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SIMUL TEE COUSTIC EMISSIOhS

by Retort J. Kroll

When a test specimen is loaded, acoustic emissions
I.

occur at various strain levels. These acoustic emissions

create very Stall stress w.ves in tn.) test specimen.

These stress waves are detected using a piezoelectric

crystal at the end of the test specimen. However, the

ignal from the piescclectric crystal is verv compli-

cated and difficult to interpret.

The purpose of this investigation is to determine

an optimum system desig', whi h eonsis s of the specimen,

the electronic inst:unrn ation and the exnerine.tal

technique, for the study of acoustic (sissiom3.

Iatural acoustic emissions create extremely small

amplitude stress waves. Therefore, in this study the

acoustic emission is sizlulated oy bu'vlng a small piezo-

leotric crystal in an enlar5ed vers >n of the test

specimen. The simulated acoustic emission is Similar in

L
—
J 0

character to the natural emission, but its amp- tude is

much larger.

The nature of th stress wave propagation through

V

the specimen is determined analvticafl , and verified
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experimentally.

The knowledge of the stress wave propagation allows

an optimum Specimen design to be postulated. An experi-

mental investigation verifies that this specimen design

cleans up the signal from the crystal.

The optimum specimen design is used in a system

in which the electronic instrumentation and the eXperi-

mental techniques are varied. Several different systems

are found which produce an acceptable output signal for

acoustic emission research. This output consists of

a relatively large amplitude and short duration pulse,

followed by lower amplitude "hash".

A recommendation of an optimum system design for

the study of acoustic emissions is given.

Analytical and experimental studies are conducted

to establisn the validity of using a simulated acoustic

em; sion s urce and an enlarged test specimen.
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L131 0F SYMBOLS

Definition
 

cross sectional area

diame LC 2* *

diameter of end section*

diameter of cylindrical outer sectien*

diameter of test section*

modulus of elasticity

length of transition section*

length of test specimen*

length of end section*

length of cylindrical outer section*

radius of curvature of transition sectien*

length of test section*

time

\

thickness oi steel end cap

displacement in the x or g directlen**

unit step function (see Appendix B)

displacement function of g only**

bar velocity

dilatatienal wave velocity

shear wave velocity

axial coerdlnate*f

a parameter measuring the taper of the

transition sectien**
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subscripts
 

O

1

LIST OF sntseLs (Cont.)

Definition
 

impulse function (see part III B)

strain**

Lame constant

Lame constant

non-dimensional x coerdinate**

mass density

acoustic impedance

incident stress wave amplitude

reflected stress wave amplitude

transmitted stress wave amplitude

end resonance natural frequency for a bar

property at x = O **

upstream property

downstream preperty

 

* See Figure l

** See Appendix A
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I

INTRODUCTION

The ever-increasing demands of modern technology

upon structural materials have required that new mater-

ials be developed which have higher strength per unit

weight and can withstand extremely high stresses and

severe environments. In the past, advances in material

develepment have been accomplished mainly through

chemical technology. It now appears that further

advances will only be achieved through deveIOpments

in the fundamentals of solid state physics.

The theory of dislocations, which was originated

in 193“ by Taylor (TA 34)* and Orowan (OR 34), plays an

important role in the modern solid state physics of

'materials. If it were not for the presence of imper~

fections in crystals, such as dislocations, theoretically

structural materials would be approximately 100 times as

strong as they actually are (CO 53). The theory of dis-

locations eXplains why materials are so we k. Macro-

scOpic strain, especially in the plastic range, can be

shown to be a function of the motion of the dislocations

in the material (JO 59). Therefore, a fundamental know-

ledge of the properties of dislocations is essential for

advancement of the material sciences.

 

* Refers to the Bibliography.
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One of the lesser known properties of dislocations

is "acoustic emission". The first investigation of

acoustic emission was made in Germany by Kaiser (KA 50)

in 1950 as a doctoral thesis. There are audible sounds,

known as "tincry", generated when tin is handled or

worked. This led Kaiser to investigate whether other

materials produce non-audible acoustic sounds when they

are deformed. He found that very low amplitude acoustic

emissions, which could only be detected using very

sensitive electronic equipment, were produced during the

process of tensile testing of a specimen. These acoustic

emissions were believed to be due, in part, to the motion

of dislocations.

As in all pioneering efforts, Kaiser's investi-

gations left many questions unanswered and stimulated

others to research activities in this area. In the United

States, B. H. Schefield of Lessells and Associates in

Boston, Massachusetts and C. A. Tatro of Michigan State

University, each became interested in acoustic emission

research because of Kaiser's work. Independently, each

initiated a research program, whose first objective was

to verify Kaiser's findings.

