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PROJECT I

C _ FLAW CHARACTERIZATION BY ULTRASONIC TECHNIQUES J y ¢ >

Summary

In the initiation of this program four specific objectives were set
forth. These were: (1) to pursue advanced research in quantitative
techniques for NDE, (2) to establish a focal point for NDE research,

(3) to enhance communication between the research community and the NDE
user, and (4) to promote the image of NDE. The first objective was
accomplished by a series of coordinated technical tasks which will be
summarized in the following paragraphs. The remaining three objectives
were also reached in a very real, though more intangible, sense. This
progress was most clearly exemplified by the success of the ARPA/APML
review of quantitative NDE held at the Science Center on July 15-17, 1975.
This meeting was a review of the technical work of the first year of the
program, and also included a large number of selected papers in closely
related areas. Over 170 participants were present, and the distribution
of their affiliations; government agencies - 29%, private industry - 50%,
and universities - 21%; illustrates the communication across disciplinary
and functional lines that was established. The active discussions and
lengthy technical sessions is further evidence of the focussed attention
that was brought to bear on the NDE problems and potential solutions at

the meeting.

The direct technical part of the program at the Center for Advanced NDE
has been divided into 3 projects. Each is directed toward a specific problem
area identified by the DOD and Science Center personnel to satisfy two major
requirements. First, major DOD systems performance must be limited by the
inability to make the required inspection and second, promising technology
on new ideas must be available which can be brought to bear.

Project I is addressed to the problem of nondestructively obtaining data
for the fracture mechanics analysis of flaws found in structures. Thus, it is
desired to determine the size, shape, and orientation of defects as located
by existing techniques. A survey of techniques available led to the conclusion
that ultrasonics had the greatest potential for yielding quantitative
information, particularly when the flaw is not on the surface and the effort
has been focussed in this area. A great body of relevant knowledge has been
developed in the fields of ultrasonic communication devices, geophysics,
and solid state physics; major progress can be expected from a concentrated
effort to apply these well established principles to the NDE field.

Project I has been divided into a number of specific technical tasks
which can be grouped together into units of similar purpose. Figure 1 is
a diagram of the information flow that must occur in a quantitative ultrasonic
system for defect characterization and the units are seen toO coincide with
the individual steps that are required.
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Each of the technical tasks produced significant results, and an
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impossible in this summary.
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) NONDESTRUCTIVE EVALUATION OF ADHESIVELY BONDED SYSTEMS ) 1728 F

Summar

A very serious limitation on the utilization of adhesive bonds in
aircraft structures is the inability to nongestructively evaluate their
| strength. This problem also retards the use of fiber reinforced composites
where the susceptibility to moisture degradation in the polymer matrix and
at the fiber-to-matrix interface leads to decreased design allowables and
the less than full utilization of these structurally efficient materials.
This project is designed to investigate the fundamental physical properties |
of weakened adhesive joints and polymer matrix composites in order to |
determine which measurement techniques or procedures have the greatest
promise of accurately reflecting the strength properties of a part.

For adhesive joints between metal sheets, two separate sources of weakness |
are recognized. These are the cohesive strength of the bulk adhesive itself i
and the strength of adhesion between the metal and the polymeric adhesive. ‘
The former was investigated by examining how the bulk physical properties

of the polymer layer influenced the measureable properties of an ultrasonic |
wave reflected from the twe metal-to-adhesive interfaces that bound the A l
adhesive. It was determined that the attenuation in the polymer makes |4
a dramatic change in the frequency dependence of the reflection coefficient ‘
of the layer and must be taken into account carefully if measurements of this

frequency dependence are used to deduce the elastic properties of an in-situ

adhesive layer to determine its physical state and, hence, its strength. l

4 The latter strength property (adhesion) was investigated by attempting to .
observed small changes that occur in ultrasonic signals when they are

a reflected from the very thin layer of different acoustic properties that

| occurs at an interface where thin layers of differing chemical composition

‘ determine the layer strength. It was found that the signal reflected directly

4. backward from the interface was too strongly modified by other interface |
effects to exhibit any properties that could be related to the bond strength. !
Thus future experiments should utilize ultrasonic waves which interact with
the interface at an angle or even propagate parallel to the adhesive layer.

f
|
! For the problem of moisture degradation in polymer matrix composites,
| measurements of the strength properties of graphite-epoxy test panels were
. conducted as a function of exposure to boiling water. Two different types
b of composite materials were used; one in which the fiber-to-matrix interface
| was susceptible to moisture attack and one which repelled water from the
‘mroriace. Concurrent with the strength tests, an extensive series of
physical property measurements on the panels were also conducted so that
the mechanism of degr:dation could be elucidated and potential techniques
for nondestructive evaluation could be defined. As a result, the effects of
moisture at the fiber-to-matrix interface could be distinguished from the
effects of moisture on the matrix material alone and four potential useful
nondestructive evaluation techniques were delineated.

3




‘ Science Center
Rockwel International

PROJECT III

_’ NONDESTRUCTIVE MEASUREMENT OF STRENGTH RELATED PROPERTIES

Summar

One of the most valuable potentials of quautitative NDE 1is to perform

a nondestructive test on a part to predict its remaining safe life. In
principle, this can be done by a quantitative determination of a physical
prope :ty that is related to that mechanical statc of the material which
controls the failure process. One such failure related mechanical state

is the degree of residual stress present in a part. Another is the acoustic
emission signal generated by a part when its load approaches the ultimate
failure stress. Both of these are being investigated as part of Project III.

Present methods of measuring residual stress in a nondestructive manner
are based on X-ray techniques that are cumbersome and often time consuming.
They also only measure those stresses that extend over large distances
compared to the metallic grain size. This is satisfactory for those cases
where the failure mechanism involves the opening of cracks at the surface
such as in stress corrosion cracking and in the latter stages of fatigue
failure, but is unsatisfactory for those cases where failure is initiatad
by plastic flow on a microscopic scale such as during the very early stages
of fatigue failure and in the pre-yield microslip that sets up stress
concentrations to initiate general yielding. Previous experiments have
shown that the non-linear phenomenon of ultrasonic harmonic generation not
only reflects microscopic internal stress that controls dislocation motion,
but that it is a well defined physical property of a material that can be
nondestructively measured conveniently. In order to establish the quantita-
tive relationship between harmonic generation and the state of internal
stress, measurements have been made on pure aluminum and its alloys as a
function of work hardening, precipitation hardening and fatigue damage.

The results show that harmonic generation is indeed a sensitive indicator
of the state of internal stress, but that a more systematic study supported
by dislocation theory and direct measures of dislocatica parameters must be
made before a quantitative nondestructive test method can be demonstrated.

For those residual stresses that extend over large distances compared
to the grain size, a new, ultrasonic technique was investigated. This
method utilizes the efficiency by which electromagnetic induction excites
ultrasonic waves to perform a qondestructive measurement of the localized
magnetostriction on the surface of a ferromagnetic material. Since this
magnetostriction is a very distinctive function of stress, it can be used
to measure the level of stress at the site of excitation of the ultrasonic
waves. The results obtained in the preliminary experiments were very
encouraging and further work to define thé limitations of the technique
will be undertaken next year.

—
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Acoustic emitesion has been a most valuable tool not only for locating
flaws in large structures when they are subjected to proof loads, but also
for indicating the approach of catastrophic failure. Its primary drawback
of having no guidelines by which to distinguish extraneous noises from
those produced by a flaw has been the focus of our studies which were aimed
at establishing a correspondence between the characteristics of an emission
signal and the microscopic failure process that produced it. The results
obtained thus far show clearly that the emission signals produced by failure
in aluminum alloys are generated by the abrupt fracture of second phase
particles in the material and that plastic flow of the matrix is very quiet.
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PROJECT I, UNIT I, TASK I
PIEZOELECTRIC TRANSDUCERS

K. M. Lakin
University of Southern Califoraia

This report covers the nine month period .rom the start of this task.
The three suo-tasks are transducer coastruction., transducer circuit modeling,
and construction of a data acquisition system for use in raiiation fielid
pattern analysis. The three parts of this program are intended to interact
such that NDE transducers of current interest and commercial manufacture may
be rapidly characterized for quantitative NDE applications. In addition, the
construction of transducers using single cryst>! materials is being investi-
gated in order to achieve consistent and identical performance between s’.veral
transducers. The materials of interest are those available on the open mnarket
such as lithium niobate and barium sodium nicbate with emphasis placed upon
the former. Circuit modeling of the traasducer structure is undertaken in
order that the transfer function between electrical input (output) and
acoustic outpui (input) can be predicted. For commercial transducers of
unknown internal construction, it will be necessary to measure this response.

Since the electrical terminal measurements are only one dimensional in
nature, it is necessary to examine the field pattern of the transducer
function. In all cases, both magnitude and phase of the transfer function
is being examined even though the phase information is not employed by current
NDE ultrasonic techniques, except holography.

Transduceys

In order to access the parameters associated with transducer design and
construction, a single transducer was fabricated using 36° rotated Y-cut
LiNb0O4 as the plezoelectric and grey cast iron as the backing medium. The
details of this traneducer construction were given in the third quarterly
report. The plezoelectric disk was bonded to the backing using a conducting
epoxy. This bond proved to be quite troublesome in that its finite thickness
caused a sizable frequency dependent change in the mechanical load impedance
presented to the plezoelectric disk. In order to give a quantitative descrip-
tica of this effect, the radiation resistance was calculated as a function
of frequency, as shown in figure 1, using bond thickness as a parameter with
an assumed velocity of 3.5 Km/sec. for the bond region. By comparing such
plots to the experimental results, figure 2, the nature of the bond region
could be determined. This was possible since the magnitude of the radiation
resistance is sensitive to the bond impedance and the frequency of maximum
radiation resistance is sensitive to the thickness-velocity ratio for the
larger bond thickness. From this we determined that the epoxy has an
impedance of 11.5 x 106 kg/sec-m2 and thickness-velocity ratio of 0.02 usec.
It was apparent then that the bond thickness used in the experimental device
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was 80 microns or approximately 4 mils, Although not the intent of this

experiment, it appears that such a procedure could be used to give a quick |
> and accurate measurement of the acoustical properties of thin bonds and

associated materials not normally available in bulk form. The affect of non-

uniform bond thickness was not examined but clearly of importance since it

would result in a tilting of the radiated wave fronts. I

Experiment and theory did not agree quite as well when the transducer |
was placed in water. The much lower observed radiation resistance is P
thought due to stray capacitance since the "hot" electrode of the transducer
| was exposed to the water. An additional shunt capacitance of 20 pf. is all |
that is required to transform the series loss to the lower value. At this l
writing, the capacitance loading effect has not been included in the circuit
modeling. In any case, the hot electrode will not be exposed on any further
design.

