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EXECUTIVE SUMMARY

This is the final technical report (two volumes)

suxfmarizing research activities performed for the David Taylor

Naval Ship Research and Development Center (Code 2820) and the

Naval Sea Systems Command (SEA 05R15). The authors wish to

thank Mr. Charles A. Zanis (DTNSRDC) and Dr. H. H. J.44
Vanderveldt (NAVSEA) for their continued encouragement and

support during the course of this research. The purpose of

this research was to use innovative optical techniques and

superior signal capture and processing systems to determine

the waveforms, frequency spectra, and propagational behavior

of the acoustic emission signals generated by the various

mechanical deformation mechanisms leading to failure of metal

alloys of prime importance to naval structures. Experiments

were performed using a laser interferometer detector and a

new piezoelectric transducer, both of which permitted re-

cording of the first arriving acoustic emission signal

unmodified by transducer construction artifacts as experienced

with conventional commercially available piezoelectric

acoustic emission transducers.

Acoustic emission events were either generated by pulling

microtensile specimens in an extremely quiet microtensile

machine (Volume I) or by the brittle, step unloading fracture

of glass capillary tubes on the surface of test specimens

possessing different geometries (Volume II). All acoustic

emission event waveforms were recorded by a high speed transient

b ' -". . .' . . " . ... ". " " " - * " " " , . . - ..
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recorder and stored on magnetic mini-diskettes for analysis

on a high speed digital omputer and for future propagational

. behtavior and waveform analysis. Specimens which were pulled

in the microtensile machine were examined using optical and

scanning electron microscopes to determine correlation

between acoustic emission events and microstructural changes.

".1
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ABSTRACT

An experimental investigation was conducted in

order to determine the degree of acoustic emission

signal modification due to propagation through

specimens of different geometries. Initial

efforts were directed at comparison of a number of

acoustic emission probes in order to determine

their sensitivity and their ability to detect an

unmodified reproducible theoretically predicted

waveform. The results of these tests showed that

an optical interferometric probe possessed the

largest frequency bandwidth and a National Bureau

of Standards conical piezoelectric transducer

possessed the best waveform detection sensitivity.

These two probes were therefore selected to make

measurements of the surface displacements due to a

reproducible acoustic emission souce as a function

of distance from the source for several different

geometrically shaped objects. Long test specimens

in the form of a right circular cylinder, a rectan-

gular cross-section bar, a moderately thin-walled

pipe, and an I-beam were used for these propaga-

tion measurements. Results of the propagation

tests showed that the acoustic emission waveforms

propagated further distances without significant

http://www.abbottaerospace.com/technical-library


modification in the solid cylinder and bar than in

the pipe and I-beam. In all cases the higher

frequency components of the waveform attenuated

faster than the lower frequency components. In

addition the thin sections of the pipe and I-beam

caused rapid distortion of the initial waveform

because of multiple reflections and associated

mode conversions at their interfaces.

The results of this work clearly show that

the ability to detect acoustic emission waveforms,

which still retain features characteristic of the

source, may be physically impossible at locations

remote from the source in real structural members.

This will be particularly difficult when the struc-

ture possesses dimensions of the same order or smaller

than the wavelengths of the acoustic signals.

.. . . . . .. . . . . . ,*1. . . . , , , ', . . . , . -'. ' . . ...
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I. INTRODUCTION

When a solid material undergoes sufficient

mechanical deformation, the elastic strain energy

stored within can be rapidly released due to

structural alterations. As a result, transient

elastic W9ves propagate through the material. This

phenomena is known as stress wave emission or more

commonly as acoustic emission. Sources for acoustic

emission include, (1]:

a. Twinning
b. Grain boundary sliding and rotation
c. Slip band formation
d. Dislocation unpinning and motion
e. Plastic deformation at a stress

concentration
f. Void initiation and growth
g. Crack initiation and propagation
h. Fracture of inclusions and second

phase particles

Signals resulting from acoustic emission

events may range in frequency from a minimum of a

. few hertz to a maximum of tens of megahertz.

.

Acoustic emissions are characteristic of the source

from which the event originated. It is this source

which must ultimately be identified such that there

is no doubt as to the mechanism causing the acoustic

emission event. However, before one can begin to

.1 accurately identify a mechanism of acoustic

.11

.. m *-,..*-..-.
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emission, one must be able to detect and record an

acoustic emission event without mechanically or

electronically altering the signal. Conventional

probes used to record acoustic emission signals have

been traditionally made from piezoelectric

materials. The inherent problem plaguing users of

these probes is whether or not the recorded signal

is truly representative of the source, rather than

4. an artifact of the recording probe itself. Standard

piezoelectric transducers must be attached directly

to the surface of the specimen via an acoustic

impedance matching couplant. Acoustic couplants act

as attenuators of certain waveforms, particularly

shear and surface waves. Yet, even without the

acoustic couplant present, there is some modifica-

tion of the waveform detected due to the contact

between the transducer and the specimen surface.

The modifications generally seen at the interface of

two solids are in the form of mode conversions (2].

In order for a signal to be representative of

the source and not the transducer, one must assume

that the stress acting on the sensitive face of the

transducer is uniform. if the stress acting over the

http://www.abbottaerospace.com/technical-library
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sensitive face of the transducer is non-uniform, a

more complicated stress mode will result, [3].

Often it is assumed that the transducer is excited

in a one-dimensional stress mode.

Along with the direct contact problem, standard

piezoelectric transducers exhibit a non-uniform

frequency response due to the resonant nature of the

transducer. The main problem with detection of true

acoustic emission waveforms using conventional

piezoelectric transducers is that the various

elements making up the transducer (wear plate,

piezoelectric element, backing material, mounting

case, etc.) all "ring" at their resonant frequencies

creating artifacts which mar and severely distort

the true waveform and associated frequency spectra.

A: Analysis and subsequent identification of the source

,,)f an acoustic emission using the conventional

piezoelectric transducer is extremely difficult

under these conditions, [4].

In recent years the use of flat frequency

response probes has played an important part in the

isolation of acoustic emission information. Air gap

.* capacitance transducers, optical interferometers, as

well as a new generation of piezoelectric

V.
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transducers and path stabilized interferometers,

have been developed which allow a higher order of

certainty in the detection and subsequent identifica-

tion of acoustic emission events.

The air gap capacitance transducer is a non-

contact type transducer in the sensitive region of

the probe, Fig. la. There are, however, support

shims which must come into contact with the

specimens to keep the air gap constant. These shims

contribute to waveform modifications because of

their contact with the specimen surface. The air

gap capacitance transducer exhibits a flat frequency

response, (51, but compared to conventional piezo-

electric probes, Fig. lb, it is not as sensitive.

Use of the air gap capacitance transducer has been

restricted to the recording of more energetic

acoustic emisssion events. While the air gap capaci-

tance transducer has a flat frequency response, it

also acts as a filter to eliminate certain wave-

forms. Because it is necessary to have all wave-

forms represented for the proper characterization of

an event, signal to source matching is often

impossible when the air gap capacitance transducer

is used, (1].

http://www.abbottaerospace.com/technical-library
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b)
Figure 1. Schematic drawings of a) air gap capacitance

transducer and b) standard commercial acoustic
emission transducers.
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Optical interferometry, used for the detection

of acoustic emission generated displacements, has

become one of the most active areas for acoustic

'emission research. Interferometry is the technique

by which a beam of coherent light (typically laser

light) is split (amplitude splitting interferometry)

'. by a beam splitter and recombined to form inter-

ference fringes. One leg of the split beam travels

to a reference mirror while the other leg travels to

the surface of a specimen; both beams are reflected

back along their original paths and are recombined

at the beam splitter. If the optical path differ-

ence of the returning beams are exactly an integral

number of optical wavelengths, such that the waves

are in phase, an interference pattern in the form of

alternating bright and dark fringes will result. If

the specimen surface is displaced, by the passage of

" * a transient elastic wave for example, the path

length of the split laser beams will differ by a

fraction of an optical wavelength. This difference

will create a phase difference between the two beams

resulting in a change in the fringe pattern. The

resulting pattern will be an exact representation of

the surface displacement which initiated the change.

4.'Is
-4

* ..

* . . . . . - -..- - . . .
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Results obtained from the adaptation of optical

interferometry to the detection and characterization

of acoustic emission signals have been promising in

recent years, (1,4,6-101. Major advantages of the

optical probe include:

a. No direct probe to specimen contact
(distance to specimen surface is determined
by the focal length of the focusing lens; 4
inches for this work)

b. Very broad, flat frequency response (0 to 5
MHz for this work)

C. No requirements for an impedance matching
couplant

d. Ability to probe very small regions (beam
diameter 1 millimeter or less, beam to
source distance as close as a few hundreths
of a millimeter)

Most importantly, the optical probe can be absolutely

calibrated and is "virtually free" of mechanical

resonance. An effective way of determining if a probe

will characterize the waveform of an acoustic emission

--- event is to match the acoustic waveform, recorded by the

probe, to the theoretical waveform proposed by Lamb in

1904, Fig. 2, [11]. The infinite half-space is used for

* 2- this model because a waveform will not be modified by

-- reflections from boundaries. The three-dimensional

solution to Lamb's problem for vertical displacement

excited by a point source indicates that there is not

http://www.abbottaerospace.com/technical-library
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S

F igure 2. THEORETICAL RECORD OF A STEP-LOADING
POINT SOURCE STRIKING AN INFINITE HALF-SPACE
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only the pronounced Rayleigh surface acoustic wave,

(SAW) designated by (R), but also longitudinal (P)

and shear (S) wave components. Experimental results

* reported by Kline, Fig. 3, and Breckenridge, Fig. 4,

show excellent correlation to theory. If a longer

time frame were used, specimen displacement will

slowly decay to zero due to attenuation. However,

Breckenridge showed that before the signal was

completely attenuated, the time-displacement record

went into long wavelength oscillations, Fig. 5.