During 1955, Schefield (SC 58) found that he could

not verify some of Kaiser's results. Specifically,

although he found that an acoustic emission phenomenon did

exist, he could not agree with Kaiser's conclusion that
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”there exists a characteristic distribution of the

frequency and amplitude spectrums which is related to

the stress level within the material and the past

metallurgical history of the material."

Beth Schofield and Tatro found that the signals

received during a(Hou ti emission experiments were

rather complicated and were hard to identify as being

0auScd by an acoustic emi.ss ion from the material in the

critical cross section of the test Specimen. The shape

.

of the Specimens used in their experiments was roughly

as shown in Figure 1. An acoustic emission, which

originates inside the test section, T, at the center of

the specimen, certainly will be distorted seriously and

reflected many times before it arrives at he detector,

which is located at one end of the specimen (surface A).

The question now becomes how to interpret the received

signals in terms of the acoustic emissions generated

within the specimen. Any further meaningful research

depends on the resolution of this problem.

In 1959, Schofield (LE 59) made a 11L1fl ted attempt

to find the stress wave propagation through specimens

of this type. He introduced str so. at one end of the

5
—
0

Specimen and detected them at the other end. "

insight can be gained by this eXperiment because the
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shape of the Specimen is complicated and, therefore, the

pickup Signals are complicated. He found "sensitive"

frequencies of the specimens and at other frequencies he

found mostly hash. The reasons for this behavior will be

discussed in part II H. The question of how the stress

wave caused by an acoustic emission propagates through the

Specimen was not completely resolved by his work.

Tatro, in his acoustic emission research from 1956

to the present time, has attempted to correlate the

number of acoustic emissions, which occured at various

parts of the stress-strain curve, to the onset of yield.

During this work, he determined that there is a need

for a more fundamental understanding of the process in-

volved in stress wave propagation through the specimen

caused by the occurrence of acoustic emissions. Because

of this need, the research presented in this dissertation

was initiated by the author under the supervision of

Dr. Tatro.

The purpose of this research is to determine the

mode of stress wave propagation in the Specimen resulting

from natural acoustic emissions. To accomplish this, it

was necessary to simulate the acoustic emission source and

to use an enlarged Specimen. This will be eXplained below.

The Knowledge of the stress wave propagation Should lead

to possible changes in Specimen geometry, the attending
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(,Ilrctrorzis initru‘h z;ti;;‘_w2n all?) the expcL“i:*:e1.tal tech-—

niquts with the aim of optimising the system used in

natural acoustic emission PCSCQPCH. ’his optirisatien

should produce a "clean" signal, which is of the maximu

possible amplitude and the shortcs t duration. This

signal will be the eviocnce oi the occurrence of a single

acoustic emissirn. The number of acoustic emissions,

occurring; luring a given tine, will be determined by

counting these characteristic signals.

As st ted previously, the energy in the acoustic

emissions is extremelysuall.1n his cxperh'.“ntal work

Tatro found that the si hals from the acoustic emissions,

even after large arnliiitition, were often not much larver

than the electronic noise in the equipment. At these

(‘1

>ossible to pericrm eXperiments toJlevels, it would be im

letermine the stress wave propagation through the speci-

men.

The experimental setup for studies using natural

acoustic cmizzsicens is cumbersome and usually involves

testing at night to eliminate extraneous "noises". In

addition, the acoustic emissions occur at irregular inter-

vals. There are often periods of no emissions followed

by a burst of closely spacademissions.

For these stress wave propagation studies, it is

essential that an isolated emission can be initiated

at will and observed. Two or more closely Spaced emissions
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could lead to problems of interpreting the experimental

results. Obviously, natural acoustic emissions will not

be satisfactory for these studies. ‘

Since the natural acoustic emissions occur in the

interior of the specimen, it is necessary to introduce

a simulated acoustic emission in the interior of the

Specimen and not on the surface. This is done by "bury-

ing" a small piezoelectric crystal in the specimen and

applying an electric pulse to it. The smallest piezo-

electric crystal available that would give a reasonable

amplitude signal is a cylindrical crystal of 1/16 inch

length and diameter. The crystal must be buried in the

test section, dimension Dt of Figure l of the specimen,

because this is the region of the natural acoustic

emissions. The specimen designated as 31 in Figure l

was used by Tatro in his research of natural acoustic

emissions. It would be impossible to bury this size

piezoelectric crystal in the test section of this Speci-

men. it was decided to use a test Specimen five times

larger, designated as L1. This specimen geometry was

varied slightly (specimens L2 and L3) to study the effects

of certain geometry changes. Scale effects were studied

by comparing results in two different size specimens;

large and medium.