Transducer Modeling

Circuit modeling of transducers employs the Mason [1] equivalent circuit
for the plezoelectric disk cast in the form shown in figure 3. This network
is most easily described by a set of y-paremeters describing a three-port
network. In this case the acoustic loads are characterized by admittatices
rather than impedances as is customary. The ports are labeled 1, 2, 3 where
| = 1 and 2 are acoustic ports and 3 is the electrical port. Using this designa- ‘
tion, the y-parameters for the disk are given by:

y11-y22-A ()% cscé~ B cote - 1) :'

o Yi2 =~ Y21 " A (Bcotg-1% csc2¢ )

Y13 = Va3 " V33 ~ V3 = A =t

o Y33 = = (-:—) cot ¢

Y22 " "1

! . ’ there 2 ‘
A= j2f COK ZT

o

L4

o™

=|7<~
T

B =

s, .

£

[SE Wl

g
[ ]

o
v/2y, disk resouant frequency

Co = clamped capacitance
electromechanical coupling factor
. Zp = disk mechanical impedance

=
~N
L}
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From these y parameters the electrical terminal adnittance is readily found
from

. - _J2 2(y,, ~y,,) +Y . +Y
Y Y33 Y13 12 11 T1 T2

= 5 14
(1 *+ Ypp) Oy + Ypp) - yll

. where Y, . and Y o are the acoustic port terminations. The values of Y_. and
Y12 are obtaines by considering the loading regions. If the loads are single
| half-spaces then Yr; and YTZ are real and equal to the reciprocal of the

respective media impedances. Otherwise the load admittances must be determined !
; by a transmission line analysis.

|

In calculating the transfer function from the electrical port, 3, to |

one of the acoustic ports, the other acoustic port is given an equivalent l
impedance or admittance. This reduces the ciruit element to a two-port and

is readily described by well-known techniques. The new y parameters for the {

two-port, composed of ports 1 and 3, are
1 . |
Yu=¥n-%
T RURE. S e '
Y12 "Y1 " Vi3 - Y,

Y22 " Y33 Y i %f
g Yy - v§,/m ‘
Y2 = ¥12 v13/D
Yy = yi3/D
D=yt ¥ :

where the 3 port has been relab.led the 2' £ort for convenience.

25 Now, any two-port scattering parameter [2) may be determined using the
- primed y parameters. The transfer functions are,

-2y1
! & 12
f $12= 51 = T 1 12

(1 + Y. - (1+ yZz) = ylz

At this t'me the transfer function has not been included in the computer
codes but 18 in the process of being programmed.

Radiation Field Pattern

The radiation field pattern of an NDE transducer is an important element
in the overall quantitative description. Of importance is beam intensity

13
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relative to the assumed axis of the transducer, on axis and off axis diffrac-
tion peaks and nulls. The diffusion pattern is wavelength dependent causing
an uncertainty in wide band pulse measurements.

The field pattern righ: at the transducer 1s of interest because it
determines the remote field pattern and also gives some insight into the
operation of the transducer. In order to accurately characterize the beam
pattern it is necessary to measure the amplitude and phase of the radiation
over several side-lobes as well as the main beam. It is also necessary to
accumulate this data in matrix form so that the inverse transform may be
carried out on the computer.

The experimental set-up for pattern measurements 1s shown in figure 4.
The system 1s controlled by a PDP-11/10 mini-computer through a laboratory
peripheral system (1LPS). The actual measurement is performed by a network
analyzer or vector voltmeter. A phase lock reference signal is established
at the input and compared with the test signal derived from a receiving trans-
ducer. The spatial location of the transmitting transducer is determined by
a X-Y table having 15" travel along X or Y in increments of 1 mil. The
table's stepping motors are driven by the numerical control system which
accepts standards ASCII codes from high speed paper tape reader or directly
from the LPS. The interface between LPS and ICON-350 was the most difficult
part of the setup because of different logic levels employed by the two
systems. In addition, a language interpreter was required in the PDP-11
software in order to allow the two systems to converse properly.

Using the setup as shown, the system has demonstrated over 80 ¢B dynamic
range with less than 10 mw. RF into the transmitting transducer. Typical
results showing magnitude are ehown in figure 5 for the point receiver scan
of a 3/4" dia transducer at 5 Mdz.

The diffraction pattern data has not yet been correlated with the trans-
ducer aperture field pattern although the computer codes to do this have been
written and demonstrated on the 1BM-370. These codes must now be transferred
to the PDP-11 system assuming the core memory 1s large enough, otherwise the
data will be transferred to the IBM-370 or PDP-10.

References

1. A. H. Meitzler and E. K. Sittig "Characterization of plezoelectric
transducers used in ultrasonic devic2s operating above 0.1 GHz"
J. Appl. Phys. 40 1i, 434], Oct. 1967.

2. Ramo, Whinnery, and Van Duzer Fields and Waves in Communication Flectronics

Wiley, New York, 1965, p. 603.
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PROJECT I, UNIT I, TASK 2

CPTIMIZATION AND APPLICATION OF ELECTRODYNAMIC
ACOUSTIC WAVE TRANSDUCERS

B. W. Maxfield
Cornell University

Introduction
Electromagnetic acoustic wave transducers (EMATS) have an insertion loss
that ranges from 20 to 60 db larger than that obtainable in resonant plezo-
electric plate transducers. Despite this reduced signal lecvel: large signal-
to-noise ratios (S/N) can be realized using EMATS. The advantages of EMATS
include their freedom from mechanical contact, ability to generate shear waves
normal to the surface, ability to control the shear wave polarization direction
and, 1f desired, broadband response. In order to exploit most successfully the
desirable features of EMATS, one should explore ways to reduce the insertion
loss (improve efficiency) but, equzlly important, one must determine, by
measurement and calculation, the magnitude and precise origin of a variety of
non-ideal EMAT characteristics. These are performance features which in
principle could be eliminated but which in practice must be present if the
best possible S/N is to be obtained; they include the influence of fringing
fields, effects related to the coil-surface separation distance (1ift-off
effects) and diffraction effects. To date, all of these have received very
little attention iu the quantitative evaluation of EMATS. 'l

Our aprroach to this problem is similar to methods that have been employed §
in the study of plezoelectric transducing elements; we measure the acoustic {
response (displacement) produced at a given distance from the generator.

Instead of using the common water tanx methods, however, we have exploited the i
non-contact feature of EMATS to desigr a scanning system which measures the !
displacement field (acoustic mode pattern) of the generator in the material I
being studied. This method can be applied to plezoelectric, nagnetostrictive.

form nf displacement generator and, by plating the surface

setal film, it can be used to determine displacement 1
field in insulating as well as conducting materials. Both shear and compres-
sioral components of displacement cza be measured. Another advantage of our
method that 1s immediately apparent is the ability to measure directly any
diffraction effects due to the firi.e size of defects or voids within the
mater lal witnout the added complicztion of metai-water reflections. Of
course, the same specimen and its defect structure can be investigated over ¢

a wide frequency range.

EMAT or any other
of an insulator with a

In addition to reliable measurements, it is essential to have quantitative
calculations with which to compare. Although the basic principles behind the
operation of EMATS are well established, the necessary calculations are far ]
from straightforward. For example, for a quantitative understanding of EMATS, X
it is necessary to calculate the current distribution in a conducting sheet
placed in the vicinity of the generator coil. Calculation of such current
distributions is straightforward hut results in closed form have only been
obtained for one special case, a single loop of radius L placed such that the
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plane of the loop is parallel co the conducting gurface and a distance h above |
it. For all other cases of coll geometry, approximate numerical methods must
be used to calculate the current distribution. Surprisingly, relatively little
work on ihis topic exists in the literature. Development of adequate numerical |
methods may well be time consuming. Also, present indications are that sub-
{ stantial computing time will often be necessary.

Although a single loop of wire isreither a ugeful nor efficient coil
geometry, we realized that the solution for the single loop case could be
used as an excellent approximation to a practically useful coil geometry,
namely a planar spiral coil as shown in Fig. la. When a planar spiral coil is
wound with small pitch (center-to-center wire spacing d <90.1r, vherer is
the winding radius), a series of concentric rings is an excellent approxima-
‘ tion to the spiral coil (see Fig. 1b). It is relatively easy to sum the
_l contributions from each loop to obtain the total induced current density for
a planar spiral coil. The driving force on the ion lattice results from
b the Lorentz force between this induced current and the applied static magnetic
field, a radially oscillating surface stress is produced. Measurements we have
done to date have been restricted to the shear wave produced in this manner.

By applying existing solutions forthe induced current distribution and

making reasonable approximations to calculate diffraction effects, it should

| be possible to calculate the acoustic displacement field (acoustic mode A i
pattern) from a spiral coil to better than 5% accuracy for the types of ~ l
planar spiral coils one would normally choose. Consequently we have chosen "
the planar spiral coil geometry for an extensive quantitative study of EMATS. [
This reporting period has seen the successful measurement of the acoustic

mode pattern of a planar spiral coil and the initation of related calculationms.

