atten-
uates ultrasonic energy at about 6 dB per millimeter per megahertz. Since the
rubber path is 7.5 mm long round trip, each reduction in frequency of 1 MHz
increases the signal by 45.0 dB. Consequently an operating frequency of 1 %Mz
was chosen as an acceptable compromise between amplitude ane resolution.
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34I:



EXPERIMENTAL RESULTS FOR BRONZE RUBBER STRUCTURES

4.1 APPARATUS

Data were collected in conventional pitch-catch fashion, using H-arisonic 1
M4{z, 1"xI/2" rectangular transducers. A Metrotek pulser was used to drive
the pitcher and it also amplified the catcher signal. The amplified signal
was displayed on a Tektronix Model 7854 digitizing oscilloscope.

The signal could be temporally averaged to reduce random noise, and
typically averages of 10 waveforms were taken. The result was digitized and
recorded on a magnetic cassette tape on a Hewlett Packard HP 9825 computer.
Full header information was also recorded.

After collecting all waveforms the tape was copied onto 9 track tape so
that it could be read at Tetra Tech.

Data were taken on a sample consisting of a bronze plate 6.35 mm in thick-
ness bonded to a 3.175 mm thick rubber plate. The transducers were in contact
with the bronze side of the structure, so this configuration simulated a dis-
bond at the bottom of the first rubber layer of the actual 5 layer structure.

A good bond at the bottom of the first rubber layer was simulated by
pressing a 6.35 mm thick bronze plate, well coated with ultrasonic couplant,
against the side of the rubber layer. The lack of an epoxy layer here was not
felt to cause an important difference in the returned signals.

Pitching and catching transducers were clamped in place so that their
position and degree of coupling to the top bronze plate remained unchanged as
the lower bronze plate was pressed in place and removed. Any variation in the
observed waveform was therefore due to the presence or absence of the lower
bronze plate.

A lesser separation of the pitcher and catcher is recommended by the
results of the model study of Chapter 3. However, the shape of the shoes used
here was such that they could not be brought this close together. The model
predicts little loss in sensitivity from this case, however.

4.2 EXPERIMENTAL RESULTS

Waveforms '4ith and without (Figure 4.1) the lower b-ronze plate
show differences readily detectable by eye. To enhance these differences, the
waveforms were subtracted, without scaling, resulting in the waveform of Figure
4.2.

This difference waveform shows two clear arrivals, which arrive at the
expected time of the (5,1,1) and (6,1,1) responses. The conclusion drawn from
Figure 4.3 is that the changes in the returned waveform due to a flaw at the
bottom of the first rubber layer are clearly detectable, and that a system to
detect this condition would be feasible. Figures 4.3 and 4.4 show the
same set of waveforms observed at a different location to illustrate repeata-
bility of results.
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Such a system would not use a subtraction technique like that user4 here,
because differences in coupling and epoxy thickness at the bottom of the first
bronze layer would preclude finding a "no-flaw" reference waveform suitahle for
all points. Other techniques, such as matched filtering, will probably be
required, but the clear nature of the signals in Figures 4.2 and 4.4 suggest
that they would have a very good chance of success.
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CONCLUSIONS AND RECOMMENDATIONS FOR FIURTHER WORV

Two main conclusions can be drawn from these results. First, the model
developed here predicts experimental results with very good precision. Recond,
lack of epoxy at the bottom of the first rubber layer can be detected, using an
experimental configuration chosen on the basis of the model prediction.

The model predictions include all quantities requred to predict an observed
waveform if the input waveform is known: arrival time and position, amplitude
spectrum and phase spectrum. It can do so for both well bonded structures and

for structures with lack of epoxy. Mode conversions are taken into account.

The utility of the model has been demonstrated by the successful detection
of a disbond conditiou in a rubber-bronze structure, under operating conditions
predicted to be optimum by the model. The results are such that we confidently
expect that with further effort routine inspection for dishonds of this epoxy
layer in the field could be undertaken.

It is recommended that work be continued in:

1. Signal processing to detect disbonds at the bottom of the first
rubber layer under field conditions.

2. Construction of a prototype device to do so.

3. Investigation of techniques to inspect deeper layers.

4. Construction of samples to test these techniques.

5. Program to simulate other types of bonds - i.e., lack of adhesion...

and incorporate into model.
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