Analytical predictions of the stress wave propaga-

tion through the specimen were made. Then experimental
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investigations were conducted to verify the analytical

predictions. Better Specimen designs and methods of

instrumentation were deduced based on the analytical

and experimental evidence. or course, a limited number

of system designs were investigated, but the design

trends are clear.

Finally, recommendations will be made for the

design of a system, consisting of specimen, electronic

instrumentation and experimental techniques, for natural

acoustic emission research.
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II

DESCRIPTION OF EXPERIMENTAL TECHNIQUES

A. Discussion
 

The experimental equipment used in this investi-

gation consists of the test Specimens and a system of

electronic instrumentation. A block diagram of the

experimental setup is given in Figure 2. Figures 3

through 9 contain photographs of the specimens and the

electronic instrumentation.

A detailed discussion of the experimental techniques

follows.

E. Specimen Geometries
 

The various test Specimens used in this investi-

gation are presented in Figure 1. They are fabricated

from 202h aluminum, which is the material used by Tatro

in his research. As mentioned in the Introduction, it is

necessary to use specimens which are basically five times

larger versions (L1, L2, and L3) of the original test

specimen (31) used by Tatro in his research or natural

acoustic emissions. variations between L1, L2, and L3

are for the purpose of studying the effects of certain

geometry changes. The medium size specimen (M1) is

studied to determine scale effects. The various sizes of

Specimen can be seen in Figure 3.

- 8 -
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The Specimens in this investigation are all

axially-symmetric, that is the cross section is cir-

cular at every station along the length. Every Speci-

men has an enlarged end section, because, in studies of

natural acoustic emissions, the Specimen must be used

for testing in a tensile testing machine. The load is

applied through bearing stresses on surface B. It is

standard practice to put a layer of sound proofing

material between surface B and the loading fixture (W0 61) .

Every specimen contains a test section, which has

the smallest cross sectional area of the Specimen. It

is the region of highest stress in the specimen and,

because of this, the acoustic emissions are expected to

be originated there. This is the region that will be

used to originate the simulated acoustic emissions.

There are transition sections at both ends of the

test section. The purpose of this section is to change

the cross sectional area or the Specimen rapidly and

reduce the stresses correspondingly.

All but two of the specimens have uniform sections

between the transition sections and the ends. The pur—

pose of this section is to allow any non-uniformity of

the applied tensile stress in the Specimen to be smoothed

out before the test section. This section is the one

that is varied to "clean up" the signal.

The fabrication of these specimens is time consuming
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and eXpensive. For this reason, the three large speci-

mens, L1, L2, and L3, are not three separate Specimens.

First specimen Ll was fabricated and tested. When this

testing was completed, specimen Ll was machined and became

Specimen L2. Similarly,L3 was made from L2.

Separate component parts of both the large and the

medium size Specimens were fabricated. These are shown

in Figure 4. It is possible to build up portions of the

specimens using these components plus uniform rods.

These parts are "integrated" by mechanically holding them

together and using a thin layer of High Vacuum Grease

(manufactured by DOW' Corning Corporation) in the Joints.

This method allowed many specimen geometries to be investi-

gated without the expense and time delay associated with

manufacturing many specimens. This method was used to

get qualitative data which led to the design of several

of the actual specimens. This will be discussed later in

part IV H.

C. Simulated Acoustic Emission Input
 

A.Small Barium Titanate (BaTiOB) piezoelectric crystal*,

which was purchased from Electro-Ceramics, Inc. of Salt

.Lake City, Utah, was used as the source of the simulated

acoustic emissions. The crystal is a cylinder of 1/16

A

*This Barium Titanate transducer is actually a Specially

processed polycrystaline ceramic. However, it is common-

ly referred to as a "crystal", and this nomenclature will

be used here.
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inch diameter and height. The flat ends are the posi-

tive and negative electrical terminals.

Barium Titanate was selected because this crystal

will be subjected to elevated temperatures during its

positioning in the Specinen. This Will be discussed

below. Barium Titanate is a ceramic and is particularly

suited to withstand temperature. Ale Jarium Titanate

does not require an external polarisation voltage.

This crystal must be buried in the test section

of the Specimen. The crystal will deform when it eXperi-

ences an electrical voltage pulse. This deformation will

produce a stress pulse in the specimen. It will be

shown later that this stress pulse has the form of an

impulse.

It is necessary to position the crystal inside the

test section accurately and supply an electric pulse

to it. This is accomplished by making a crystal input

probe, which is shown in Figure 5, as follows:

1) The crystal is fastened to one end of a 1/16

inch diameter brass rod about 2% inches long

using Armstron;,h; cement,which is a non-conduc—

tor. The axis of the crystal is perpendicular

to the axis of the brass rod. At this stage

the crystal is mechanically fastened to the

rod, but the two electrical terminals of the



24)

U
‘

V

crystal s.re floatinyg.