. measurements as well as results of a typical measurement. Section I11 contains |
a detailed discussion g~d presentation of our calculations and a comparison '
with our measurements while section .V presents a brief outline of the next !
phases of our work. |

|
1
The next section describes the system that we devised for the mode pattern ‘

| Exper imental Observation l

As shown in Fig. 2, we have employed a two-coil method to measure
| acoustic mode patterns; the receiver coil i{g scanned to measure the dis-
placement field produced by a fixed generator coil. The receiver is « small,
flat rectangular solenoid coil of cross sectional area about 1 x 2 mm and a |
4 surface area 2 x 2 mm. It consists of 30 turns of 42 SWG wire shielded against
radiation from the spiral tracsmitter coil and spurious electromagnetic pickup
| (coils of smaller gize (1 x 1 x 1 mm) can be fabricated if necessary). Acoustic
mode pattern mrasurements are made with the semiautomatic gscanning device shown
in Fig. 7; the horizontal direction is stepped manually while the vertical is
a mechanical gear driven scan. The receiver coil must be pressed 1lightly
against the metal surface and since it is very small, the receiver coil-surface
distance must be both small and constant. Otherwise large errors can result. '

18
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11
b?‘
Fig. 1(a): A planar spiral coil and (b): the approximation of a planar I
- ] spiral coil by a series of connected circular loops.
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A block diagram of the electronics is shown in Fig. 3. This “s similar to
the conventional system used for plezoelectric transducer. A puiscd oscilla-
tor is externally triggered to provide the r.f. current to the generator coil.
If necessary, the output from the receiver coil can be blanked off by a FET |
switch during the drive pulse but, preferrably, if the receiver coil is
adequately shielded this switch may be omitted. The signal is then amplified,

1 mixed with a local oscillator signal, amplified by a selective amplifier,
derndulated and, if necessary, averaged with a box car integrator. Ia our
present 2xperiment, a position measurement, ta%en from a tracking potentic-
matcc is fed to a chart recorder. The other ¢xis is . :epped manually and
the chart recorder zero is displaced after each sweep so as to obtain a quasi-
3 dimensional representation if the spatial distribution of the acoustic
displacement. Figure 4 shows the output resuiting from such a series of
I measuremenis using a 19 mm diameter, 38 SWG wire generator coil placed 0.25
| mm above the surface of an aluminum block 4.9 ma thick. I

Certain general characteristics of the mode patterns can be deducead
intuitively. The first feature is the two main lobes with a narrow transition
region where the displacement goes to zero. This arises because the flat sole-
noid receiver coil is sensitive primarily to one polarization. Along the line
of minimum response, the coil windings are normal to the displacement. One
lobe 1s 180° out of phase with the other since the excitation currents are in
opposite directions on either side of center; this of course is not evident ¥ A '
in the detected signals. lo

s e

] ]
i Theoretical Calculations i

determining the current distribution induced in the skin depth region of the
metal surface, and then calculating the acoustic field resulting from the
Lorentz force on these currents. Dodd and Deedsl have calculated the induced
(- current distribution for a single circular loop of radius r_ placed a distance

i

| Calculation o. the acoustic response divides into two separate problems;
}
h above the surface; the vector potential within the metal s given by

A(r,z) =IHr JG (kr )J (kr)e-kh !E:Eli } dk
S ooojl 0’"1 k +k 1)
where I is the current through the loop,
[ 2 2 2
. | k1 =k + 3/8 2)
>

j=V-1, 8 = (2/uooow)li is the skindepth and o, is the conductivity.

Details of the derivation of Eq. (1) are given by Dodd and Deedsl; it
results from a Fourier Bessel expansion in the cylindrical geometry of the
coil with k being the expansion parameter. The induced current density is

obtained from the use of chm's law expressed in the frequency domain, namely
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- -
J=- jwooA

3)

Since the current is basically confined to the skin deyth, Eq .(3) may
be integrated over z to obtain the current per unit width of the surface,

-kh Kk Q- e"‘1§_

dk
kl(k1 + k) }

3 (e, t) =il @O B T fm.ll (ke )3, (ke)e
o : ()]

For this calculation, we assume d < <), where N\ is the acoustic wavelength.

In practice, ttis is not a limitation as ail measurements are done in this

regime. Equation 4 may be integrated numerically by the Gaussian quadrature

method and converges well for reasonable values of h (approximately h >0.01r).
o

For small values of h, however, the expansion parameter k must be taken to

rather large values and then the calculations become lengthy and expensive.

The result of this integration is the current distribution in the metal surface

which results from a current I through a single loop of radius r . Since a

spiral coil is a reasonable approximation to a series ur concentric loops,

the spatial distribution of the induced surface current J(r), for a spiral

coil, can be obtained by integrating J (r, © ) over the appropriate range of

LR which is from the inner radius, r, to the outer radius Ty

The second part of the problem entails the calculation of the acoustic
field given the current distribution in the skin depth. The Lorentz force
resulting from the interaction between the static magnetic field and the
surface current produces a radially oscillating surface stress. This surface
stress has presented us with a difficult problem. Within the bulk metal, the
normal Navier equation applies which separates naturally to describe longi-
tudinal and transverse waves. At the boundary, however, this equation does
not separate and the solution is non-trivial. In the static case, this
problem is known as Cerruti's problem and for this case a Green's function
solution is known. However, the time varying problem has not to our knowledge
been solved. We are currently investigating the literature for more information
on this very interesting problem. In the absence of a formal solution, we have
proceeded by using an approximation that the radiation field from a point source
of shear stress is dipole in nature. This form is suggested by s comparison
with electromagnetism. In fact, the acoustic response after integration over
the source field is not .ery semsitive to the form of this angular dist.ibution
function because the response is mainly produced by the forward directed part
of the wave front which varies only in second order with angle. Detailed
comparison of these calculations with measurements may help to establish che
validity of the approximation which we have used.

1f we consider a point stress on the surface parallel to the polar
direction of a spherical coordinate system (r, 0, ¢ ) with origin, 0, positioned
at the point stress (Fig. 5), then the acoustic response of the bulk metal at
position r and in a direction parallel to the polar direction is proportional to

i




‘ Science Center
Rockwell international |

..
rig. 5: The coordinate system used for the calculations, Eq. (5). For
the response at any point, P, the vector X 1s fixed and the
response from all elements of induced current summed.
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center of the coll, q = wyy is the acoustic wavevector and v the sound
velocity., The magnetic field strength is included in the Proportionality
constant,

As explained in the Previous section, we measure the acoustic mode
Pattern produced by a spiral coil using a small, flat, well shielded
rectangular solenoid; thig i sensitive Primarily to displacemen ts Parallel
to the windings, Thus, the receiver coi] voltage depends upon cos 7y, where
Y 18 the angle between the directions of the transmitter and receiver coil
windings, Hence, the overall response ig given by

V(E) = Kj]‘ I(r.) sin? ® exp (§ qr) cos 2 dA (6)

where r = ';n, dA is an element of area in the Source plane and o 18 the
ultrasonie attenuation coefficient, For multiple reflectiong (echoes), r

is the distance travelled by the acoustic wave. (The constant K is a calcul-
able constant of proportionality.)

technique and the calculation ig relatively straightforward for the single-
spiral coil, This method will work wel] for any coil of circular geometry

Placed at 3 Specific height above the surface, Furthermore, non-uniformity
in winding may be easily incorporated. The Fresnel integral pPart takes

experiment jig Possible. The results of the amplitude versug lift-off are
Plotted in Fig. 6; they show the anticipated initia] eéxponential decreage
followed by a slower change for large h.

detail.

The basic circular shape of the drive coil ig apparent; the acoustic
mode pattern has a ninimum jugt beyond the drive coll radius, Outside this
radius, however, a further subsidiary ring due to diffraction ig evident,

26
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Fig. 7: The calculated patterns
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In this particular case, diffraction effects are not very striking because
the receiver is near the source (an early echo) and the frequency is quite
large (8 MHz) meaning a small wavelength (about 1 mm). The actual pulse
length of 1.2 Hsec was incorporated into the Fresnel integral.

A much better picture of the complete mode pattern generated by a sin tle-
coil is obtained by measuring the response for two orthogonal scans

and then determining the magnitude of the response at each point. For our
present apparatus, both data taking and reconst: iction to determine the
magnitude are slow. Consequenily, this phase of our work has been delayed

until some equipment changes can be 1mp1emented. However, one can calculate

the magnitude of the response and this has been done in Fig. 8. These
the cos 7

calculations are jdentical to those in Fig. 7 except that
factor, wiich accounts for the receiver coil polarization gensitivity, is

equal to raity.

spiral

A more quancicative comparison with experiment is given in Fig. 9 where
the experimental and theoretical curves are sections (vertical) through the
mode patterns in Figs. 4 and 7 respectively. “We have encountered some minor
problems in the absolute calibration of onur coil system for the coil
geometry used in the scanning measure=ents. Because of this, the experf-
mental and theoretical curves are normalized at one point. The only signi-
ficant differences are that the right hand side is about 20% too large and
slightly more rounded than calculated. This difference in amplitude could
be accounted for if this side of the transmitte” coil were only 0.) mm
closer to the metal surface and the observed rounding would result if only
a few outer turns were gituated slightly more than the mean distance from

the surface. Receiver coil tracking problems could also account for these

differences.

Current and Future Developments

1t is evident that great care must be exercised in coil construction

if a small coil-surface separation distance (lift-off) is used. We are

now making more rigid coils and improving the apparatus to use better
tracking and larger tracking forces on the receiver coil. Small, uniform
1ift-off can probably be accomplished by careful coil construction combined
lar tracking surface on the receiver coil. Although larger
1ift-of f gives reduced gensitivity (a loss of about 50% for 1 mm 1ift-of £
of a 19 mm diameter coil), small changes in 1ift-off also produce some
smaller changes in response. More detailed studies on the influence of

1ift-off are underway.

The spiral col is merely the simplest geometry suitable for study,
however, our techiique will allow us to measure the acoustic mode patterms
for many geometries. In particular, gections of coils can be masked off
with copper sheet, leaving only particular areas exposed. Such a masked
geometry can produce a great efficiency .1 generating or detecting acoustic

29
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Y Fig. 8: A completely reconstructed acoustic mode pattern for conditions
] specified in Fig. 4. This is a calculated response but the
measured response is quite similar (see Fig. 9).
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waves of one particular polarization. However, the effects of the mask on
the fringing fields have not been studied in depth. We plan to determine
the efficiency (transfer impedance) and mode patterns of many transducers,
including bonded piezoelectric elements. The investigation of surface
waves and ferrogmagnetic materials is also planned if time permits. For
driving coils with circular symmetry, there is no substantial problem to
calculating the theoretical response; however once this symmetry is lost, as
in the rectangular solenoid, the problem‘will not lend itself to the analysis
of Dodd and Deeds and a more general method has to be used, We are at
present giving consideration to doing similar calculations for non-cylin-
drical coils.