These oscillations are believed to be the result of

long-term normal mode oscillations produced due to

the finite specimen dimensions and not the infinite

half-space which the theory assumes. No normal mode

oscillations are associated with a half-space of

infinite size. Proof that these oscillations are

caused by resonant frequencies are not at all triv-

ial; in fact, mathematically it cannot be exactly

solved for most geometries, [131.

Continuing studies, [14], have shown that

acoustic emission research is far from complete.

The development of innovative acoustic emission

probes at the National Bureau of Standards and The

- 4 * . *
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Figure 3. Experimental record of a radial displacement
vs. time record for a step-function point
source, after Kline, [6).

" . .
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et al [12].
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'. Figure 4. Experimental record of a radial displacement
,.,. vs. time record for a step-function point
£:m-'source striking an aluminum block, simulating
• -- an infinite half-space, after Breckenridge

|'<. et. al. [12].
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Johns Hopkihs University Applied Physics Laboratory

allows one to make more accurate records of acoustic

emission events, (15,161. These records are more

characteristic of the source mechanism that the

probe. A detailed discussion of both systems will

be presented later.

A. HISTORICAL WORK IN ACOUSTIC EMISSION

"And there rose up a great noise as if thunder was
born from the bowels of the Earth."

-Stephen Majerowicz, 1983.

Seismology was one of the first disciplines to

use acoustic emission as a form of analysis. The

elastic waves produced by an earthquake were used to

characterize fault movement in terms of energy

released, location and depth, [3]. But earthquakes

were not the only source of acoustic emissions;

early observations in metals indicated that deforma-

tion mechanisms were also active generators of

acoustic emissions. Studies over the past thirty

years, [17-24], led to acoustic emission theories

relating to twinning, Martensitic transformation,

pre-failure emission and grain boundary interface

motion. In the late 1950's and early 1960's,

intensive acoustic emission work was performed by

.

.°.

.-.- C..**. , o*2
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Schofield, [25-27] and Tatro, [28,29]. These

initial studies led to comprehensive work on the

relation between acoustic emission and deformation

mechanisms in a large number of materials.

Early work in acoustic emission centered around

the deformation of a material in the plastic region.

For the most part, investigators operated in a

frequency range that was below 60 kHz. A major

breakthrough in experimental technique, reported in

*.-*.the mid l160's [30], was the extension of experi-

ments into the 100 kHz and 1 MHz range. This elimin-

ated the need for extensive laboratory soundproofing

by eliminating extraneous noise, thus allowing

analysis via acoustic emission to be made practial.

B. EXPERIMENTAL GOALS

The primary goal of acoustic emission research is

to be able to gain maximum knowledge of an acoustic

emission event. This knowledge would allow researchers

to relate the observed elastic waves to the mechanisms

" responsible for their generation. This goal has

extended applications of acoustic emission techniques

-. into areas of materials research and evaluation, non-

destructive testing and structural integrity.

.who&..

http://www.abbottaerospace.com/technical-library


15

Increased demand for more accurate acoustic emission

probes has led to the development of innovative

sensors capable of reaching previously unexplored

areas.

It is necessary to locate and identify acoustic

emission sources. Triangulation techniques,

utilizing piezoelectric transducers, are effective

in locating the region where an acoustic emission

event occurred. However, these systems are often

large arrays of transducers which cannot always fit

into small areas. When access to an area is

restricted it is necessary to use remote sensing

techniques. The use of laser interferometry in

remote sensing is the most innovative technique to

become available. Optical interferometers offer

special advantages for remote sensing; not only do

they allow accessto restricted regions, but they do

not alter an acoustic emission waveform by direct

contact between the probe and specimen. Therefore,

the use of a laser interferometer as a remote

sensing technique was a basis on which this thesis

was undertaken..

http://www.abbottaerospace.com/technical-library
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There were two goals of the present work. The

first, was to characterize several different probes,

both piezoelectric and optical, in reference to

their ability to record a "true" acoustic emission

waveform without significant alteration of the

signal. The second, was to determine experimentally

the influence different specimen geometries have on

the propagation of the same known acoustic emission

waveform.

Utq 
•

° . . . . ' * *. **.* .. 7 -.. . . . . . . - . . *. - . .
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II. PROBE CHARACTERIZATION

A. PROBE SELECTION

Identification, characterization and accurate

recording of acoustic emission events is of major

- importance to researchers. Unfortunately, inherent

design flaws in most acoustic emission probes have

kept this criteria from being met; therefore, nine

different acoustic emission probes were character-

ized at the onset of this work, Fig. 6, Table I.

* Conventional transducers used to record acoustic

emission waveforms form a complex structure which is

subject to multiple resonances. The wear plate,

active element, backing material, case and connector

combine to cause large variations in transducer

response (unless the wear plate is specifically

designed as an impedance transformer), [151.

Limitations in the size of the backing material may

cause the piezoelectric element to resonate and

dominate the transducer response. The large

diameter contact area associated with conventional

* transducers causes an integration effect when

recording waveforms therefore, the conventional

transducer does not act as a point receiver.

•N
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Rear: a) APL laser interferometer,
Front from left: b) NBS-PZT #26,
c) NBS-PZT #36, d) Panametrics
A5-O.l-L362, e) Panametrics V3032,

Sf) Panametrics V3031, g) Aerotech Gamma
D12618, h) Aerotech Gamma C12634,
i) Dunegan/Endevco S9201 AC42. Length
between black marks on ruler is six inches.

C'.,

C'.o
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TABLE I

a. APL-System, modified Michelson laser
interferometer

II

b. NBS-PZT #26, conical transducer
Active area: 5/64 in.= 2mm diameter

* c. NBS-PZT #36, conical transducer
Active area: 3/64 in.= 1.2mm diameter

d. Panametrics AE - 0.1 - L632
0.1 MHz conventional transducer
Active area: 1 in. diameter

e. Panametrics V3032
0.5 MHz conventional transducer
Active area: 0.5 in. diameter

f. Panametrics V3031
1.0 MHz conventional transducer
Active area: 0.5 in. diameter

g. Aerotech Gamma D12618
1.0 MHz conventional transducer
Active area: 0.5 in. diameter

h. Aerotech Gamma C12634
1.0 MHz conventional transducer
Active area: 1 in. diameter

i. Dunegan/Endevco S9201 AC42
1.0 MHz conventional transducer
Active area: 0.5 in. diameter

I.i

. - -

. .. . . . . . ..°.. .. .

http://www.abbottaerospace.com/technical-library


20

An improved transducer, the National Bureau of

Standards conical transducer (b and c Table I,

hereafter referred to as NBS-PZT), overcomes the

problem of a large contact area associated with

conventional acoustic emission probes, Fig. 7. The

design of this transducer has been kept simple; the

contact area is as small as possible, no wear plate

has been used and the backing has been extended both

. radially and axially. The active piezoelectric

"' element, Lead Zirconium Titanate (PZT), is in the

* shape of a truncated cone, which allows the NBS-PZT

to act as a point receiver. A heat cured epoxy

resin is used to fix the piezoelectric element to a

brass backing plate. The backing plate is designed

to prevent any internally reflected waves from

interfering with the first arriving signal. The

frequency response for this innovative transducer

"' varies less than 3dB over the frequency range of

interest (100 kHz to 1 MHz). Because of the flat

frequency response and the minimal area of contact,

the NBS-PZT models the transient signal exceptional-

ly well, with displacement measurements on the order

of 0.1 or better, [15].

2 , *. ..,. .

http://www.abbottaerospace.com/technical-library


21

- I- ~ELECTRICAL LEADI (SIGNAL OUTPUT)

EXTENDED
25m~nCYLINDRICAL
25mm BACKING

(BRASS)

1. 5 mm

Figure 7. Schematic drawing of the National Bureau of
Standards conical transducer.
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Since the advent of the laser, optical probing

of acoustic emission events has become numerous,

[1,4,6-10,14,30-43]. With the development of a new

modified Michelson interferometer at The Johns

Hopkins University Applied Physics Laboratory, (161,

the task of acoustic emission research has become a

new art. Hereafter, the laser interferometer will

be referred to as the APL-System, (a, Table I).

Optical probes used in acoustic emission research

offer many advantages for monitoring acoustic

emission events. The major advantage of the optical

probe is that there is no contact between the probe

and specimen surface, therefore, the elastic waves

that are to be detected are not mechanically

disturbed. A description of the working features

for the laser interferometer can be found in

Appendix A.