Next one face of the crysta is electrically

connected to the red by using conducting silver

paint (Dupont No. #317).

Then the entire rod, except l/Q inch of the end

I

a.w:y from the crytal and the UCLC‘ electrical

termina e‘ the rystal, is coated with Glypcal

varnish, mrnufetured by the Cencrul Electric

Company. It is then cured for zour hc~rs at

1000C. Clyptal serves as an electric insulator.

Next, conducting silver paint is used to make

a conducting strip about l/lf inch wide on the

surface of the Glyptal from the other face of

the crystal cut to about 1/3 inch from the edge

of the dlyptil. At this stage, the two faces of

the crystal are connected electrically; one to

the brass rod and one to the silver paint. It

cannot be buricd in the specimen, because the

silver paint would short out with the specimen.

Glyptal is coated over the entire part of the

probe that was pleviously c.;:ted with Glyptal

xccpt for abou.t l/-’I inch at L:e end away i‘rom

the crystal. It is cured again.

Next, an Amphenol connector is soldered to the

rod to form the hot crnnection. A snort brass

strip is soldered to the L:1y).enol connector and



“115...

it contacts the silver paint with a spring

action is form the ground.

The details of the input probe niy be seen in Figure

‘
-
4

5. The input puuhe is wise shown in Figures 3, O, and 8.

1

The part of the prnbe inside the specimen, which is not

shown in Figure f, Cantu ns the crystxl. Kawever, the

crystal would not he easily distin¢uishahle because of

the relatively thicK layers of Glyptil.

The crysti input probe was buried in the s.ecimen

as follows:

1) A 1/8 inch diameter hole was drilled into the

test section of the specimen to a depth 1/8 inch

greater than the radius of the test section.

The axis of this hole was radial. its longitu-

dinal position in the test section depended on

the test being conducted.

2) Next, the specimen was heated in the vicinity of

the hole using a propane torch with a flame

spreader. The hole was then filled with melted

Woods Metal, which has a melting point of 1530F.

If the flame is removed, the specimen and Woods

Metal will cool rapidly and the Woods Metal will

solidify. The input probe was inserted into the

hole in the required position when the Woods Metal

was just above lSSOF. The Uaods Metal firmly



imbeds the probe in the specimen. If the probe

were inserted when the Woods Metal is consider-

ably above its melting point, then the Barium

Titanate crystal could become depolarized. The

Curie temperature of Barium Titanato is 12500.

The Barium Titanate crystal can be located at any

radial position ranging from the centerline to near the

surface and its angular position can be anywhere from

axial to transverse. Its longitudinal position can be

changed by using different holes. If the probe is removed

from one hole and moved to another, the old hole is

simply filled with Woods Metal.

Woods Metal was selected because of its low melting

point and because its acoustic impedance is close to that

of aluminum.

The electrical pulse, which is imposed on the Barium

Titanate crystal, is provided by three pieces of electron-

ic equipment, items A, B, and C.* These are shown in

Figure 6. icy are the three pieces on the right from

bottom.to top respectively. Items A.and B are also shown

in Figure 8. A square electrical pulse of 50 volts and

having a pulse width of 5,000 microseconds is generated

in the Rutherford Pulse Generator, Item B. This pulse is

amplified to 300 volts in the General Radio Unit Pulse

 

*See "List of Electronic Equipment used in this Investi-

gation" in Appendix C.
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Amplifier, Item C. The pulse repetition rate is 5 per

second. This is obtained by using the ”Sync Out” from

the Hewlett Packard Low Frequency Function Generator,

Item A, to trigger the Rutherford Pulse Generator.

The Barium Titanate crystal responds to the rise

portion and the fall portion of the square pulse. As

will be shown later, the crystal creates an impulsive

6(t)* type stress wave in the specimen at each of these

times. The stress wave resulting from the impulse

associated with the rise portion is observed. The

impulse from the fall portion occurs after the oscillo-

scope has stopped sweeping. The pulse repetition rate

of 5 per second is slow enough that the successive stres~ (
.
2

waves do not interfere with one another, and fast enough

that the signal appears to be constant on the scope.

The 300 volt amplitude is sufficient to create easily

readable stress waves in the specimen, but 50 volts

was found to be marginal.

D. Crystal Pickup of the Stress Wave
 

The stress wave is monitored at Surface A of the

Specimen, using an ADP (Ammonium Dihydrogen PhOSphate)

450 Z cut piezoelectric crystal. This type crystal is

designed for the monitoring of normal stresses. The

crystal produces a small voltage signal when it is

 

* See part III B for definition of 6(t)
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deformed by the incident stress wave.