In order to improve the speed and ease of taking data, we plan to
construct a digitally controlled scanning device for use with a small on-
line computer. Unlike our present system, this device will be able to
scan in both X and Y directions just like an XY recorder. Mechanical control
will be via stepping motors with the computer controlling the measurements
and storing results on magnetic discs. This new apparatus will also have a
more uniform tracking force (between the receiver coil and metal surface).
It is anticipated that by paying more careful attention to shielding of
both the generator and receiver coils, the FET switch can be 2liminated
and therefore lower signal levels can be studied. This, in turn, makes it
possible to do measurements for larger 1ift-off and to work farther into the
fringing field region.

Much of the non-uaiformity evident in Figs. 4 and 9 was attributable
to our inability to properly control the small lift-off. The new apparatus,
which will be able to take advantage of a greater 1ift-off and more uniform
scanning force, should produce more uniform mode patterms. In addition, we
will be able to determine the optimum 1ift-off for various coil systems
(large signal level which requires small lift-off must be compromised with
gsensitivity to small changes 1in 1ift-off). The increased speed in taking
data and the automatic recording of data in digital form will greatly
facilitate our planned studies on masked coils and the influence of surface
roughness.

References
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PROJECT I, UNIT I, 14SK 3

SUPERCONDUCTING MAGNETS FOR ELECTROMAGNETIC TRANSDUCERS

R. B. Thompson
Science Center, Rockwell International

Introduction

The objective of this task is to investigate the feasibility of using
superconducting magnets to increase the efficilency of lightweight,electro-
magnetic transducer units. since the efficiency of electromagnetic transducers
in converting electrical to mechanical energy 18 proportional to the square
of the rtatic magnetic field strength, the utilization of superconducting
magnet te-hnology to produce large fields at modest power levels appears quite
attractive if it is compatible with a lightweight transducer unit. The investi-
gation was limited to a two-week preliminary study and consisted of: (1) A
simple calculation of the performance that could be expected from an idealized
nagnet, and (2) consultation with commercial vendors to determine the practical
difficulties in constructing the magnet. The results are summarized below.

Design Calculation

It was found that considerable literaturel’2 is avrilable on designing an
optimized superconducting solenoid to produce large, homogeneous fields at the
bore center. However, such a solenoid is not necessarily optimized for electro-
magnetic generation. In this application, the magnet must be placed against the
metal part and it is the field at the surface of the metal which should be
maximized. This 1s, of course, smaller than the field at the magnet center,
and it also has a different functional dependence upon the geometric parameters
of the magnet. Hence, the new design calculations are needed.

The field at the end of a solenoid magnet may be readily computed if the
current is known. The ultimate field that can be obtained in a superconducting
magnet is limited by the critical current at which the solenoid wire changes
from the superconducting to normal state. Figure 1 presents results of a
numerical calculation of the field at the end of a solenoid wound with 8 mil
diameter, niobium, 48% titanium wire. It was assumed that the wire should
weigh 2 kgm (4.4 1bs.) for hand-held operation, that the packing fraction
would be 50%, and that the inner radius of the solenoid would be negligible.
The maximum axial field is shown for different magnet dimensions (of the
specified macs) at axial positions 0.5 ¢cm, 1.5 cm, and 2.5 cm away from the
solenoid end. Iu each case, th: current was chosen equal to the critical
value3 for the inner windings at the solenoid center (aj = 0).

Two major points were learned from the graph. First, best results appear
to be obtained for large values of azlb; i.e., for somewhat flattened,
pancake-shaped solenoids. This occurs because for this shape the field at
the observation point is closer in value to that at the center of the coil
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Hence, higher external fields can be attained before the critical internal
field 1s reached at which the wire is no longer superconducting. Secondly,
the field falls off rapidly with axial distance. It is believed that a
realistic distance frou metal part to solenoid end is about 1.5 cm (including
1 cm for dewar wall). Fields on the order of 20 kOe can then be expectel.
This is at least 4 times that which could be expected with & hand-held er-
manent magnet. The yesulting decrease in insertion loss of 24 db for a pulse
echo measurement would certainly be a significant improvement.

Commercial Vendor Response

Based on these calculations, a set of desired magnet specifications
were prepared as shown in Table I, and {1lustrated in Fig. 2. These were
gent to three commercial vendors on April 22, 1975, with a cover letter
asking: (1) whether such a magnet would be feasible at the present time,
(2) if so, how much {t would cost, and (3) if not,which specifications
would have to be relaxed .n order to obtain a high magnetic field in a
hand-held unit. No responses were received by July 1, so the vendors
were contacted by telephone. In each case, they were familiar with the
request and clearly had been thinking about it. However, they had apparently
not felt it wise to formally respond in writing without knowing more about
the problem and about the economic resources that were available for its
solution. The responses are summarized below. The vendors are not identified
in respect of the informal nature of the verbal communication.

Evaluation of the availability of the proposed system varied considerably.
The size requirement clearly indicated a continuous transfer system. It was
also clear that 10 kOe fields could be reached, but certainly not unanimous
that 40 kOe could be attained. A primary area of difference in response was
the value of inner field judged to be acceptable in a hand-held unit
subjected to various vibrations and mechanical shocks. The lower the inner
field, the less likely that fluctuations would drop the magnet from the
superconducting state. It appears that in the most optimistic evaluation,
something on the order of $40K of developmental funds might be needed to
obtain a high field, hand-held magnet delivery in excess of 20 kOe. However,
it should be noted that much of this is design and development costs, and that
subsequent units would be substantially (perhaps an order of magnitude) cheaper.

Conclusions

The variability in response probably accurately reflects the state
of change in this energing technology. It is recommended that contect
be msintained with the vendors during the electromagnetic transducer
task of this project. Transducers should be constructed and evaluated
using permanent magnets. However, in application studies the improved
performance possible with superconducting magnets should be kept firmly
in mind, and the cost effectiveness cont inuously weighed. The time does
not seem right to launch on a superconducting magnet construction exactly

now, but it may not be far away.
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TABLE 1

DESIRED SPECIFICATIONS
FOR
SUPERCONDUCTING MAGNET

LECTROMAGNETIC GENERATION OF ULTRASOUND

PURPOSE: HAND-HELD OPERATION FOR E
(SEE SKETCH)

MAXIMUM DIMENSIONS:
H=20cm (7.9 IN.)

D = 10 cm (3.9 IN.)

MAXIMUM WEIGHT:
M = 3 kgm (6.6 LBS.)

FIELD STRENGTH 0.5 cm FROM DEWAR BOTTOM
A

H = 40 ko
e

POWER SUPPLY:
AT DISCRETION OF VENDOR

CRYOGENIC SYSTEM: _
AT DISCRETION OF VENDOR |

PLEASE SPECIFY FIELD UNIFORMITY OVER 1.5 cm DIAMETER. DISC COAXTIAL

WITH DEWAR AND 0.5 cm FROM BOTTOM.
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PROJECT I, UNIT II, TASK 1 i l

IMAGING AND PROCESSING OF ANGULAR SCATTERING |

G. S. Kino, H. J. Shaw, D. Winslow, W. Leung, i
J. Havlice, T. Waugh and J. Fraser _
| 3tanford Universit- .

Summary 1

The application of an 83 element electronically “ocused and scanned
transmission system to the imaging of 9" x 3" boro: fiber reinforced epoxy
laminate samples is described. Good images have b. :n obtained at much
higher speeds than with a purely mechanically scanned system. A new type of
focused B scan system is also described. Using 2.5 MHz acoustic waves,
this has yielded a 2mm definition both normal and parallel to the array, at
a distance of 15 cm. ‘

New Techniques For Acoustic Non-Destructiv? Testing

It has been our aim during the last year to apply electronically focused |
and scanned acoustic imaging systems to NDT applications. In addition to !
demonstrating the advantages of using multiple element focused imaging devices !
rather than a single unfocused transducer, we have shown that the use of P
electronic focusing can speed up the rate at which information is taken. This
makes it feasible to scan large gtructures in minutes rather than hours, as
is the case when only mechanical scanning is used.

e
e

s Two types of devices have been applied to this work. The first is a C
scan transmission device with 83 receiver elements equally spaced along a ,
i line 4 inches long, which is used to focus and scan on a line (the x direction) )
! parallel to the array. Scanning in the y direction is carried out by moving

- the object up and down mechanically. The second type of system is for B
scan in which 30 transducers in a line are used as transmitters and an
interleaved set of 30 transducers as receivers. This system gives a reflec-
! ' tion image of a cross section of an object in a plane passing through the
array, i.e., in the x-z plane, with good definition (2om) in both the x and

z directions.

Both of these imaging devices employ an acoustic surface wave delay line
with one tap per plezoelectric transducer to obtain the necessary time and
phase references for imaging. In the receiver mode, the signal from an
individual transducer is mixed with a signal from a corresponding tap on the
acoustic surface wave delay line. This yields an output which is the product

. of the signal from the transducer and the signal from the delay line; the
detected output is used to modulate the intensity of the beam on a cathode
ray tube. Each transducer can be interrogated in turm by an rf pulse, with
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a carrier frequency typically of 50 MHz, sent along the SAW delay line.

Thus, one line of the image is scanned in a time corresponding to the time
delay from one end to the other of the delay line. At this time is typically
of the order of 50 usec, the line times correspord to typical TV line

scan time ..

Because the outputs from the mixers contain both phases and amplitude
information, it is possible to synthesize. the electronic equivalent of a
lens. Put another way, if w: consider the system as a receiver, a point
source, in the paraxial approximation of optics, gives rise to a signal with
a square law variation of phase along the array. If a signal could be in-
serted in the delay line with the same square law variation in phase, one
sideband of the produ:t signal would have the square law variation of
phase removed and the signals from all the elements could be added, i.e.,
we would have constructed a matched filter, matched to the point source.

In our case, this is done by sending a linear FM chirp along the delay line.
Such a signal has a square law variation of phase with time, hence, with
distance along the delay line. A chirp inserted along the delay line 1is
thus, equivalent to a moving electronically focussed lens; the focal length
of the lens is adjusted by varying the chirp rate, and the lens automatically
scans along a line as the chirp signal passes along the delay line.