B. PROBE CHARACTERIZATION PROCEDURE

In turn each piezoelectric transducer was coupled

to a flat face of an Aluminum 2024-T4 right circular

cylinder via an acoustic impedance matching couplant

(KB-Aerotech, Batch No. 042480XL01), Fig. 8. The output

from the piezoelectric probes was fed through a voltage

follower into a Nicolet Explorer Digital Storage

http://www.abbottaerospace.com/technical-library
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LOAD
SCREW

ALUMINUM 2024-T4

RIGHT CIRCULAR CYLINDER

Figure 8. Experimental arrangement used for probe
* characterization.

V.
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Oscilloscope. A voltage follower is a unity gain

amplifier which acts as an impedance match between a

high output impedance device and a low input

impedance recorder; Fig. 9 is a block diagram of the

experimental system. The probes were placed two

) inches from a centrally located Borosilicate glass

capillary source, (Kimble type Kimax-51 ICS 46485-1,

0.7 to 1.0 millimeter outside diameter). The glass

capillaries were fractured brittlely on the surface

of the specimen to generate an acoustic emission

waveform. After the transient signal was captured

on the Nicolet, the waveform was stored on a

magnetic disk for future analysis. This procedure

was repeated for each of the nine probes used in

this work.
'.

C. PROBE CHARACTERIZATION RESULTS

Characterization of the probes was based on 1)

the ability of the probe to capture a waveform

closely resembling the theoretically predicted

model, Fig. 2 and 2) the ability of the probe to

discern the broadest range of frequencies present in

the waveform. Using the brittle fracture of the

glass capillary as the source for acoustic emission

26UL

,,5

. . . . . .
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PZT OTCAL PHOTODETECTOR

PROBEI PROBE O PT

SVOTAGETRSIMENT

FOLLOWER RECORDER RCFILTER

Figure 9. Block diagram of experimental arrangement
used in probe and specimen characterization.
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events a battery of time-base data was recorded and

can be found in Appendix B. The maximum amplitude

waveform recorded at the lowest recording sensi-

tivity of the Nicolet was the basis whereby each

probe was compared qualitatively to each other. At

±2 volts full scale on the Nicolet, four of the nine

probes recorded a waveform with the desired

characteristic structure, Figs. B2-B5, but only

three probes produced a waveform whose values were

consistent with those obtained by theory. Of the

remaining five probes, Figs. B5-B10, information

*obtained in the time domain could not be utilized

because the information was not compatible with the

theoretical data. It was then decided to increase

the sensitivity of the Nicolet from t2 volts to

±400 millivolts and finally to ±100 millivolts full

scale, Figs. Bll-B19. Eventually a waveform of

approximately the proper structure was observed but

there was no practical reason to continue with the

conventional transducers.

It was also necessary to determine which probe

gave the best frequency response because if the

waveform was to be analyzed in the frequency domain

it would be desirable to have as large a bandwidth

1. I--0
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as possible on the recording probe. Cutoff values

were chosen for each of the time-base waveforms such

that the frequency spectrum could be generated via

the Fourier transform; refer to Appendix C for the

cutoff time-base waveforms as well as the correspond-

ing frequency spectra.

Solutions for the response of a system to a

particular excitation are not trivial, especially

when the excitation waveform is complex. It is

possible, however, to take a complex waveform and

represent it by a sum of elementary or building-

block waveforms. The principle of superposition for

linear systems allows the total response to be

determined from the responses to the elementary

waveforms making up the excitations, [441. Once the

elementary component waveforms are known, a

frequency spectrum can be generated from the time

domain record. The mechanism for generating a

frequency spectrum from a time domain waveform is

the Fourier transform. The Discrete Fourier

Transform (DFT) is the actual function which changes

the time-base information into a frequency spectrum.

The Fast Fourier Transform (FFT) is the computer

algorithm which runs the DFT.

http://www.abbottaerospace.com/technical-library


28

Data stored on the Nicolet was in the form of a

discrete number of points with time and voltage

information. Transfer of the stored data was

accomplished through an RS-232C interface into an

IBM 5100 portable computer. Appendix D contains a

listing of the programs used during the data

analysis. It was necessary to determine if the

time-base data would yield meaningful information in

v. the frequency domain. Ideally a waveform should

begin and end at a zero reference level when using

the DFT. Characterization of the time-base data

could be windowed around the first arriving

longitudinal (P) shear (S), and Rayleigh surface

wave (R). By windowing around these waves it was

possible to standardize the information processing.

The Fourier transform was made on each cutoff

time plot and two frequency spectra were generated.

The normalized amplitude spectra respresents the

largest voltage value, for each frequency spectra,

divided by itself such that the corresponding

greatest value equals one. The relative amplitude

spectra represents the voltage values of each

frequency spectra divided by 1.9667 millivolts, for

this series. Upon observation of the time domain

.

r .-. - -. " * * W .C- . -, 'm -. ,, . *.
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and frequency domain information it was decided that

the APL laser interferometer and NBS-PZT #26 were

the probes which would yield accurate representa-

* tions of the acoustic emission waveforms. Figures

10 and 11 show the time-base first arriving P, S,

and R waves quite clearly. Observation of the

frequency spectra for these probes indicated that

the APL-System was able to discern a broader range

of Frequencies, Figs. 12 and 13. With this informa-

tion it was decided that both probes would be used

for the characterization of the specimens. NBS-PZT

#26 would be used to obtain time-base waveforms

because it was able to capture more of the waveforms

than any of the other probes. The APL-System would

also be used because its broad bandwidth allowed one

to cover a greater frequency range.4.

.4

.

4e

. . . . . . . . . . .
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Figure 10. Time domain waveform recorded by the APL laser
interferometer located two inches from a glass
capillary source on an Aluminum 2024-T4 right
circular cylinder.
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Figure 11. Time domain waveform recorded by the

NBS-PZT #26 conical transducer located
two inches from a glass capillary source
on an Aluminum 2024-T4 right circular
cylinder.
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Figure 12. Frequency spectrum generated from
waveform in Fig. 10.
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III. SPECIMEN CHARACTERIZATION

A. SPECIMEN SELECTION

Specimens used in this work were chosen to

represent several different geometries. The

specimens chosen fell into two categories, Fig. 14:

1. Solid Geometries
2. Open Geometries

Table II contains a description of the specimens

used throughout this work. The outer surface of

each specimen was removed to a depth of approxi-

mately 1/64 in. by machining. The surface was then

buffed with an Iron Oxide buffing compound and

polished with a Chromium Oxide polishing compound

until a mirror-like finish was achieved. A highly

reflective surface was needed in order to optimally

use the interferometric technique. By polishing the

surface of the specimens, any rough areas were

reduced thus minimizing scattering of the laser

light. Before any experiments were performed, the

surface of the specimen was cleaned of dust with a

95% Ethanol solution and allowed to ary.
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TABLE II

1. Solid Geometries

a. Cylindrical Beam
2024-ST4 Aluminum
5 in. Diameter x 44 in. Long

b. Rectangular Beam
2024-T351 Aluminum
2.5 in. High x 2 in. Wide x 71 in. Long

2. Open Geometries

a. Pipe
6061 Aluminum
3.25 in. Inside Diameter x 3.875 in.
Outside Diameter x 56 in. Long
Wall Thickness: 0.625 in. (5/8 in.)

b. I-Beam
6061 Aluminum
3.75 in. High x 2.75 in. Wide x 56 in. Long
Rib and Wing thickness: 3/16 in.

.1a
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B. SPECIMEN CHARACTERIZATION PROCEDURE

Each specimen in turn was placed on an air

suspension table in order to minimize extraneous

vibrations. At a point four inches from one end a

glass capillary was fractured to produce an acoustic

emission waveform. Both the APL laser interfero-

meter and the NBS-PZT #26 were, in turn, positioned

two inches from the source. After each acoustic

emission event was recorded, the probe was trans-

lated in two inch increments down the entire length

of the specimen. Figures 15 and 16 show the experi-

mental arrangement of both the APL-System and

NBS-PZT #26. Each specimen was tested with the

sensitivity level of the Nicolet set at t4 volts

full scale and the sample rate set at 50 nanoseconds

per point for the 4096 total points. With this

arrangement the total recording window was 204.8

Psec. Because the data received from the solid

cylinder was exceptionally good a second test at 200

nanoseconds per point was run yielding a total

recording window of 819.2 psec.

.-...... ;,.,.¢-....... ..... --... ,.-., .. - ,--....--. .'.S--... .. ..
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Figure 15. Experimental arrangement of the APL laser
interferometer. Length between black marks
on ruler is six inches.
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Figure 16. Experimental arrangement of the NBS-PZT
conical transducer. Length between the
black marks on ruler is six inches.
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C. SPECIMEN CHARACTERIZATION RESULTS

1. SOLID CYLINDER

Appendix E contains the time-base waveforms for

the experiments performed on all of the specimens.

Figures El-E15 show the time-base records of two

inch incremental placements of NBS-PZT #26 along the

length of the solid cylinder and Figs. E16-E29 show

the time-base records of two inch incremental

placements of the APL laser interferometer. Fig. 17

shows the waveform recorded by NBS-PZT #26 two

inches from the source. The first arriving P, S,

and R waves are clearly evident as well as multiple

mode converted waves. At fourteen inches from the

source, the first arriving waves have been modified

such that the shear (S) wave is not as well defined

as before, Fig. 18. Finally, at thirty inches from

the source, only the first arriving Rayleigh wave

can be identified, Fig. 19, mode converted waves

*have increased in number but identification of them

is difficult.