Two different size crystals were used: each having

a 5/3 inch square cross section and one bein¢ 1 inch

long and the other 1/2 incn long. ach crystal consists

of a stack of 8 plates. The natural free-free frequencies

of these crystals are 66 kc for the one inch crystal and

130 kc for the 1/2 inch crystal. The one inch crystal

can be seen clearly in Figure 7. It can also be seen in

Figures 6 and 8. These crystals were also purchased from

Electro-Ceramics, Inc.

The ADP crystal was chosen, because it has a high

sensitivity and there are no problems of temperature

or size as in the case of the Barium Titanate input

crystal. Also an ADP crystal requires no external polar-

ization voltage.

The ADP crystal is held in place on Surface A of

the specimen by a thin layer of the high Vacuum Grease

mentioned in Section II B. When the axis of the specimen

is vertical, and Surface A is therefore horizontal, the

<1Pystal has no tendency to loosen or move (even if it

[
-
4
.

53 supporting its own weight). When the axis of the

ENBCimen is horizontal, and Surface A is therefore ver-(
0

C
l
‘

ixlal, the crystal tends to slide down the surface very

2

“ crwly, because the grease is in shear.(

At the beginning of this investigation, a crystal

hclxier and a steel pressure block were used to insure
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that the crystal would not move. These were found to

be unnecessary, because, even when Surface A is vertical,

it is only necessary to relocate the crystal occasion-

ally. It was also found that the clamp and pressure

block changed the natural frequency of the crystal. It

will be shown in part IV’B that this would be an unfor—

tunate complication.

E. Amplification of the Signal from the Crystal Pickup

The maximum amplitude of the voltage signal from

the pickup ADP crystal is extremely small (approximately

1 to 2 millivolts). It is necessary to amplify this

signal before introducing it into the oscilloscope. A

General Radio Tuned Amplifier, Item D, is used for this

purpose and it is shown in Figure 7. It may also be seen

in Figures 6 and 8. The gain of this amplifier is adjusted

to produce an output signal of approximately one volt

or less maximum amplitude. This amplifier has an internal

variable filter. The "FLAT" filter frequency, which

passes all frequencies between 20 cps and 100 kc, was

used in all the experiments.

Notice that the electrical leads from the ADP crys-

tal to the amplifier are very short (about 6 inches long).

It is essential to amplify the weak ADP crystal voltage

signal before it is introduced into a relatively long

(about 2 to 4 feet) shielded cable. However, it is per-
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missible to use long cables to transmit the output sig-

nal of the General Radio Amplifier.

F. Filtering the Amplified Signal from the Crystal Pickup

As mentioned in the Introduction, the output sig-

nal of the pickup crystal is extremely complicated. One

of the primary purposes of this investigation is to

clean up this signal. Part of the task of cleaning up

the signal can be accomplished by a better design of the

test specimen. However, a large part of the cleaning up

of the signal can be accomplished by filtering it in an

appropriate manner. This will be explained more fully in

Section IV. The extraneous 60 cycle pickup from the

surroundings is also eliminated by filtering.

Two Spencer-Kennedy Variable Electronic Filters,

Items E and F, were used. One filter, Item E, is shown

in Figure 6. It is the tOp unit in the center rack.

Each filter consists of two units, each of which may

be used either as a high pass or a low pass filter. Each

unit in Item E has a range from 20 cps to 200 kc and each

unit in Item F from 2 cps to 20 kc. These units can be

ganged by putting two units, which have the same filter

setting, in parallel. This produces a sharper filtering

characteristic curve.

The reasons for placing the filters after the ampli—

fier and before the oscilloscope are:
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l) The filter units add a low level extraneous

noise (between 60 and 100 microvolts per unit)

to the signal passing through them. At the one

volt signal level after the amplifier, this is

insignificant. However, remembering that the

ADP signal has a maximum amplitude of l to 2

millivolts, this noise could be significant

if the filters would be placed before the

amplifier.

(
‘
3

The 60 cycle pickup should be removed Just

before introducing the signal into the oscillo-

scepe. If the filter were located after the

ADP crystal, some 60 cycle pickup could occur

later in the circuit and never be eliminated.

G. Fonitoring and Recording the Output Signal
 

The amplified and filtered signal output from the

SKF filters is introduced into a Tektronix Oscilloscope,

Item G. Records of oscilloscope traces are obtained using

a Du Mont Oscillograph Recording Camera, Item H. The

oscilloscope and camera are shown in Figure 6. The

Type 53/54 D Plug-In Unit, Item G1, is used in the oscillo-

scope for all of the eXperiments involving ADP crystal

pickups.