We have used an 83 element receiver array of this kind to image debonded
regions in a boron fiber reinforced epoxy laminate laid down on a titanium
sheet, a material used in the B-1 aircraft by North American Rockwell and
supplied to us by them. As we have described in previous progress reports,
we illuminate the plate with a strip source, mechanically scan the plate in
one direction, and electronically scan and focus in the other, thus obtaining
a two-dimensional transmission image. As may be seen from the photographs,
we obtain good information on the position of flaws (debonded regions). The
present system used in the aircraft industry is mechanically scanned in both
directions; ours is electronically scanned in one direction and mechanically
scanned in the other. Thus, we can carry out a scan of this 9" x 3" sample
in approximately a second, an increase in scan rate of the order of 80 over
that taken with purely mechanical scanning. A purely mechanical scan of a
large aircraft part could take several hours; an increase in scan rate by
a factor 80-100 would reduce this to minutes.

We worked first with a thin laminated panel 1/8" thick and took trans-
mission pictures of this panel which had a number of imperfections in the
bonding, as illustrated in the accompanying schematic supplied to us by
Caustin. These pictures (Fig. 1) were obtained by using the 83 element
electronic scanning and focusing receiver working at 6.4 MHz. At this
frequency, the attenuation of the samples is large and the sensitivity
of the receiver, which was designed to work at a lower frequency, was very
poor. Later we were able to obtain pictures of this sample at lower fre-
quencies. After numerous trials, we found several frequency windows for
good acoustic wave transmission through this sample. These frequencies
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FIG. I. Composite transmission picture of the thin
i laminated panel taken at 6.4 MHz.
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are 6.4, 4.2, 2.6, and 1.15 MHz. The lowest frequency window is at 1.15 MHz,
which corresponds to the fundamental resonant frequency of the titanium plate
(calculated as 1.13 MHz), which is honded to the boron fibers.

Several acoustic transmission pictures of the complete sample were taken,
each in one pass of the mechanical scan; these are shown in Fig. II. The
upper picture was taken at 4.2 MHz, the lower left picture was taken at
2.6 MHz, and the lower right was taken at 1.15 MHz.

In order to keep the resolution approximately the same in each picture,
the separation between the sample and the receiver has to be reduced as the
frequency decreases. At 1.15 MHz, this separation is 20 cm. At this
distance and frequency, the resolution is about 5 mm, which is two to three
times worse than the resolution in the other pictures. However, the imper-
fections show up very clearly. The vertical dark band in the picture taken
at 2.6 MHz is believed to be due to nonuniform excitation of the transmitting
transducer and coherent interference phenomena due to using a single frequency
source, but it is normally not as profound as in this case.

One way to eliminate coherent interference from different parts of the
source is by using partially incoherent excitation of the source. An
experiment was carried out by using narrow band noise as the excitation
to the source. By limiting the tandwidth of the noise, the coherence time
can be controlled. Figure IV shuws a transmission picture of the same
sample with noise centered at 2.6 MHz and a bandwidth of 500 KHz as
excitation to t!= source. This corresponds to a coherence time of approxi-
mately 2us. By comparing Fig. III with Fig. II, it can be seen that the
dark interference band has disappeared. However, the resolution and sensi-
tivity decrease, because the signal bandwidth is too large and the focusing
ability of the receiver decreases. Further experimentation is underway. We
are trying imit the FM noise bandwidth to about 20 KHz so that the
acoustic waves radiated within one line scan time (50u8) is essentially
coherent, but is incoherent between different scans which are separated by
approximately 500us.

When we go to thicker samples, the S/N ratio decreases because the
scattering and absorption increase. Hence, it is vital to increase the
output power of the transmitter, To further increase the output acoustic
power, a large (1" x 4") transducer was made and an acoustic lens was used
to focus it into a narrow 4" long line source. Different lenses were tried
and 1r was found that a compound lens made of polystyrene and RTV 602 had
the least spherical abberation. However, detailed experiments are yet to
be carried out with this system.

With higher acoustic output power from the source, a thicker sample
0.4" thick (sample No. 907), provided by the Science Center of North
American Rockwell was tried. The dimensions and positions of these defects
are shown in Fig. IV and Fig. V, respectively. Since this sample is much
thicker than the last one, the vertical resolution 18 worse because the
separation between the line source and the sample is larger and the sample
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£
"FIG. II. Pictures of the thin laminated panel taken at different frequencies.

pictures are obtained by one single vertical scan.
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F1G. 1II.

Picture taken with noise centered at 2.0 MHz and a
bandwidth of 500 kHz as source excitation. Comparing
with the lower left picture in Fig. II, the dark band
has disappeared.
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is aow in the far field zone of the source in the vertical dimension. Fig. VI
shows the actual situation. It is also more difficult to obtain acoustic
transmission pictures of these samples in a single sweep. Compusite pictures
made of two and three pictures corresponding to different parts of the sample
were made and are shown in Fig. VII and Fig. VIII, respectively. These
pictures were taken at 2.7 MHz. The dark areas in the photos bear a one-one
correspondence with all known defects, plus a few indicated cefects not
supposed to be present. It is also noticed that the froquency used (2.7 MHz)
is very close to the 6th harmonic of the fundamental resouance of the titanium
plate.

We have also started to take transmission pictures of an even thicker
sample (1.25" to 1.4" thick), with defects at different depths, and have
obvained images of some of the holes present. As the work progresses, we
intend to use a focused transmitter, and examine other structures with t'is
technique such as aircraft honeycomb structures.

We have experimentally demonstratcl a new type of imaging system which,
we believe, should be by far the most useful for NDT work. This is like
a focused sonar system. Here the array is used both as a focused scanned
transmitter and as a focused scanned receiver to scan out a two dimensional
image of a cross section in the x-z plane perpendicular to the array, with
good definition (2mm) in both azimuth and range (x and z). Such a device
should, in NDT applications, be the best type for imaging cracks and flaws
in, for example, thick metal samples, ceramics, and graphite nose cone
materials.

The device operates first as a transmitter, like a moving lens which
produces a scanned focused acoustic beam that scans along a line parallel
to the array, then operates as a recelver which scans along and is focused
on the same line. If the time delay between the receiver chirp and the
transmitter chirp 1s chosen correctly, a signal scattered from a reflecting
object on this line will be the product of the definitions of the receiver
and transmitter lenses, and hence, about one half of either used alone. At
the same time, because of the requirement of correct time delay between
transmitter and receiver, only signals from reflecting objects on this
line will be received, the range definition typically being approximately
equal to the transverse definition. ‘ The whole process is repeated by changing
the chirp rates (the focal lengths of the lenses) to focus on the next line,
and the time delay between receiver and transmitter chirps to correspond to
the correct change. Thus, we scan out a raster in the x - z plane line by
line and produce a TV image of this raster.

A photograph of an aluminum part in which a series of steps is milled
is shown in Fig. IX. The corresponding acoustic reflection image taken in
a water tank at a distance of approximately 15 cm with a 2.5 MHz wave is
also shown. It will be seen that the step faces 8mm apart and 5mm long,
facing the array, are well reproduced and their lengths are very ‘well defined.
This system has only teen operating for a short while, but we have ascertained
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FIG. IX-- Optical photo of an aluminum part and an acoustic
reflection image of the same part taken at 2.5MHz in
real-time at 30 frame/sec. The present field is ap-
proximately 4 cm parallel to the array and 20 cm normal
to the array.
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perpendicular directions to
roximately 2mm, at a distance of 15 cm, i.e.,
transmitter alone. The field of viev in the
is from 6-26 cm and the present field of view
ay is approximately 7 cm.

that the definition in both the parallel and
the transducer array are app
half that of the receiver or
direction normal to the array
in the direction parallel to the arr




PROJECT I, UNIT II, TASK 2

ANALOG DATA PROCESSING

R. M. White and G. L. Kerber

University of California-Berkeley '

Introduction

This portion of the overall program was aimed
applicable to quantitative flaw definition.
analog signal processing devices such as filters,
using surface acoustic waves, was the subject of
major emphasis during this
testing an inverse filt
of removing the influznce of the
transducer. It is p
and to give emphasis in that per

frequency T

jod to analog devi

some preliminary computer experiments and simulated testing

on that topic.

Inverse Filtering and NDE

In the ccnventional NDE setup, an ultrasonic

test object directly ¢T through a water
ultrasonic waves which pass into the test object,

flaws to either the same or a different transducer,
an oscilloscope or

a finite bandwidth o

electrical signals wtich are displayed on
To the extent that the NDE transducer has
the ultrasonic signa
planar or point flaw will produce a
cycles of the ultrasonic frequency,
in the time domain.

This flaw waveform can be processed digitally, a
introduced by the

one wishes to remove he influences of the transducer
of the f
the filter function which would

transducers and medium combined. 3

Ftederick(l);o remove the distortion

sketched in Fig. 1,
and medium to leave only the impulse respo:'se
g (t) in Fig. 1). This can be done by find. 'ng
be the inverse to the impulse response of the

One then constructs the filter having that inverse
flaws through that inverse filter. s

done in a8 digital computer;
to accomplish the sane result.

obtained from
this filtering was
(SAW) filters

passes all future signals
In the Seydel-Frederick work
we have made surface acoustic wave

Q) J. A. Seydel,
Testing Data,

" Ph.D. Dissertation, University
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More specifically,
convolvers, and
this investigation.
report period has been placed on rea

er employing surface elastic waves, for the purpose !
esponse of the | 1
lanned to complete this work in the next annual period
ces for wave

bath is shock excited

1s from the flaw will be distorted;
waveform whose durat
rather than being very narrowly defined i

Computerized Enhancement of Ultrasonic Non-Destructive
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at analog signal processing
the use of

the like,
The
1izing and

NDE ultrasonic

form recognition;
has already begun

transducer coupled to the .
, producing
reflect or transmit from
and finally produce
shart recorder.
f operation,
for example, a

jon is a number of

s shown by Seydel and
NDE transducers. As

lavw (rcpresented by

impulse response, and then

of Michigan,An Arbor, 1973.
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A pictorial sketch of the arrangement appears in Fig. 2, where a test
object is shown as a layered solid having layers witnh differing acoustic
impedances (specific acoustic impedance is product of mass density with
wave velocity). When the return signal from the NDE transducer passes through
the SAW filter designed for that transducer, the distortion introduced by the
transducers and medium 4s removed; and, hopefully, the displayed return will
appear as sketched; the near delta funct:ions displayed would correspond to

wave incidence on the planes where there is a discontinuity of acoustic
impedance.