. .
°4
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Figure 17. Time domain waveform recorded by NBS-PZT
#26 two inches from the source on the
solid cylindrical beam.
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'Figure 18. Time domain waveform recorded by NBS-PZT
#26 fourteen inches from the source on
the solid cylindrical beam.
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Figure 19. Time domain waveform recorded by NBS-PZT
#26 thirty inches from the source on the
solid cylindrical beam.
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2. RECTANGULAR BAR

Figures E45-E59 reveal a markedly different

structure than was observed from the cylindrical

bar. The smaller dimensions as well as sharper

angles have modified the waveform such that beyond

the first arriving P, S and R waves, at two inches

from the source, there were reflections which

saturated the signal, Fig. 20. At fourteen inches

from the source, mode converted waves overshadow the

first arriving P and S waves significantly decreas-

ing the amplitude of the region prior to the first

arriving R wave, Fig. 21. Finally, at thirty inches

from the source, no appreciable information about

the source was obtained, Fig. 22; the first arriving

R wave was observed but mode converted waves still

cannot be identified.

3. I-BEAM

Figures E60-E67 show the corresponding waveforms

for experiments conducted on the I-beam. At two

inches from the source, the only identifiable

features were the first arriving P and R waves,

Fig. 23. Mode conversions, from reflections, have

...........
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Figure 21. Time domain waveform recorded 
by NBS-PZT

#26 fourteen inches from the source on

the rectangular beam.
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Figure 22. Time -,main waveform recorded by NBS-PZT
#26 thirty inches from the source on the
rectangular beam.
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forced large scale oscillations into the time

domain. No tangible information could be discerned

from the represented data. At eight inches from the

source, more structure in the waveform was observed

but only the first arriving Rayleigh wave could be

identified, Fig. 24. Finally, at sixteen inches

* from the source, a large amount of structure was

observed but identification of the waves, primarily

due to mode converted reflections was impossible,

Fig. 25.

4. PIPE

Figures E68-E75 show the corresponding waveforms

recorded for experiments performed on the aluminum

pipe. Observations made two inches from the source

clearly show the first arriving P and R waves,

Fig. 26. Again, beyond the first arriving R wave,

large scale oscillations have saturated the signal.
-4

*Eight inches from the source, more structure is

observed in the waveform expecially in the region

prior to the first arriving R wave, Fig. 27.

Finally, at sixteen inches from the source, a great

deal of structure is observed but identification of

each mode converted is impossible, Fig. 28.
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Figure 23. Time domain waveform recorded by NBS-PZT
#26 two inches from the source on the
I-beam.
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Figure 24. Time domain waveform recorded by NBS-PZT
#26 eight inches from the source on t
I-beam.
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Figure 25. Time domain waveform recorded by NBS-PZT
#26 sixteen inches from the source on the
I-beam.
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Figure 26. Time domain waveform recorded by NBS-PZT
#26 two inches from the source on the pipe.

,,a .i. .- o . .. ,." . ... . . 4.. % .. % , . . % !. . *. ,. - . . ...... * . . . . . . • ., ' , " .

http://www.abbottaerospace.com/technical-library


71 11L 7WIv-- 
-

T-VT -

9. 53

4000-

3200-

2400-

1Q800-

-(800-

0

-2400-

-3200

-40001
0 40 0 120 IGO zoo

TIME u~SEC

Figure 27. Time domain waveform recorded by NBS-PZT
#26 eight inches from the source on the
pipe.
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Figure 28. Time domain waveform recorded by NBS-PZT
#26 sixteen inches from the source on the
pipe.
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From the information obtained in the time-base

it was observed that the solid geometries were able

to propagate the waveform over greater distances

before attenuation of the signal. Bulk specimens

allow the wave to travel without interference

effects from reflections or mode converted waves.

The open type geometries are prone to create massive

interference effects due to the finite size of

ribbing or webbing, walls and angles. When looking

at data only in the time domain it is these

geometrical effects which must be taken into

account. There is also a question as to how the

frequency content of a waveform is affected as a

function of distance from the source.

The APL laser interferometer was employed for

the specimen characterization in the frequency

domain because of the broad bandwidth the system

possessed. Appendix F shows the time-base data and

the corresponding frequency spectra for two inch

incremental translations down the length of the

solid cylindrical bar. Cutoff values were chosen

such that the last point of the time-base data

crossed the zero reference line. For this series

*the relative amplitude was found by dividing the

.. . . . . . . . . . . . . . ...-. . . . .

.** 

*-

http://www.abbottaerospace.com/technical-library


56

voltage values of each frequency spectrum by 5.9035

millivolts, The normalized data for this series

show the higher frequencies damping out faster as

distance from the source is increased. The relative

amplitude data corroborates this finding but also

indicates that the low frequency content of the

waveform increases as distance from the source is

increased. This effect is caused by an increase in

long wavelength oscillations through the bulk of the

specimen.
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IV. DISCUSSION

Theories for determining the arrival time of

- wavefronts, at a point, in geometries other than a

sphere or a plate have not been sufficiently

constructed. Without theoretical models, with which

to compare experimental results, analysis of complex

geometries is virtually impossible. Rough calcula-

tions can be made to estimate when certain waves

should arrive, but complex geometries produce such a

great number of mode coverted reflections that

*. detailed analysis of a waveform is impossible.

.- Because of' the complexity in analysis of the entire

waveform, it was decided to specifically look for

the first arriving P, S, and R waves. By close

observation of these waves any modifications in

their features could be noted. Two procedures were

followed for the analysis; analysis in the time

"a domain and analysis in the frequency domain.
"*.h

Results obtained from the conventional acoustic

emission transducers indicated several discrepancies

with established practice. In the time domain the

conventional transducers were extremely inefficient

when recording highly energetic glass capillary

fractures. The conventional transducers were able

. ., .. .... .. ... .. . *.* . . . . . . .
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to indicate an event occurred but they revealed

little of the characteristic surface wave structure

which was used as the basis for the probe compari-

son. Observations in the time domain revealed the

overall superiority of the NBS-PZT and the APL-

System in sensitivity as well as definition of

characteristic features. When observations were

made in the frequency domain it was noticed that

because the conventional piezoelectric transducers

were damped to increase their frequency response

there was a marked decrease in their sensitivity.

Frequency spectra obtained from the laser interfer-

ometer showed a greater frequency content than any

of the other probes tested.

2 -With the information obtained from the probe

characterization it was decided to characterize the

geometrical specimens with both the APL laser inter-

ferometer and NBS-PZT #26. The laser was used

because it discerned a broader frequency range than

the conical transducer. For time-base information

NBS-PZT #26 was chosen because it was more sensitive

to transient wave surface displacements. Time

domain waveforms obtained by NBS-PZT #26, on the

four specimens, revealed markedly different

R.l
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structures. For the open type geometries, the

closer the probe was to the source the worse the

information was beyond the first arriving waves.

This was due to massive internal reflections, in the

thin walls of the specimens saturating the recording

equipment. When the probe was moved further from

the source the first arriving waves decayed but the

latter waves revealed a slight increase in struc-

ture. On the solid type geometries the time domain

records revealed recognizable features as far away

as thirty inches from the source. The closer the

probe was to the source the larger the signal

amplitude, likewise, the further the probe from the

source the smaller the signal amplitude.

From these time domain observations it was noted

-Is. that open geometries revealed no easily identifiable

feLures other than the first arriving P and R

waves. Due to the sharp corners and the intricacy

of structure it was impossible to determine where

the waves originated. Mode converted reflections

created a vast number of waverforms which, without

previous theoretical modeling, could not be identi-

fied. Observations made on the solid geometries

were more promising. The rectangular beam, with its

S.: sharp corners, produced a large number of mode

%"
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converted reflections but it was still possible to

observe the first arriving R wave thirty inches from

the source. It was the solid cylindrical beam that

produced the most useable data. Without sharp edges

to mode convert waveforms it was possible to iden-

,. tify the first arriving P, S and R waves as far away

as eight inches from the source. Because massive

reflections did not saturate the captured waveform,

it was possible to record time domain information

with the laser interferometer, window it and run the

FFT. The frequency information obtained from the

translation of the laser probe down the lengths of

the solid cylindrical beam revealed two interesting

features:

-1. The higher frequencies dropped out as the
distance from the source was increased, and

2. The lower frequencies increased in ampli-
tude as the distance from the source was
increased.

Because conventional probes are most sensitive

in the lower frequency range they would tend to~pick.

up large amplitude low frequency information. When

the frequency spectra was generated, researchers

might think the event occurred close to the probe;

this work shows that their inference would be

incorrect.
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The present work leads one to believe that

structural information for the characterization of a

specimen should be performed in the time domain.

Frequency information cannot always be utilized

because of the fundamental flaws associated with

performing the Fourier transform. The greatest

misconception associated with the generation of the

Fourier transform is where the data should be

windowed. If the windowing is not consistent or if

the waveform does not begin and end at zero one will

find the generated frequency spectra to be in error.

", , , i,, -t,, ' . -' ' ." ' " / ", - .- . ' " - -' - ." " -. . ''- - -. " . .' . . •.- - " ..' . . -.. '
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V. CONCLUSION

This work has dealt with the influence that a

specimen's structural geometry had on a simulated

acoustic emission signal. At the onset of this

investigation nine different probes were compared in

both the time and frequency domains. It was deter-

mined that the NBS-PZT conical transducer recorded

the most information with the least amount of wave-

form modification in the time domain. It was also

found that the APL laser interferometer was able to

distinguish a broader range of frequencies when the

FFT was performed. Because of these findings it was

e .ermined that specimen characterization must be

4rformed utilizing both the NBS-PZT transducer and

the APL laser interferometer.