The oscilloscope sweep is triggered by the "Sync. Out”
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from the Rutherford Pulse Generator. Except for small

delays in the circuit, an oscilloscope sweep begins at

each instant that a simulated acoustic emission, which

is associated with the rise portion of the square elec-

trical pulse, is initiated in the tes specimen. The
J

sweep rate i< adjusted so that the sweep has completedC

before the signal associated with the fall portion of

the Square electrical pulse occurs (see part II C). A

sweep occurs 5 times per second and, because of the

retention of the sc'een, the signal appears to be con-

stant on the scope. When the camera is used to record

the signal, a ”single sweep lock out” is used. This

allows only one sweep to occur until it is reset.

H. Frequency Response of the ADP ngstals
 

In order to interpret the signal that is generated

when the stress we e from a simulated acoustic emission

excites the ADP crystal, it will be necessary to obtain

a frequency response curve for each of the ADP crystals.

Sinusoidal stress waves having the same amplitude,

but having different frequencies, do not produce the same

amplitude output signals from the ADP crystal. It is

expected from the theory of forced-damped vibrations

(TI 55) that the exciting frequencies which are closest

to the natural frequency of the crystal will produce the
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frequency response curve.
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frequency response tests do not exceed 130 kilo—

cycles, it is assumed that there are no frequency

response problems associated with the stress output

of the Barium Titanate probe.

The test procedure is as follows:

1)

\
x
’

v

The Putherford Pulse Generator (Item B)

triggered 5 times per second by the H.P.

Function Generator (Item A), gates the Pulsed

Oscillator with the selected pulse width (see

Figure 6). The G. R. Pulse Amplifier (Item C)

is not used.

The frequencies in the pulsed nave, generated

by the Pulsed Oscillator, are determined by the

L-C parallel part of the circuit (see Figure

11). The inductance is varied by adjusting

the position of the iron core in the Stancor

inductor. Different size capacitors may be

plugged-in (see Figure 9). The output of the

Pulsed Oscillator is displayed on an oscillo-

scope for purposes of adjusting its amplitude,

pulse width and frequency. Then the Pulsed

Oscillator output voltage is imposed on the

input probe and a pulsed stress wave is

originated in the rod.

The direct stress wave excites the ADP crystal,

which is being tested, and the crystal output
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is amplified and filtered. The SKL Filter,

Item E, has one unit set on high pass and the

other on low pass at the same frequency as the

Pulsed Oscillator output. This eliminated any

stray signals away from the test frequency.

4) The amplified and filtered signal is displayed

on the oscilloscope, which has been triggered

by the ”Sync Out' from the Rutherford Pulse

P (
.
7

(
‘
1

P
)

(
.
1
.

C C
’
.
‘

C
"
.

O C
.

C
}

O (
7
‘

'
3
‘

9
:
c
f

Generator. The sweep rate

only the direct pulse is displaved. The ampli-

tude of the crystal output is obtained.

‘

Both ADP crystals Jere tisted in this manner at

enough frequencies to allow plotting of the frequency

response curves, which are given it Figure 12. The

ordinate of these curves is the Relative Response, which

is the millivolts of amplified crystal output (using the

same amplifier gain) divided by the volts of the Pulsed

Oscillator output, which was nearly a constant. The

absolute value of the response is not important, because

it depends on such parameters as the voltage applied to

the input probe, the cross sectional area of the red,

the gain of the amplifier and the losses in the filter.

These are all constants (a correction is made for the

small variation in the voltage applied to the crystal)

in this frequency response test. However, in later tests



Figure 12. Frequency Response Curve 3  
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of the specimens, these parameters are not the same

and only relative responses are significant.

. In Figure 13, a typical oscilloscope record of

the Pulsed Oscillator output and the corresponding amp-

lified and filtered crystal rCSponse are shown.

A discrepancy may be seen in the response curve for

the 1/2 inch ADP crystal at about 100 he (see Figure 12).

This can be attributed to a phenomenon known as "end

resonance", which was first discovered Ciperimentally

by Oliver (OL 57). Later McNiven (EC 61) analytically

proved the existence of the end resonance phenomenon.