Filter Design

In order to test the idea we set up a simulated NDE arraugement in
which a commercial piezoelectric ceramic transducer (Vernitron, 5 MHz PZT
disk, 0.5 inches diameter) was attached (salol) to a metal (aluminum alloy)
cylinder (sketched in Figure 2). Layered structures were made by

coupling with oil to additional plates of aluminum OT glass (microscope
slides). The input NDE transducer was excited (with a pulse from an HP
214A Pulse Generator) while it was connected to an oscilloscope: the wave-
form corresponding to reflection of the input ultrasonic signal from the
flat end of the test object was then photographed (Polaroid 105 positive-
negative film) and used to characterize the NDE transducer. The photograph
in a digital scanner system employing an 1BM 1800 computer, originally used
here for pictute-processing. A fast-Fourier-transfotl (FET) program (run
on the CDC 6400 computer) produced the spectrum of the NDE transducer and
the solid medium coupled to it. The spectrum was then inverted and an
inverse FFT program was run to produce the impulse response of the desired
inverse filter. This impulse response served as the starting point in the
design of the SAW inverse filter.

In order to realize a practical SAW filter, two additional steps were
taken: (1) the impulse response was truncated (shortened in duration) to
reduce the complexity of the SAW filter; and (2) the response was weighted
so as to prevent undue emphasis of noise at the edges of the operating band
of the NDE transducer. The truncation was tested on the digital computer
to determine just how much truncation would be possible pbefore the output
signal from the filter would be distorted; it was found possible to reduce
the impulse response waveform to about thirty percent of its original dura-
tion before unacceptable distortion occurred. The weighting used as a
Hanning function carried out in the frequency domain; this function tapers
off smoothly to zero at the extreme ends of the frequency response of the
inverse filter.

The SAW filter transducers are designed to have the truncated and
weighted impulse response as determined above. In our test devices built
to date, the input SAW transducer has been a wideband, two finger inter-
digital pair, and the output transducer had the impulse response of the
inverse filter; later designs will have a multi-pair input transducer to
reduce insertion loss. The output transducer is designed by arranging the
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placement of fingers and their overlap to correspond geometrically to the [
impulse response desired; in one of the filters built and tested, there |

were only 20 finger pairs in the output transducer.

Test Results

Some of the initial test results are shown in the remaining figure.

Fig. 3 shows a block diagram of the test setup and a photograph of the
simulated NDE test. on the face of the oscilloscope in that photograph one
sees (top trace) the NDE received waveform before filtering, and (bottom

trace) the filtered waveform: here one sees three prominent peaks gimilar F |

8, corresponding to waves reflected from the planar dis-

to delta function
continuities in the sample test object. The increased spatial resolution

resulting from use of the SAW inverse filter is clearly seen.

1 It should be remarked that some of the equipment shown in the block

diagram and the photograph of Fig. 3 is needed for initial testing only; }
with more fingers in the input transducer, lower insertion loss and less |
need for post-filtering amplification will result. Also, it should be

noted that a solid-state switch was used to prevent the "nain bang" electrical
signal from appearing at the SAW filter input; and an envelope detection

| (absolute value) circuit was used to detect the envelope of the filter output.

4 The active portion of the SAW inverse filter measures approximately 1.3cm by
3.8 cm, 8o it is quite compact . )

The experimenally obtained outputs have been compared with the wave-
forms obtained by computer simulation, and good agreement has peen found.

1 Algso, in an experiment where a SAW inverse filter designed for another NDE
- transducer (also resonant at SMHz) was used with this NDE transducer and ’ ' B
test object, improvement in the spatial resolution was also observed, but to
. a lesser degree than when the correct filter was employed. Details of these
experimental checks and the design process will be given in papers for pub-

lication now in preparation.

Summary

1 A surface acoustic wave inverse §ilter design process has been carried
out and tested with simulated NDE transducers and test objects. This analog
filter ylelds improved spatial resolution of gimulated NDE return in real

time processing.
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PROJECT I, UNIT II, TASK 3

DIGITAL TECHNIQUES FOR ULTRASONIC
FLAW CHARACTERIZATION

B. G. W. Yee, J. C. Couchman and J. R. Bell
General Dynamics

Objective

The objective of this task is for General Dynamics' Fort Worth

Division to support RISC in their Interdisciplina Program for Quantitative
Flaw Definition by investigating the application of digital computers to
collect, process and display data from ultrasonic waves scattering from
defects embedded in solids. This objective will be achieved by a serles

of tasks which will be performed over a three year program. The first

year's tasks were:

1. prepare analytical software and hardware for data collection

and signal processing.

2. collect and catalog time and frequency domain signatures of
spheroids and flat bottom holes,

3. identify measurable quantities for characterizing internal

defects, and

4. 1look for empirical correlations and agreement with theory.

s effort has been limited to the analvsis of
1SC (described in Appendix A-1). This will pro-

dardized-specimens for optimum usefulness in
port task data. g

The scope of this year'
specimens supplied by R
vide data on simple-stan
cross-correlations with other sup

Data Collection

The signal processing systems ghown in Figure 1 can scan a specimen

by computer control, keep the transducer aimed normal to & specimen, and

record all signals detected in any gated interval between the top surface

and back surface echo. Gated signal intensities relative to any pre-
selected reference standard can be digitized and stored in the computer
for later sutput as a C-scan, isometric display or tabulation. RF wave-
forms can be digitized as 1024 distinct points and Fourier transformed

or otherwise analytically studied.

A flow chart diagram tnat describes the equipment, data collection,
and display capabilities used in Task 1.II.3 is shown in Figure 2. A
15 MHz broad band Panametrics transducer is pulsed by a 5052 PR pulser
receiver and the pulse echo received from a test specimen 1s displayed on
57
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on a Tektronix oscilloscope.

The X coordinate position for the

HP2100 (256 steps) or the PDP 11/45 (1024 steps) computer and stepped by an
anal¢g-to-digital convert-r channel in the computer.

After being delayed, the waveform is displayed
on a HP oscilloscope that contains a HP 1782A display scanner plug in.

Sclence Center |
Rockwell internatonal |

o\

display tcanner is computed by either the

S N

The signal amplitude

at each positicn is sampled at the Y output of the scanner and converted to }
digital form (+ 256 discrete values HP2100, + 2048 values PDP 11/45) by an |

analog-to-digital converter channel and stored in the computer.
11/45 computer can automatically scan a Sp

on disk packs for retrieval and analysis.
to analytically process the digitized data and output results in a

convenient format through oscilloscope displays an

put.

Candidate transducers having
(see Figure 3). The most suitabl
which permitted meaningful measur

The water path length that was used in the measurements had some

effect on the source power spectr

Limiting measurements to the frequency range 0-

error factor.

Surface roughness was another source of concern.
surface roughness Jas used to determine the magnitude ot the effect.
was found (see Fig. 5) that surface roughness less than .5 Mil (RMS) had

1ittle effect on the power spectra below 14 MHz. i
{

Data Processing

Computer softwarc is available at General Dynamics for (a) plotting RF
waveforms, (b) computing and plotting Fourier power spectra, (c) for ]
source normalization, (d) for gating-out unwanted signals,

form amplification in nelected intervals.
capabilities, which will be discussed further in this section, are important

for information retrieval from reflected ultrasound.

a. Fourier Transform

The Fourier-power-spectra i
complex Fourier transform of f(t

P() = |1~*(w)\2

£ F 2
where F(W) = ——-:I f(t)e
JI |

The PDP
ecimen and store pulse echo data
The computers can be programmed

d a digital plotter out-

broader [requency spectra were tested |
e of these was the Panametric v313(15/0.25)

ements from &4 to 30 MHz. |

2 above 14 or 15 MHz (see Fig. 4).
14 MHz minimizes this !

; standard for |
It

and (e) for wave-
All of these signal processing

s the square of the absolute value of the l
) and is represented by ‘

(1)
iwt
dt )
60
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hat can be gubsti-

t) is fitted by an analytical expression t
F(w) and P(w) are

tion (2) for {ntegration in closed form.
igital computer.

The function f(
tuted into equa
computed by 2 d

b. Source Normalization
gnectra of

is normalized by dividing it by the power
efits of source normalization 1is best {11lustrated by the
Figure 6. The resulting normalized Fourler

from &4 to 22 MHz.

A power spectra
the source. The ben
flaw depth measurement sh
power gpectra is very flat

c. Gated Gain Cagabilitz

A typical signal which shows 2 top surface refleccion, 8 flaw
reflection ig shown in Fig. 7-

reflection, and a faint vack surface
Fourier transform 18 complex and difficult to quantitatively analyze. Gating
of the back surface echo produces

out the flaw signal and increasing the gain
a useful Fourler transform from which material velocity or specimen thickness

measurements may be made. The flaw signal can be amplified and Fourier

transformed to provide a flaw signature.

d. Output Display

A special software program
1t provides a dimensionless parameter disp
a convenient format for comparing experiment

computes and plots

RAP ¢ ( a )
tbz VRA

is the distance hetween

e RISC support task.
spectra that 1is
gram simply

has been added for th
lay of the power
with theory. The pro

the transducert and the scatterer,

w

where:
A 1is the waveliength of ultrasound in transmitting media,

P 1is the nornalized power transform of the signal from the
scatterer,

b 1s the radius of the scatterer, and

a 1s the radiu. of the transducer.

Quantitative Meagurements
\M characteristics 4{n specimens are measurable by ultrasonic

geveral fla
For example, it is possible to measure:

spectroscopy.
of sound in 8 specimen,

) the veloclty
64
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(2) the depth of a flaw in a specimen, and
*
(3) the diameter of a simply shaped inclusion

a. Velocity Measuremants

Four one-inch long blank specimens were provided by RISC for

They were representative samples of 1100 aluminum,

2024 aluminum, commercial purity titanium, and T4-6A1-4V titanium alloy.
inch (within one percent). The

Specimen thicknesses were measured as oné-

velocity measurements are shown in Figs. 8 and 9 for aluminum and titanium
specimens respectively. The velocity of sound can be computed from the
spacing between interference resonance dips from the equatiom.

velocity measurements.

v = 2t &F

where

t 1is the specimen thickness and

AF 1is the frequency spacing.

The travel time can also be used to measure the velocity of sound but

is subject to errors introduced by phase changes in the reflected signal.