Identification of every wave in systems which

have not been theoretically solved is a near

impossible task. For open geometries, such as the

I-beam and pipe, mode converted waves produced

| massive reflections which saturated the electronic

components of the NBS-PZT support equipment as well

as the amplifiers in the APL laser interferometer.

The waveforms recorded for these specimens revealed

no useful information; one can only say that open
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type geometries are the most difficult to character-

ize. For the solid geometries, such as the rectan-

gular beam and the cylindrical beam, probes could be

placed thirty inches away from the source and still

record a characteristic R wave; this is compared to

the sixteen inch distance acquired on the open

geometries. Large scale reflections were not preval-

ent on the cylindrical beam waveforms due to the

. rounded shape of the specimens, yet there were wave-

form features which indicated bulk reflections took

place.

The combination of optical and piezoelectric

probes for the task of acoustic emission source and

specimen characterization has provided an indicator

*' '- which will point future research in more productive

S- .. directions. It is the convenience of the NBS-PZT

transducer, however, which makes it the most attrac-

, tive probe to use for acoustic emission work. Yet,

with the increase in technological breakthroughs a

more efficient system will undoubtedly come along;

high-tech developments in stable laser interfero-

Petric systems could conceivably make the optical

probe the most powerful tool for acoustic emission

. research.

.* -%
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APPENDIX A

DESCRIPTION OF LASER INTERFEROMETER

The APL-System is a modified Michelson interfer-

ometer with the output beam originating from a 200

milliwatt polarized Helium-Neon laser (Tropel model

200, X = 6328 A ) Figures Al and A2 show schematic

representations of the APL-System. Legs on the

laser rack are fitted into depressions drilled into

a translation carriage. When postioned in these

alignment holes, the specimen beam from the laser

remained in a fixed area on the specimen surface.

The laser -is mounted on the back side of the support

rack and its output beam is steered to the front of

the support by two beam position mirrors, (dielec-

trically coated for a reflectivity of 99.5% at

X = 6328 A). If the laser light is linearly

polarized, with its components normal to each other,

any reflections from mirrors will not alter the

polarization components.

Linearly polarized light can be split into two

components 9 and y; where will be the P-x y x

polarization component, with its electric vector

perpendicular to the X-axis, 1. , and E will be
y

the S-polarization component, with its electric

vector parallel with the X-axis, Iio , Fig. A3.

...
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Figure A3. Component representation of linearly
polarized light.
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The half-wave plate is orientated to allow maximum

transmission of the linearly polarized laser light

while prohibiting stray laser light from entering

the laser cavity. An explanation of polarization is

given at the end of this appendix.

Once the laser light is brought in front of the

support rack it passes through an electro-optic

(E-O) modulator. The E-O modulator is a modulated

wave plate which acts as a half-wave plate when

biased at 125 VDC. This modulation allows the E-O

modulator to stabilize the signal path by introduc-

ing a phase shift corresponding to the extraneous

vibrations around the system. The signal to the E-O

modulator comes from a differential amplifier in the

electronics system; the electronics package will be

explained later.

When the beam emerges from the E-O modulator it

enters a polarized beam splitter (BS1 ) which is

oriented such that the transmitted light is almost

entirely plane polarized in the P-direction (io),

while the reflected beam is almost entirely plane

polarized in the S-direction (11.). The reflected

component travels to the specimen surface via two

beam position mirrors, a quarter-wave plate, and a

telescoping lens. Since the quarter-wave plate

S.
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elliptically polarizes linearly polarized light, and

because the io component is linearly polarized at a

450 angle, the light emerges from the quarter-wave

plate circularly polarized, i.e. the 11 component

is split into two components which are equal by

virtue of circular polarity. The light passes

through a telescoping lens which allows the beam to

be focused over a four inch range. After passing

through the lens, the beam is reflected back from

the specimen surface along its original path. When

circularly polarized light passes through a quarter-

wave plate it becomes linearly polarized, therefore,

when the reflected beam passes through the quarter-

wave plate its phase is shifted 900 with respect to

the light which initially passed through. The phase

shift on the light, changing the K component to ii

is very important because the light must return

through the polarized beam splitter. If the change

did not occur then the light would be reflected back

into the laser. Once through the quarter-wave

plate, the light (now ±, ) will be transmitted

through BS1 and BS2 to optical detector D2.

A similar operation occurs on the i. component

of light as it is transmitted through BSI. The

beam passes through a fixed lens and a quarter-wave
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- plate. Circulary polarized, the beam travels to a

dielectric coated reference mirror which is mounted

to a Burleigh PZT-Pusher, model PZ-40. The PZT-

Pusher is a miniature electro-mechanical actuator

used to make ultra-high resolution positioning

adjustments remotely and continuously. PZ-40

provides a 15 pM/1000V motion and has a frequency

response of 5kHz. The PZT-Pusher acts to eliminate

low frequency noise, its operation will be discusses

in a later section. The mirror is driven by the

PZT-Pusher at a rate determined by the output of the

optical detectors. After the beam is reflected from

7:' the reference mirror it passes through the quarter-

wave plate in the opposite direction. The light

undergoes a phase shift whereby the ±o component

becomes K. This assures that the majority of the

light will be reflected, as it passes through BS1

and BS2, into optical detector DI. This is the
-2 

1

. second leg of the design which completes the inter-

ferometric path. Photoconductive diodes (EG & G

.* Inc. model SGDI60) were used as the optical detec-

tors in the APL-System. The active area of each

diode was approximately 4 mm in diameter and the

bandwidth was 45 MHz at an RC of 502; sensor resis-

tance 3002, capacitance 9pf. Outputs from these

'.

.- - - -
. . . . . . . . . . .. . . .
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detectors were the source for the feedback loops,

Fig. A4.

There are two outputs which come from each of

the two optical detectors. The first output'set;

i.e. one output from each detector, was fed into a

high frequency differential video amplifier

(Fairchild uA733). A differential amplifier is an

amplifier whose output is a function of the differ-

ence between two input voltages. Ideally, the

output of a differential amplifier is not responsive

to common mode voltages, temperature variations, and

supply voltage fluctuations. A common mode voltage

is the average of the two input voltages. A differ-

ential video amplifier was used because of its

variable gain and large bandwidth. For this work

the gain was set at the lowest value of lOx with a

corresponding bandwidth of 120 MHz.

Outputs from the two optical detectors were in

phase and equal in voltage. When such a signal is

fed into a differential amplifier the output is zero

as is given by Eqn. Al:

V = K(V2 - VI) (Al)

Where V1 and V2 are the input voltages and K is

a proportionality constant equivalent to the gain of

,P

[.
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the amplifier. When the APL-System is in equili-

brium, the output of the differential video ampli-

fier remains at a zero value. When a change occurs

in one of the optical path lengths, proportionally

larger than the background noise, the difference in

the light intensity will cause a variation at the

optical detectors. Output from the optical detec-

tors will no longer be equivalent, therefore the

differential video amplifier will no longer output

zero but will yield a voltage value corresponding to

the event which initiated the change. This informa-

tion was recorded on a Nicolet Explorer Digital

Oscilloscope for future analysis.

A second set of outputs from the optical detec-

tors, also in phase and equal voltage, were fed into

an instrumentation amplifier. (NOTE: all amplifiers

in this description are Fairchild v3140's except

*! for the high voltage amplifier which is a Burr-Brown

3584 JM). Hereafter, the instrumentation amplifier

will be referred to as the differential amplifier.

This is the beginning of the two feedback stabiliza-

tion loops which are located in the electronics

package of the laser system, Fig. A4.

The stabilization circuit involves two active

- loops which control the difference in signal beam
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and reference beam path lengths. The first loop

operates using the PZT-Pusher as a low frequency

(Fmax = 6kHz) filter, effectively eliminating any

associated low frequency interference. The second

loop operates using the E-O modulator as a high

frequency (Fma - 100kHz) filter, effectively

eliminating any associated high frequency inter-

ference. The control signal for both loops comes

from the differential amplifier. The following

description traces the control of the stabilization

circuit loops, again refer to Fig. A4.

Output from the differential amplifier directly

controls the second loop of the stabilization

circuit, the E-O modulator. The output of the

differential amplifier is also fed into a buffer

amplifier which acts as an impedance match between

the differential amplifier and an integrator ampli-

fier. The integrator amplifier tells a high voltage

amplifier at what voltage the PZT-Pusher is to be

driven. When the high voltage amplifier reaches

approximately 140 volts, a relay 4s reset which

results in the integrator output going to zero.

When the integrator is zero the high voltage ampli-

S-" fier output is zero thus the PZT-Pusher is reset to

its starting point. The stabilization of the laser

4'"
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interferometer is complete, when these two loops are

active, and associated frequencies, which would

interfere with the stability of the APL-System, are

effectively eliminated.