McNiven shows that there is a large amplification of the

amplitude of the vibration at the end of the rod in a

very narrow band of frequencies around the end resonance

frequency, mR. McNiven shows that

s, 1.021 / ' 2.? 7
(DR: O‘IUYW‘ E": ”1:22; 5‘ (11.1)

For the one inch diameter aluminum rod used in this

frequency response test wR = 102,300 cycles per second,

which eXplains why the CXperimental value is too large

at 100 kc. This end resonance frequency could have been

raised above the 130 he upper limit of those frequency

response tests, if a rod of 3/4 inch diameter or less were

uSEdo
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As mentioned in the Introduction, Schofield (LE 59)

introduced stresses at one end of a syecimrn and detected

them at the other end. he used identical piezoelectric

crystals at each end of the specimen and used a pulsed

oscillator to power the sending crystal.

Using this same method, an investigation was conducted

I

by the author to determine if the 'sensitive" frequency

phenomenon found by Schofield exists for a uniform rod.

No "sensitive” frequencies were found. Instead, the

results of this investigation are similar to the curves

of Figure 12. These would not be valid frequency response

curves, because the sending ADP crystal obviously does not

qualify as a frequency insensitive sender in the frequency

range used.

The difficulty in Schofield's experiment seems to be

the use of a relatively short shaped specimen. There are

problems associated with the changing cross section and

multiple reflections as will be explained more fully

IQ

..

.later. This explains tne hash he found. The 'sensitive”

" condition-frequencies were probably due to an ”in-phase

between the largest reflections. Schofitld noted that

these "sensitive” frequencies could not be correlated to

the natural frequencies of the specimen.



III

ANALYTICAL PREDICTION OF THE

MODES OF STRESS WAVE PROPAGATION

A. Discussion
 

Before proceeding with the experimental portion of

this investigation, it is reasonable to attempt to pre-

dict the modes of stress wave prepagation in the specimen.

The analytical predictions will be made in this section.

In Section IV experimental investigations, which verify

the analytical predictions, will be reported.

As may be observed from Figures 1 and 3, each test

specimen used in this investigation is a composite of

many different components: cylinders, transition sections

and large end sections (which are too short to be treated

mathematically as cylinders). Separate components of

these types are shown in Figure h.

The mode of stress wave propagation in each separate

component will be determined, using analytical methods

from the existing literature, an extension of one method,

and an original derivation. Then the components will be

imagined to be Joined to form the test specimen and a

synthesis of the problem will be constructed. The

resulting stress wave propagation in the entire specimen

will be predicted.

There are numerous papers in the literature con-

- 31 -
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cerning stress wave propagation in cylinders. These are

the result of analytical and experimental research by the

authors. Several of the more important papers are by

Pbchhammer (P0 76), Chree (CH 89), Bancroft (BA #1),

Davies (DA 48), Mindlin and Herrmann (NH Cl), Kolsky

(KO 54), Tu and Brennen and Sauer (TU 55), Nixlowitz (MI

56), Oliver (OL 57), Curtis (CU 60), Bell (as so), and

McIIiven (MC 56). Most of these papers are concerned

with dispersion.

DiSpersion is the following phenomenon. When a

stress wave prepagates along a cylinder, each Fourier

component of the stress wave tends to travel at a differ-

ent velocity. Dispersion causes a change of the shape

of the stress wave with the distance traveled.

The effect of dispersion only becomes important for

large travel distances of the streS‘ waves. In a short

specimen, these large travel distanc‘s can only be obtain-

ed after many reflections. It will be shown later that

the changes in the stress wave resulting from the multiple

reflections are far more important than the Chang s

caused by dispersion.

However, the work of Bell (BE 60) mentioned above

will be important in analyzing the stress wave propagation

in the cylindrical test section. The works of Oliver

(OL 57) and McNiven (NC El) have already been used in

part II H.
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w Nathematical Representation of the Acoustici o

 

Emission Source
 

Acoustic emissions are believed to be the result of

the motion of dislocations. The source of an acoustic

emission robably occupies a region which is small com-

pared to the size of the test section.

The test specimens are made of 20:4 aluminum rod,

which is a polycrystalline material. It is possible for

a large number of dislocation loops to be generated,

perhaps by a Frank-Head source, within one of the crystal-

lites of the polycrystalline material. These loops will

pile up against the grain boundary and can later burst

through the boundary, causing an acoustic emission.

Therefore, the size of the region of the acoustic emission

is roughly the size of the crystallite.

Ans and Williams (AU 59) have analytically deter-

mined the ‘inamic stress field due to an extensional

dislocation moving at a constant velocity in an infinite

medium. They have considered the problem as a two dimen-

sional plane strain case. Tieir dislocation line is

infinitely long and infinitely thin. The latter is a

reasonable approximation, because Peierls (PE 40) and

Nabarro (NA u7) have shown that the width of an edge dis-

location does not exceed 7 or 8 atomic spaces. The infin-

ite length approximation will be discussed later.