The velocities measured in this study are tabulated in Table 1.

="

* Alr filled voids do not transmit sound to provide back surface echoes
needed for dimension mersurements.
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Table 1 Velocities of Sound in RISC
Specimens (cm/sec)

Interference
Travel Time Spectroscopy
Specimen Measurements Measurements
A (1100 A1) 6.4x10° 6.34x10°
C (2024 Al) 6.3x10° 6.2x10°
F (ri) 5.9x10° 5.9x1L
5 5
I (64 Ti) 5.9x10 5.83x10

Flaw depths can be measured by ultr

b. Flaw Depths

asonic interference spectroscopy

(refer back to Figure 6) but in order to save computer time the depths

vere determined from tr
in Table 1.
in Table 2.
the data plots in

111.2(d).

avel time measu.rements using the velocities given

The depths obtained for the RICS test specimens are tabulated
The depth values were needed in this task in order to prepare

terms of dimensionless parameters referred to in Section

70
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Table 2 Co-Axial Flaw Depths in
RISC Specimens

Spheroid
Specimens Depth Specimens ; Depth
B(1-8-A/21) .99" N(B-2-4-64/35) 1.09"
D(1-8—24/19) .99" 0(B—2-8—6h/36) 1.09"
E(1-8-24/24) .99" P (B-2-12-64/37) 1.08"
G(1-8—64l15) .99" Q(B—3-2—64/38) 1.09"
u(l-1" 4419) .99" R(B-3—4-64/39) 1.09"
J(1-8-T/17) .99" S(B-h—h—65/40) 1.09"
M(l-h-6h/32) .99" T(B—h—8—64/h1) 1.09"

Depths reported by RISC were 1" and 1.125" for the FBH and the spheroidal
void specimens respectively. The 10 Mil {nconsistency for FBH specimens may

simply be a consistent error factor introduced by unzccounted for phase
changes in the reflected echo. The 3 percent low readings for the spheroid
specimens are more difficult to explain. Perhaps some metal compression

resulted Juring the diffusion bonding fabrication.

c. Flaw Dimensions

in the RISC specimens do not transmit sound and
eced for dimension

The air filled voids
therefore do not provide the back surface echoes nf

or acoustic impedance measurenents.

e
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Fmpirical Observations

The amplitude and power spectral signatures of the test specimens are
very complex. The figures reproduced in this section typify the data. It
may be seen in Figures 10, 11, 12, and 13 that although well defined trends
are not readily apparent, significantly reproducible differences can be
observed. The RF waveforms for the spherical voids have the most structure
(Figures 10 and 11), the RF waveforms from the cylindrical voids tend to
ring more, and the RF waveforms from the FBH's are more source-like in
appearance with the signal-to-noise ratio tending to increase with flat-
bottom-hole diameter.

These ultrasonic echo signatures contain information about the nature
of the scatterer. It will, however, require the computation of correlation
coefficients or perhaps some sophisticated application of patte= recognition
methods to identify the sizes of the flat bottom holes and spheroils contained
in the test specimens.

Perhaps the best starting point for next year's work will be with
specimens M, Q, R, N, and S (see Appendix A-1) which contain voids having
the same cross-sectional area when viewed co-axially but vary in front
gurface curvature from flat (M) to highly curved (S). Broad classificatiors
such as spheroidal-prolate, spheroidal, spheroidal-oblate, and flat might
be reasonable as a starting point.

The ultrasonic signatures of specimens M, Q, R, N, and S are shown
in Figures 14 and 15. The latter figure contains power spectra in terms of
dimensionless parameters.* As pbefore the amount of noise in the RF
signatures increases with the curvature of the gsurface. The power speciral
waveforms certainly differ. The prospect for classification as prolate,
spherical, oblate, and flat look promising.

*Notice that the dimensionless parameter plots contain brokern-vertical
lines - these identify the beginning and end of the region where source
energy was highest-data before the first line and after the last line may

i .
contain noise 72
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Comparison with Theory

An unknown water path is inherent in the FBH data shown in Figure 16. l
The water path is less than one cm and selected.for broad band response.
The dimensionless parameter data (Figs. 17 and 18), however, were collected [
! with the transducer in contact with the flat surface of the specimen in
order to better approximate the theoretical model. A thin water gap was |
present at the transducer-specimen interface and the presence of this
lamination was observed to change the power spectra when pressure was applied. !

The comparison to theory would be more rigorous if measurements were
made in water where coupling laminations would not be present. It is |
suggested that computer snftware be prepared during the next year's work |
which plots the ratio of the theoretical/measured power as a function of |
frequency and that measurements be made under water using rod ends to
simulate disk scatterers.

Another serious source of experimental trouble is the difficulty of avoid- |
ing small angle deviations from normalcy. The signals received are sensitive |
to this variable. Some adjustments to the theory needs to be made to account |
for non-uniform sensitivity across the face of the receiver transducer.

Cenclusions

1. C-scans cannot resolve flaw shapes if flaws are smaller than the face
of the scanner trarsducer. Collimation is required for improving
resolutions. b &

‘ 2. TFlaw depths can be measurel by time-of-travel measurements but phase
changes in reflected ultrasound limit attainable accuracy. This effect | i
becomes mcst dominate at shallow flaw depths. i

o " 3. Flaw depths can be measured by ultrasonic spectroscopy with an accuracy
that is independent of flaw depth. ! t

4., Source-spectra shift appreciably with distance; this factor will have
to ba accounted for as spectroscopy procedures improve.

5. Surface rcughness does not become much of a prculem until the rms .
surface roughness approaches the wavelength the ultrasound pulse.

6. Single broad-band sources of pulsed ultrasound are available thut
span a fiequency range of from 3 to 20 MHz. ]

7. The prospe:t of classifying flaws according to size, cross-section,
thape factcrs (prolate, spheroidal, oblate, or flat), and composition
(void or in:lusion having a measurable acoustic impedance) looks
promising bu* will require pattern recognition techniques.
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8. The use of simple theoretical models to predict realistic experi-
mental results must be done only after careful examination of the |
effects of all pertinent experimental parameters that are not accounted

for in che theory.

9. A very extensive catalog of ultrasonic signatures of spheroids and flat
bottom holes have been prepared from this task. These should be under-
stood in terms of reproducibil’ .y and significance before more complex

flaw structures are added to this program. Metal inclusions having )
| identical geometries but having acoustic impedances that are different

than the host material ave recommended .

-| 10. Data presented in this report may be better understood after void
specimens are opened and tested for surface tei!ure and shape.

—
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APPENDIX A-1
TEST SPECIMENS

Eighteen test specimens were provided by RISC for use by contractors I
for experimental testing. Specimens were right cylindrical having tlanks, |
flat bottom holes, and spheroidal cavities coaxially located at about 1 in~h
from the front surface. All coding and reporting on derived data relating
to test specimens is presented in this appeadix. |

. .
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\. Table A.1 Properties of Test Specimens
stes Code Host [] Flaw
s e Matl. | Flaws|Geo. Type Vel. Reptd. Meas. |
' A(0-0-A/T)* Al o |- Blank | 6.34(5
B(1-8-A/21 Al 1 FBH Void ' 1.00 .99 ,
C(0-0-24/5) Al 0 - Blank | 6.24(5
D(1-8-24/19) Al 1 |Fea___ |Void 1.00 .99 |
. E(1-8-24/24) Al 1 Fill Void 1.00 .99 |
| F(0-0-64/9) T4 - Blank | 5.91(5 alga] l
G(1-8-64/15) T1 1 |¥BH___ |Void 1.00 99| |
H(1-12-64/9 Ti 1 FBH___ |Void 1.00 .99 |
“* 1(0-0-T/3) Ti ] - |Blank | 5.83(5
¢ J(1-8-T/17) TL__ (1 |FeH |Void 1.00 59 F
. M(1-4-64/32) T4 1 FBH___ | Void 1.00 99 .'
- N(B-2-4-64/35) | Ti 1 |sphere [* ° 1.125 | 1.09 |
& O(B-2-8-64/36) | Ti 1 s 1.125 | 1.09 , i
P(B-2-12-64/37) | Ti 1 - i.125 | 1.08 |
= Oblate
Q(B-3-2/64/38) | Ti Sphere | " 1.125 | 1.09 |
i R(B-3-4-64/39) | Ti e 198 i oo 1,125 | 1.0¢
! Prolat
. ' t S (B-4-4-64/40) 1__ | Sphere]" 1.125 | 1.09
. T(B-4-8-64/41) = &2 . N 1.125 | 1.09
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PROJECT I, UNIT III, TASK 1 !

MODELS FOR THE FREQUENCY DEPENDENCE
OF ULTRASONIC SCATTERING FROM REAL FLAWS

L. Adler
University of Tennessee

Introduction

The overall objective of this investi ration is to study models for fre- !
quency and angular dependence of scattered ultrasonic waves from "flaws'. We {
have introduced a new theoretical model which was based on a scalar theory-a
geometrical theory of diffraction., It can be used for two-dimensional flaws
of any shape. The model was adapted for the "flat bottomed hole." An expres-
sion for the amplitudes of the gcattered energy was derived for non-normal i
incidence. This expression relates the frequency and amplitude of the
scattered sound beam to the gize and ocientation of the hole. This exprescion
is experimentally verified. An approximate model was also introduced and used
to determine size of irregular shaped gimulated flaws. Initial experiments
were also carried out to use shear wave scattering from notches in aluminum
and to study mode convers’.on.