Proper alignment of the laser interferometer is

achieved in a series of beam positioning steps which

result in a bullseye structure fringe pattern. The

bullseye pattern consists of either a bright or dark

central fringe surrounded by alternating bright and

dark fringes. Adjustments are initially made by

focusing the specimen beam spot with the telescoping

lens to br-ing it near the reference beam spot. Once

the specimen beam is properly focused it is neces-

sary to bring the two light beams into coincidence,

* this is achieved by adjustments made to the gimbal

mirror M5, Fig. Al. The gimbal mirror allows the

specimen beam to be moved in both horizontal and

vertical planes.

To calibrate the APL-System, a 6kHz sine wave is

generated by a function generator in the electronics

package. The voltage output of the oscillator is

fed into the high voltage amplifier, and by measur-

ing the output voltage (0.3 - 0.5 volts) and knowing

- the calibration of the PZT-Pusher (15 liM/100OV), it

is possible to calculate a voltage/displacement

m -• " -" " " " " . . . . ,. .: -:: : - . .: : . 3 3. . , . - :--. . :. . 3::2
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relation. For example:

P x V D (A2)

where P is the PZT-Pusher calibration, V, is the

oscillator voltage output and D is the displacement

of the PZT-Pusher. By monitoring the 6kHz sine wave

it is possible to maximize the signal via adjust-

ments made to the gimbal mirror and telescoping

lens. When a maximum signal is obtained for the

6kHz sine wave, V is measured from the oscillator

output. If the peak-to-peak voltage of the 6kHz

sine wave is, for example, 0.2 volts and V, is

measured to be 0.33 volts, then Eqn. A2 yields:

15 M x 0.33V = 50 A

I00V

Therefore, a 200 millivolt peak-to-peak sine wave

corresponds to a 50 A displacement of the PZT-Pusher

and also a 50 A displacement in the reference

mirror.

POLARIZATION OF LIGHT

Let a vibration be taking place along the X-Y

axes with a phase difference of between them, Fig.

A5. Assume X = a sin(wt), and Y = b sin(wt+ ). By

using the trigonometric identity:

Sin(ct+$) = Sin a Cos $ + Cos ct Sin S
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b

e

x: a Sin (w t

y =b Sin (wt *#)

Figure AS. Component representation of the
polarization of light.
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one can write Eqn. A3 as follows:

y/b = Sin(wt) Cos + Cos(wt) Sin (A3)

One can now substitute x/a for Sin(wt) and using the

trigonometric identity Sin 2 X + Cos 2 x = 1 one

can write; Cos x =4T-in . Letting x=wt one

can write:

Cos(Wt) = 4 1-Sin2 (wt) =Vl-x2/a 2  (A4)

Substituting Egn. A4 into Eqn. A3 one sees:

y/b = x/a Cos + l-x2/a Sin (A5)

Upon rearrangement one sees:

y/b - x/a Cos =1 x2/a Sin (A6)

Squaring and grouping terms yields:

y2 /b2 + x2/a2 Cos 2 d) -

2 2 2
2xy Cos = (l-x /a ) Sin 4 (A7)
ab

x 2/a2 (Cos 2 + Sin ) + y2/b 2

A 2x Cos = Sin 2
a~y (A8)

Because Cos2 0 + Sin% 2 1, Eqn. A8 becomes;

x2/a 2 + y2/b - 2xy Cos =Sin 2 (A9)
ab

Equation A9 is the general equation of an ellipse,

where the major and minor axes do not coincide with

the X and Y axes. Thus, the particle always has X

http://www.abbottaerospace.com/technical-library


79

and Y coordinates such that the point they define

lies on an ellipse; the particle then follows an

elliptical path.

When * = w/2, 3ff/2, 5r/2, ... , the equation of

the path, Eqn. A9, becomes:

2 2 (y2  2(X /a ) y /b ) = (AlO)

which is an ellipse with the major and minor axes

coincident with the coordinate axes.

When r = , 27r, 37, .. , the equation of the

path, Eqn. A9 becomes:

2 2 22)
(x /a2) + (y /b2) + (2xy) = 0 (All)

ab

orl2

(x/a + y/b)2 = 0 (A12)

Equation A12 is the equation of two coincident

straight lines x/a = -y/b, inclined to the negative

X-axis at an angle:

6 =Tan (b/a). (A13)

%.
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APPENDIX B

PROBE CHARACTERIZATION WAVEFORMS

The following figures were generated from each

of the nine probes placed two inches from the source

on a flat face of the Aluminum right circular

cylinder. Figures Bl-Bl0 were recorded at ±2 volts

full scale at a rate of 50 nanoseconds per point.

Fig. Bl Calibration sine wave for APL
laser, peak-to-peak voltage
corresponds to 50 A displacement.

Fig. B2 APL laser interferometer

Fig. B3 NBS-PZT #26 conical transducer

Fig. B4 NBS-PZT #36 conical transducer

Fig. B5 Panametrics AE-0.1-1632 coventional
t'ransducer

Fig. B6 Panametrics V3032 0.5MHz/0.5 in.
conventional transducer

Fig. B7 Panametrics V3031 1.OMHz/0.5 in.
conventional transducer

Fig. B8 Dunegan/Endevco S9201 AC42
conventional transducer

Fig. B9 Aerotech Gamma D12618 1.OMHz/C.5 in.
conventional transducer

Fig. Bl0 Aerotech Gamma C12634 1.OOMHz/l.0 in.
conventional transducer

The following figures were recorded at ±400 milli-

volts full scale at a recording speed of 50 nano-

seconds per point.

. . , . . , , - , , . *. . _ . - . " . , - •. * -
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Fig. BlI Panametrics 0.5MHz/0.5 in.
conventional transducer

Fig. B12 Panametrics 1.0MHz/0.5 in.
conventional transducer

Fig. B13 Dunegan/Endevco S9201 AC42
conventional transducer

4Fig. B14 Aerotech Gamma D12618 1.OMHz/0.5 in.
conventional transducer

Fig. BI5 Aerotech Gamma C12634 1.OOMHz/1.0 in.
conventional transducer

The following figures were recorded at ±100

millivolts full scale at a recording speed of 50

nanoseconds per point.

Fig. B16 Aerotech Gamma D12618 1.OMHz/0.5 in.
conventional transducer

Fig. B17 Aerotech Gamma C12634 1.OOMHz/1.0 in.
Y. conventional transducer

Fig. B18 Fig. B16 expanded 8x

Fig. B19 Fig. B17 expanded 8x

.................................

http://www.abbottaerospace.com/technical-library


'V77-

82

BI

NLL

o0 0 0 0 0 0 0 0 0 0o %9 0Y GO cm00 0

CY I

QJ91X 39VI1OA

http://www.abbottaerospace.com/technical-library


* 83

B2

0

I t I Ioo000 0 0 0 0 0 0
0000 0 0 0 0 0 0o Go IVq 0

N cI -

2.9 x 
I10

http://www.abbottaerospace.com/technical-library


84

B3

0

0

M02

-0

0 0 0 00 0 0 0 0 0 0 0 0 00 %9 CY Go '0 0 m
N --I -

s.91 x 3010

aSV1O

http://www.abbottaerospace.com/technical-library


85

B4

'VY

0

0

o 0 0 0 0 0 0 0 0 0 0o 0 0 0 0 0 0 0 0 0

-a" OIX 39VI1OA

http://www.abbottaerospace.com/technical-library


86

B5

0

uLj
M'

0 0 0 0

0000000 0 0 0 0

LOI3 3SVII1OA

http://www.abbottaerospace.com/technical-library


87

B6

0

0

0

0 LLI

I I * I 1 10
o o0 0 0 0 0 0 0 0 0
o 0 0 0 0 0 a 0 0 0oN 00 N

QJ X 39Vi1OA

http://www.abbottaerospace.com/technical-library


88

B7

48

~..1

oo00 0 0 0 0 0 0 0oo0 0 0 0 0 000

2-1x I 0 

http://www.abbottaerospace.com/technical-library


89

B8

0
0

U')

L

-Ij

o 0 0 0 0 0 0 0 0 0 0o 0 0 0 0 0 0 0 0
o co Nw q, a V %

£9X 30Vl1OA

http://www.abbottaerospace.com/technical-library


90

* B9

0F 0
.9 00 0 0

0 ao w V c

2.0 x 
-VIO

http://www.abbottaerospace.com/technical-library


91

B10

0
0
N

0 0

.4i

q0

-o.

i |I 1 ' I .. . I " | ' i I 0

0 0 0 0 0 0 0o o 0 0 0 0 0 0 0 0
0 GO %o 0

"OI x 39V.I 0 A

*" 'j .. .• . ".4 ' " . . . . "-" ... -44 , . " " - -. ' ;" - . . . " - . " - . . . "
I - - - m - [ I - -4 4 - . 4 . .,,. ; - L . " - - ' ' " . . .

http://www.abbottaerospace.com/technical-library


Eli

0 L

qr N 0

e-Ol x30Vil0

http://www.abbottaerospace.com/technical-library


93

B12

0

0

NL

0- 0 0 0 0

0 N l %I c %9 it N 0
cyh

70

30V-0-A

http://www.abbottaerospace.com/technical-library


94

B13

0

0

S*1 I I9 lO

http://www.abbottaerospace.com/technical-library


95

B14

0

i.A

0 0

* 0

-- __

7* I

o 0 3 E 0oI N 0 9 N 0o
0 N q- I N I

£_OIX 3gVI1OA

http://www.abbottaerospace.com/technical-library


-q 
96

B15

0 L

-0

No

0 0 0 0 0

CY0

01 x 39LDi

http://www.abbottaerospace.com/technical-library


*" 97

B16

0

0

ou-

MID

i co

10

0 0 0 0 0 0 0 0 0 0
toNN . 0

5'

" '**-*'7

2-OIX 3O"il--

http://www.abbottaerospace.com/technical-library


98

B17

0

01 x 9VilN

http://www.abbottaerospace.com/technical-library


It ~ ~ ~ ~ ~ ~ ~ Z..p7 .7 .TT7...

99

B18

!61

.0

*i 0

0

5"

5d

,I I I ! -

)IX 30VIlOA

"o.S . . . '* . - . S *

http://www.abbottaerospace.com/technical-library


100

B19

GoQ

c;J

0 0 0 0 0 00-a)

0 0o 0c00o

QJX9 3V11OA

http://www.abbottaerospace.com/technical-library


101

APPENDIX C

PROBE CHARACTERIZATION FREQUENCY SPECTRA

The following figures are the time domain

waveforms from which the frequency spectra were

generated for the characterization of the nine

acoustic emission probes.

Figs. Cl-C3 APL laser interferometer

Figs. C4-C6 NBS-PZT #26 conventional
transducer

Figs. C7-C9 NBS-PZT #36 conventional
transducer

Figs. C10-C12 Panametrics AE-0.1-L632
conventional transducer

Figs. C13-C15 Panametrics V3032 0.5MHz/0.5 in.
conventional transducer

Figs. C16-C18 Panametrics V3031 1.OMHz/0.5 in.
conventional transducer

Figs. C19-C21 Dunegan/Endevco S9201 AC42
conventional transducer

Figs. C22-C24 Aerotech Gamma D12618
* 1.0MHz/0.5 in.

conventional transducer

Figs. C25-C27 Aerotech Gamma C12634
1.OOMHz/1.0 in.
conventional transducer

.4
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APPENDIX D

COMPUTER PROGRAMS

When preparing the Nicolet for proper

interfacing with the IBM 5100 several initializing

procedures must be performed to complete the link.

The first change to make is in the Nicolet RS-232C

interface; the "Dip" switches should be set as

follows:

1 2 3 4 5 6 7 8
ON ON ON ON OFF ON ON ON

(1 2 3) . Sets the band or transfer rate for

this case - 9600 bps.

(4) Not used

(5) Parity Check 5 used when switch 5 is
off.

(6) Sets the parity, ON = even, OFF = odd
-used only if bit 5 - OFF.

(7) Sets number of stop bits, ON = 2 stop
bits, OFF = 1 stop bit.

(8) Not used

When the RS-232C interface is set up as in the

example, the Nicolet will dump its data at a

transfer rate of 9600 bits per second with an even

parity and two stop bits at the end of the file.

Before the Nicolet will begin to transfer data it

d.

l

.",. .

http://www.abbottaerospace.com/technical-library


130

*.-must be given the proper sequence of commands. The

command string which must be issued to the Nicolet

* is:

vDIDOE300256

For an explanation of the command characters refer

to the "IBM 5100 Serial I/O Adapter Feature User's

Manual" and the "Operations Manual For Series 2090

Digital Oscilloscopes Nicolet Instrument Corpora-

tion."

The following program, written in APL, not only

sets up the shared variable used in the APL command

structure but also initiates the process whereby the

Nicolet dumps its data into the buffer of the IBM

5100:

'7 LOAD
V LOAD

[1] J-13 CISVO 'Dl'".(2] DIl' IN 33001'

[31 J-Dl
[4] J-l CSVO 'D2'
[5] D2-' OUT 31001'
[6] D2-'I/1282,R/9600,.H/P,C/r, <013,

<213'
[7] D2-i0
[8] D2-'OUT 001 TYPE=I'
[9] D2-'vDlDOE300256'
[10] D2-0
(11] DATAI, (256 5 pDl), (256p'
[12] N-1
(13] RPT:D2-'OUT 32001 TYPE=I'
[14] D2-', DOE300256'
[15] D2+-0
[161 DATA-DATA,t, (256 5 pDI), (256p' ')
[171 - (15>NN+)/RPT
[18] JH-EX 'Dl'
[19] J+-EX 'D2'
[20] TOTAPE

7

S .-. .-.

. . . . . . . . . .
. . .. . . . . . . . . . . . .
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.4

To begin the transfer process insert the Serial I/O

tape and issue the command )MODE COM. When the

option menu is displayed select 7 for the track that

is to be transferred and type LOAD on the IBM 5100.

The I/O Active light, on the Nicolet, will come on

for approximately five seconds and then go off for

approximately ten seconds, this process is repeated

fifteen times and indicates that the data is being

transferred at a rate of 256 points per I/O Active.

It is necessary to have the process repeated fifteen

times during the transfer so the buffer on the IBM

5100 will not be exceeded. At the end of the

process one track of data will have been stored in

the IBM 5100.

To generate a frequency spectrum of the data the

following program was initiated by typing MASTER on

the IBM 5100:

7MASTER
" MASTER;J;N;FIO;D;DATA

1] LBLl:OEX 'D2'
[21 J-l LSVO 'D'
(31 'ENTER FILE NUMBER'
(41 N-4-0
(51 'ENTER FILE ID'
(61 F I D-9

:.[7] D-'IN ',(,1000+N),' ID=(',FID,')
(8] J-D
(9] DATA-D
(10] D
(11] J40EX 'D'
[121 'ENTER CUTOFF VALUE'
(13] N-0

-A
.' *..

http://www.abbottaerospace.com/technical-library


132

[141 DATA*-1+DATA[ (N-1024)+i1024] ,0
[15] 'ZERO AVG=';(+/DATA~ilOO])fl00
[161 'ENTER OFFSET VALUE'
[17] N-0
(18] DATA- DATA-N
[19] 'DO YOU WANT A TIMEPLOT? 0=NO, l=YES'
[20] -10=E)/LBL3
[21] ERASE
(22] 1000 2 TEKPLT(l+DATA[24+4x1250]*r/IDATA) VS

4xi250
[23] AXIS
[24] LBL3:'DO YOU WANT AN FFT? 0=NO, 1=YES'
[25] -*10=0)/NEXT
[26] DATA-GLITCH DATA
[27] ERASE
[28] DATA-RFFT DATA
[29] DATA[1;1]+0
[30] 'DO YOU WANT TO PLOT THE FFT? 0=NO, 1=YES'
[31] -*10=D)/LBL5
[32] (5000000,F/DATA[1;]) TEKPLTOO 2 257 tDATA
[33] AXIS
[34] LBL5:'DO YOU WANT TO STORE THE FFT ON TAPE?

0=NO, 1=YES'
[35.] -*10=0)/NEXT
[36] LBL4:TOTAPE
[37] NEXT:'DO YOU WANT TO REDO THE TIME PLOT?

0=NO, 1=YES'
N[38] -11=0)/LBL1

[39] 'DO YOU WANT TO DO ANOTHER DATA FILE? 0=NO,
1=YES'

[401 -*11=0)/LBL1
[41] LBL2:'YOU HAVE FINISHED !!!

V

Several variables and functions are necessary for

both the LOAD program and the MASTER program to run

properly. The following programs should be included

in the work space of the IBM 5100 for the proper

execution of MASTER and LOAD:
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VRFFT[ ] 01V
V Z'-RFFT A;N;Nl;N2;N3;N4;X;SAMPFREQ

E1]l
[2] SAMPFREQ-20000000

* [3] A4-O((N-0.5xpA),2)pA
[4] A- 1cOA4N
1 5] FFT
C6] Z-Z, 2 1 tZ-A
[7] A-0

N4-1+N2-N+2) +Z

+iN4]xO[1] X-2 1 o.0O-0.5-((O-(-t1)-iN4)+tN
[10] Z-0.5x((Nlt.Z)+(-N)1tZ, 0 1 4-4O(NtZ)-

(-Ni) +Z

[12] Z-Nx(+/[1] Z*2)*0.5
[13] Z-(2,PZ)p(Z-SAMPFREQ),SAMPFREQx(+2xN)

xO,i (4)-i

'7FF T C 0 17
7 FFT;K;L;M;N;O;P;Q;R;S;T;W

E1] A -(2, R-(M~-L 2*N~--I 1t pA) p2)p OA
[2] WY-RP(P 2 1 o.OO(-(O--t1)-tK)+1tS-(K*-N*2),T..2
[3] -((M=1)/L3),L2,Q4-(P-O+M-0.5)-L-1
C4] LlWROTN*-x2pK~lip
[51 L2:A4-(+A4A) ,[P-L](-/Wx-A4A) ,[Q]+/WxO-,'A
[6] 4M>L--LT1)/Ll

VQ co 17
-4 VQ

E1] LBL:OEX 'Dn
[2] J'-1 OISVO 'D'
E3] 'ENTER FILE NUMBER'
[4] N--
[5] 'ENTER FILE ID'

18] J-+D
19] F/D
[10] 'DO YOU WANT TO DO ANOTHER FILE? O=NO,

1=YES'
[11] -*(1=)/LBL
[12] 'YOU HAVE FINISHED H!
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VFUN[o] 7
% 7 FUN C