> piffraction Theory \ }

|
|
\ In order to correlate the parameters of the ultrasonic wave,such as ampli- *
tude and frequency distribution,to the parameters of the flaw size, shape
and angular orientation, we used diffraction theory. We have: adopted a ‘
| geometrical theory of diffraction--introduced by Kellerl for electromagnetic B

- | waves--to the scattering of sound from "flaws". This theory has several
_ advantages2 over the traditionally used Kirchoff approximation, especially
! | for the study of off-axis scattered energy distribution. ; i

) In the geometrical theory of diffraction the concept of the diffracted ray

i is introduced. A diffracted ray is produced every time a ray interacts with

an edge. Tne diffracted ray may interact again with the edge, thus doubly

and multipiy diffracted rays may be considered. Now each ray has a value
(amplitude and phase) at any point. Therefore, the total diffracted field

at any point is the sum of the fields of all rays through that point. The

general expression for the diffracted field for an arbitrarily shaped aperture

| is given by equatior 1). |

» (Ll (U )1+ 17
i U(p) = - JAKk) Ts
i 2(2 7 k) ‘sinB 4
1 el s .
§ [sec % (6-a) + csc ¥ (O +a)) x {s (1 + s(cos62 aBsinB)]

a sin’B (1)
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The + or - signa is used whether U = O or gﬁ—-- 0 at the surface. A(k) is
the amplitude distribution of the incident pulse, ¥ is. the phase of the
incident pulse, s is the distance from the origin to the edge of the aper-
ture, k is the wave number, @ is the angle of the incident ray, 0 1is the
angle of the scattered ray, B 1is the angle between the incident ray and the
tangent to the edge, a is the radius of curvature of the nperture, and

is the derivative of the angle B with respect to the arc length. A
srhematic diagram of the general problem is shown on Figure 1, where one
of ihe incident and diffracted rays are {llustrated together with the
other parameters. Equation (1) is a general expression anc 1is valid for
two-dimensional flaws. The parameters characterizing a particular
geometry are 8, f and a. This theory is a scalar theory.

Flat Bottomed Holes

The end of the flat bottomed circular hole is one of the most used
standards in N.D.E. Hence, we have placed special emphasis on the study
of the diffraction of sound by circular flaws.

Let us take a circular aperture with radius a. To treat this problem
it is sufficient to consider only two diffracted rays in the orientation
of equation (1). Taking four rays into account has not given any additional
information. The schematic diagram of the problem is shown on Figure 2.
Substituting the parameters into equation (1), we obtain

exp (1k(y, + r)) - -1 1
u= -A(k) o Ty tx‘p{ﬂ-kllilﬂ + ‘“”l"‘“" + 0 + cosd - @ ¢
' 2 =y
—1"!
r - asiné {5 = r - asing (-sind - sin#)]
r r T :
. 2)
( : 1
+ |exp(i(ka(sing + 2sin®) + 1/4)) "___lin|1+ Sk - *1_ i
2 2/
F '1!:

r + asind|a _ _‘_-'_"‘_ri‘_i_“.i (~-s1inb + sing)

| 4 3

\
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ORNL-DWG 75- 3645

Figur;! 1. Schematic diagram of “ray diffraction" from aperture.
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ORNL-DWG 75-3642

Figure 2, Schematic diagram of "ray diffraction"” from fiat bottomed hole.
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" 3 . —sinf -
Hereﬂl-ﬁz-i B = - 01 w+0
rl-r-asinﬁ tz-ti--i:ﬂ 02"'!’-0
Equation (2) reduces to a much simpler form for normal incidence.
. 47 [1 - cosl cos (2kasinf , %
UP) = = | Fxpeid | kasind ) 3)

Equation (2) is programmed for Fortran and calculated with the parameters
used in the experiment.

Approximate Model (Interference Model)

We have also used an approximate theory to correlate the frequency
distribution of the scattered wave to the size and orientation of the
"flaw." This model3 is a simplified version of the geometrical theory of
diffraction, if one assumes that the two extreme edges of the reflector or
flaw will send out secondary wavelets or rays. There are no field values
associated with these rays but it is assumed that at any point they will
form interference maxima or minima whether they are in or out of phase.
The position of the maximum amplitude at a given frequency is then related
to the path difference of the two rays and in turn to a given diameter
and orientation of the flaw. Figure 3 shows a schematic diagram of the
interference model. The spacing between consecutive frequency maxima is
denoted by Af, The interference model gives a simple relation botween d,
the dimension of the flaw, and Af as

v
4= Bf(sind + sin (940) (%)
where v is the sound velocity.
EXPERTMENT

Both electronic and mechanical systems for scattering experiments have
been redesigned. The schematic diagram for our new electronic system is
shown on Figure 4. A ceramic transducer is shock excited with a commercial
Immerscope, thus producing a broadband pulse (see Figure 5 for the spectrum
of the transmitter). This broadband pulse hits the target, the scattered
sound received by a receiver transducer which is identical to the trans-
mitter. The signal is amplified, gated out and displayed on the spectrum
analyzer. The new feature of the apparatus is the stepless gate which allows
us to obtain a more stable signal to be frequency analyzed. The displays
on the two oscilloscopes (before and after the stepless gate) assures one
that the gate will not distort the signal. The mechanical system which
consists of the transducers clamped into the goniometer system and the turn-
table with the two different samples used is shown on Figure 6. Throughout
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Fig. 5 Amplitude distribution of the incident wave vs. frequency.
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the experiment the relative amplitudes were measured. The amplitude values
were read off directly from the display of the spectrum analyzer.

COMPARISON OF THEORY AND EXPERIMENT

Brass Circular Rods

W2 have used ends of circu_ar brass rods as reflectors in water to simulate
flat bottomed holes. The diameters of the “flaws" were .125 inch (.3 cm)
and .25 (~ .6 cm). The frequency ranged from 1 to 5 MHz. Both incident and
scattered angles were varied up to 40°. Figure 7 shows good agreement between
experiment and theory for a 1/8 inch disk of 3 MHz for the scattered energy
as .he function of scattered angle. The agreement is also excellent for the
same reflector as a function of frequency when the scattered angle is 15
(Figure 8). The agreement tetween experiment and theory is also very good
for a .245 circular reflector, as shown on Figure 9.

Flat Bottomed Holes in Aluminum_ Samples

Two different types of samples were used to study scattering from flat
bottomed holes: (1) a flat circular disk with a 1/8 inch hole in it,
prepared by Rockwell Science Center, and (2) curved cylindrical surface
with 1/8, 1/4, and 1/2 inch flat bottomed holes. Both these samples are
shown together on Figure 6. (Surface conditions may affect the data).

The frequency distribution of the scattered energy for the 250 mill flat
bottomed hole in the curved sample is shown on Figure 10. The angle of incidence
was O and the diffracted angle is 25°. The agreement is excellent. Figure 11
also shows excellent agreement for a 500 mill flat bottomed hole when the off

axis angle is 12°.

On Figure 12 the agreement 1is fair between theoxry and experiment for a
500 mill hole in the curved aluminum sample. Here the incident angle is
189 and the diffracted angle is 4°. The agreement between theory and experi-
ment is good also for a 125 mill flat bottomed hole in the flat sample, as
shown on Figure 13. We have carried out measurements in both samples (shown
on Figure 6) under the same experimental conditions to study the effect of
the sample's surface. On Figure 14 the solid curve is the theoretical curve,
the dots are experimental points in the curved surface sample and the crosses
are the experimental points for the flat bottomed samples. At the frequency
region above 2.5 MHz the theory agrees Very well for both sets of data. For
the lower freqencies there is some uncertainty, which makes it difficult to
draw conclusions regarding the effect of the sample's surface condition on
the data. This aspect of the problem is under investigation.

Three-Dimensional Plots

We have programmed equation (2) to obtain three-dimensional plots to
study some of the fine structures. Typical plots ar- amplitude-frequency-

95

. TS




Science Center
Rockwell International

e

L eanitd

-g|buy jo uoydung O SO Apisusiu

(bep) 3TONV SIXV 340
09 SS 0% Gv oy =14 o¢

I ] | | I

IVLNIWIHIIXI .
I DI L3H0FHL

IHW € = AON3ND3H4
[ (WwGLH'E) siw G2l = H3L3INvIO

_ | |

w
ALISNILNI

0S9E-6L 9MO-TNEO

ol

el

1
L




Science Center
Rockwell International

N

S

S

8 21n814

‘Aouanbaig jo uoyoung D so Apsudjul

(ZHW) ADNAND3Y4
Sv St s'¢

TELNIWIYILAXT e
IvI1L3H03HL

Bep G = ITONV SIXV 440
(WwgliE) swg2i = H3L3INVIO

| | i

L18E€-SL OMT-INYO

ALISNILNI

O

A

97




Science Center
Rockwell Interna donal

oo

¢ 21n31d

9ibuy jo uoyoung c SO Kjsuajul

(bep) ITONV SiXV 440

IVAN3NIY3dX3 @
VOIL3HO3HL—

ZHW §'2 = ADN3ND3Y4

— (wwZ'9) siw OGHZ=UILINVIQ

| | | |

|
L]
ALISNILNI

¥S9E-GL OMO-INYO

(-]
o




‘ ' Science Center
Rockwell International

ORNL-DWG 75-3820

i I I I | |
DIAMETER =+ 250 mils (6.35 mm)
56 OFF AX1S ANGLE = 25 deg |
I THEORETICAL l
—eo— EXPERIMENTAL
48 — ] }
40 — zacll
T
b=
' { 12 |- - |
L
'—
z
24 i
d
)
1.6 =l
- l
| 0.8 il
1
i | | |
0 2 q 6 8 10 {2

FREQUENCY (MH2)

Intensity as a Function of Frequency in Aluminum.

Figure 10
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Figure 11
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Figure 12, Curved aluminum sample,

101




’ Scilence Center
Rockwell International

PRATTERN RS A FUNCTION OF FREQ
DIAMETER IN MILS = 125.0 '
OFF AXIS ANGLE = 17.7

& VELBCITY IN MILS/MSEC IS 250.0 )

(=)
[ =)
. % 00 1.00 2.00 3.00 4.00 s. 00 ' 6.00
| FREQ IN MHZ | |
| |
|

Figure )3. Flat aluminum sample.
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Figure 14, Comparison of eficcte of surface shape on spectrum. Dots for curved
gurface and crosses for flat surface.
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scattered angle, Figure 15; amplitude-frequency-flaw size, Figure 16, and
amplitude-frequency—distance between flaw and transducer, Figure 17.

Simulated Real Flaws

Another set of scattering experiments which we have carried out are
those on arbitrarily shaped metal shims which were simulations of real
flaws. These simulated flaws are shown on Figure 18, Notice that in
addition to circular, elliptical and rectangul.y reflectors, there are
randomly shaped reflectors (see Nos. 4, 5 ari 8). The only complete set
of data to be analyzed based on the diffracticn theory is for the circular
one and the result has been discussed in an earlier sectjon. We are in the
process of evaluating the expression for the elliptical reflector. The
approximate model as outlined in the theory section, however, allows one
to determine several dimensions of the reflectors. On Tabl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>