Ell D2-TEK[30]
[2] (5:(C 1)/
[3] D2*-TEK[1+(XMC 15 2 tC)]
[4] C~- 14 0 +C
[5] -*2
[6] D24-TEK[1+(XMC C)]
[1 D24-TEIC[32]

V

'PCHAR[0] 7
V V PCHAR C;X

El] RL IS A GLOBAL CHARACTER VARIABLE
[2] C[;1]4-273+C[;1]x546mV[1]
[3] CL ;2h137+C[ ;2]x546zV[2]
[4] X-*XMC 1 2 tc
[5] CIBM[1-s(,29,X),31J,L
[6] C - 1o + C
[7] (5PC11/

VPGRAF[0]7
7 V PGRAF c;x

Li] CL;1]i-273+C[;l]x546+V[l]
[1 C[;2F-137+CC;2]x5467v[2]
[3] -*(102:(PC) 11])/8
[4] X- 10 4 PXMC 10 2 tC
[5] CIBMC1+(,29,X,X[;4]),31]
[6] Z!- 10 0 1 c
[7] -3
[8] X-((PC)L1],4)pxmc c
[9] CIBM[1+(,29,X,X[;4]),31]

VTOTAPELJ] v
V TOTAPE

E1l J'-1 CSVO 'T'
[2] 'ENTER FILE NUMBER'
[3] N-C1
£4] 'ENTER FILE ID'
£5) FIDeM
[6] T*-'OUT ',(v2000+N),' ID=(',FID,') TYPE=A'
£7] T"-DATA

C9] J-DEX 'T'
£10] CEX 'DATA'
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VTIMEPLOT [0]
'7 TIMEPLOT

El] J-1 OSVO 'DIn
[2] 'ENTER FILE NUMBER'
[31 -
[4] 'ENTER FILE ID'
[5] FID-0

[ 7] J+-D
[8] DATA'-D
E9] D
E10] J-OEX 'D'
Eil] 4096 4096 TEKPLT(2048+DATA) VSt4096

VFPLT[D]V

V FPLT
El] DEX 'D2'
[2] LBL:J'-l OSVO 'D'
[3] 'ENTER FILE NUMBER'
[4] N-0
E5] 'ENTER FILE ID'
[6] FID'-0

[8] J-D
E9] DATA-D
E101 J-EX 'D'
Eill] 'GET PLOTTER READY AND TYPE A 1'
[121 (5000000,r/DATA[l;]) TEKPLTOO 2 257 tDATA
[ 131 AXIS
[141 QEX 'nATA'
E151 'DO YOU WANT TO DO ANOTHER DATA SET?

0=NO, 1=YES'

F171 'YOU HAVE FINISHED !'

7GRAPHEU] V
V V GRAPH X

El] XE;l]4-273+XE;l]x546+LV~l]
[2] XE;2>-137+XC;2]x546+VE2]
[3] FUN X

VGLITCHEC] V
7 T-GLITCH TEST

El] T-TESTx- 1+(ITEST)548
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7BPLOTW] V
7 V BPLOT X;N;XLBL;YLBL;A

[13 AX'a
[2] XLBL'-,XAXISLABEL,[1.5] 11 6 t(0,(((-x+/

[1] ' '*A)iO)-l))+A-V 11 1 pO,(VC[1]+10)xtlO
[3] YLBL-,YAXISLABEL,[1.5] 6 6 t(0,(((-x+/[1]

;eA)t0)-1))+A-Y 6 1 PO,(V[2]+L5)xt5
[4] N-1
[5] RPT:60t~XLBL
[6] XLBL4-60+XLBL
[7] 60tYLBL
[8] YLBL-6O4YLBL
[9] -*(3 N-N+1)/RPT
C10] X[;131-273+X[;l]x546+tVC1]
[11] XI ;2>-137+X[ ;2]x546+tV[2]
C12] FUN X

VFPLOT C 0IV
7 FPLOT

E1] QEx 'D21
*1C2] LBL:JE-1 OSVO '0'

[3] 'ENTER FILE NUMBER'
[4] N4-0
[5] 'ENTER FILE ID'
C6] FID-0f

N[7] D-'IN ',(71000+N),' ID=(',FID,')'
[8] J-D
[9] DATA'-D
[10] DATA[1;]1-DATA[l; 1+.0.0019667

[12] 'GET PLOTTER READY AND TYPE A 1'
C13] 5000000 1 TEKPLTOO 2 257 tDATA
[14] AXIS
[15] QEX 'DATA'
[16] 'DO YOU WANT TO DO ANOTHER DATA SET? 0=NO,

1=YES'
[17] -*(1=L)/LBL
[18] 'YOU HAVE FINISHED !!!

7

VPLOT[O] 7
V PLOT

E1] N-1
[2] RPT: 4096 4096 TEKPLT(2048+x[(256xN-1)4-

t257]) VS(256xN-1)+t257

[3 I6:NN1/P
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'TEKPLT[Q] V
7V TEKPLT X

El] DIGPLT
[2] X[;1]4-225+X[;1]x700f.V[1]
[3] X[;2]+75+X[;2]x700*V[2]
[4] FUN X

[6] J-OEX 'D21

VDIGPLT[O] v
7 DIGPLT

[1] J-1 USVO 'Dl'
[2] D1l-'OUT 31001'

[4] D1l-i.
[5] J--1 USVO 'D2'
[6] D2-'OUT 34001 TYPE=I'

7

VAXIS[O]7
V AXIS

E1] V-30P 0 0 2
[2] B~- 0 10 10 10 20 20 20 30 30 30 40 40 40 50

50 50 60 60 60 70 70 70 80 80 80 90 90 90
100 100

[3] 100 100 TEKPLT V VS B
[4] 100 100 TEKPLT B VS V

7FFTW]17
V Z'-FFT A

[1] ET
[2] Z-A

7 Z-XMC X
[1] AXML4-Z-,((pX)p(32 96 32 64))+X-(L(Xi32),

321X)[;2 4 1 3]

* VVS [O]V
V Z-Y VS X

[1] Z-X,[1.5] Y
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B
0 10 10 10 20 20 20 30 30 30 40 40 40 50 50 50 60 60

60 70 70 70 80 80 80 90 90 90 100 100

V
0 0 -2 0 0 -2 0 0 -2 0 0 -2 0 0 -2 0 0 -2 0 0 -2 0 0

2 0 0 -2 0 0 -2

AXISII
5IV?5I9r 5IV?5DV? 5Ie5z 51.~ I+D+ /~/
:sIli±5Dl 512t5D2t 5140:5D40 516 :5D6_ 517#5D7# :u9F5D9[
5IV?51CV? 5Iv?!5jv[] >%V?>%v[] ]VV?]VVDI AMV?AMVO zCV?*tCVI
,Zv?,ZVD .Qv?.QVO OGV?OGVUl 1$v?1$vC] 3TV?3TvC]I 5KV?5KVUI

QRID
5Iv?5Kv? 5I=&5K*A sI+ 5K+2t :I++5K+4- 5I/'5K/' : I1±5K. :512t
:512t5K2t s1405K4o :516 5K6 :517#5K7# s19F5K9F <iv'<19F >%v?
>%V?>%9f ]VV?]V9r AMV?AM9[ *CV?-LC9F ,zv?,zgr .Qv?.Q9r OGv?
OGv?oG9r l$v?1$9[ 3Tv?3T9r 5Kv?5Kgr 7@

rEK E P !"#$%&'()*+,-./0123456789:;<=>?
@ABCDEFGHIJKLMNOPQRSTJVWXYZL\]A AarEr AiQQkj~

AXML
56 103 39 65 103 38 83

x
1 2 3 4 5 6 7 8 9 10

CIBM - Use this when plotting on graphics terminal.
)<:5>]VA*+-,+./0123456789([;x:\

a~inLE-Yato 'OITO*?pr-+uw+c-#-. -%ABCDEFGHIJKLMNOPQRSTJVWXY

XAXISLABEL YAXISLABEL ERASE
<KJ# :A
)UA[ IN>'

<K.u lv>'
)JO4- 5C>,
<K2L
) U3c
<K5?
) U7V
<KB
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APPENDIX E

SPECIMEN CHARACTERIZATION WAVEFORMS

The following figures are the waveforms recorded

from the various specimens characterized. In each

case two inch incremental placements of the probe

were made beginning at two inches from the source.

The waveforms were recorded at ±4 volts full scale

for NBS-PZT #26 and ±2 volts full scale for the APL

laser interferometer. Recording time was 50 nano-

seconds per point for all figures except Figs. E16-

E29 where the recording time was 200 nanoseconds per

point.

Figs. El-EI5 NBS-PZT #26 on solid cylinder

Figs. E16-E29 APL laser interferometer on
solid cylinder

Figs. E30-E44 NBS-PZT #26 on solid cylinder

Figs. E45-E59 NBS-PZT #26 on rectangular bar

Figs. E60-E67 NBS-PZT #26 on I-beam

Figs. E68-E75 NBS-PZT #26 on pipe

:-.,

. . .
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APPENDIX F

SPECIMEN CHARACTERIZATION FREQUENCY SPECTRA

The following figures are the time domain

waveforms from which the frequency spectra were

generated. The waveforms were recorded by the APL

laser interferometer from the solid cylinder at two

inch incremental steps. Figure F1 is the waveform

recorded at two inches from the source and Fig. F28

is the waveform recorded twenty inches from the
.o

4%~ source.
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