Ana and Williams have considered three velocity

regimes: subsonic, transonic, and supersonic. However,
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Eshelby (ES 49) has shown that the velocity of either an

edge or screw dislocation cannot exceed the shear wave

velocity,'v3==/E? , vdfich.is the upper limit of the sub-

sonic regime. In the subsonic regime, An; and Williams

have shown that two cylindrical waves are generated:

A+2
l) a dilatation wave having a velocity, vd = ‘—b and

2) a shear wave having a velocity, vS = /flg?.

A dislocation line in the specimen is confined to

one crystal and is not infinitely long. In view of all

of the forementioned considerations, it will be assumed

that an acoustic emission creates a stress wave that is

almost spherical. If the dislocation line were infinitely

long, the stress wave would be cylindrica . However, the

dislocation line is very short and the end effects would

probably cause the stress wave to be cylindrical with

hemispherical end caps. This can be idealized into a

spherical stress wave.

The dislocation does not move at a uniform velocity.

Instead, it accelerates very rapidly (about 10-9 second

acceleration time) (CA 59), travels at a uniform subsonic

velocity for a very short distance, and then decelerates

rapidly. Therefore, instead of a continuous wave being

generated, there will be an impulsive 8(t) type of wave

generated. Here 6(t) is the Dirac De ta function, which

1
is mathematically defined as 6(t) "'E for --§ < t <.%

C.

as e _. O and 6(t) = O for all other t.
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In summary: it will be assumed that an acoustic

emission will create an impulsi c t(t) type of spherical

dilatation wave and an impulsive a{t) type of spherical

shear wave, both having extremely short pulse MichS.
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The dilatation wave travels with ve10city, vd = /[;E—E ,
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and the snear wave with velocity, v a L .
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C. Stress have frooagatiih in tie lest sectiih
 

The test section, taken as a separate component, is

a cylinder of diameter, Dt’ and length, T (see Figure l).

Somewhere in this cylinder the stress waves just des-

cribed originate.

If these stress waves occurred in an unbounded medium,

they would propagate as spheres of increasing radii. How-

ever, they occur in a bounded medium, the cylinder.

Cons der first the dilatational wave. When this

wave encounters the free surface of the cylinder, it must

be reflected as two waves, one dilatational and one shear.

The shear wave occurs because the surface of the cylinder

is stress free and a dilatational wave alone cannot

satisfy this condition. The two reflected waves would

soon encounter another part of the cylindrical surface.

Each would be reflected as two stress waves, one dila-

\

tational and one shear. In a very short distance, the

\

one dilatational wave has multiplied into a great number

of both dilatational and shear waves.
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Bell (BE 60) has shown both analytically and eXperi-

mentally that this large number of stress waves, instead

of creating a hopelessly complicated stress wave, in fact

create a stress wave which is uniform across the cross

section and travels at the bar velocity, Vb = g:----.

He states that it requires about 3 to 5 bar diamZters

to accomplish this dynamic version of the St. Venant

principle. An experimental investigation to determine the

existence of a dynamic St. Venant principle has been made

by Flynn and Frocht (FL 61).

Bell made several assumptions which should be noted

here. 1) The source of the spherical dilatational stress

wave is on the centerline of the cylinder, 2) The

reflections at the free surface follow the same law as

plane waves reflecting on a flat surface, and 3) the

effect of the difference in curvature between dilatational

and shear wave fronts :hs small in the time required for

traversing a single diameter. The latter two assumptions

are inherent to his analysis and are probably valid.

However, we will certainly have stress waves that do

not originate on the centerline of the cylinder. By an

extension of the dynamic St. Venant principle, at a suffi-

cient distance from the source (probably 3 to 5‘bar

diameters),a uniform stress wave plus a small bending wave

should exist. These small bending waves will probably be

eliminated'by the Specimen support reactions before they

reach the ADP'crystal.



- 37 -

In a similar fashion, at 3 to 5 bar diameters from

the source, the spherical shear wave from the acoustic

emission source would become a uniform shear wave

traveling at the shear wave velocity, vS:: /?;j..

This stress wave is of no interest, because the ADP crys-

tal, which is used to detect the stress waves at the end

of the specimen, is sensitive to normal stresses only.

In summary: 1) For acoustic emissions which occur at

least 5 bar diameters from the end of the test section,

the pertinent stress wave is an impulsive 8(t) type of

extensional wave, which is uniform across the cross

section, traveling at the bar velocity, vb = «g— .

2) For acoustic emissions which occur at less than 3 to

5 bar diameters from the end of the test section, the

stress wave is close to uniform across the cross section

and will probably be averaged out in its travel through

the transition section. In any event, if the test section

is at least 10 diameters long, then the stress wave

traveling in the opposite direction will become uniform.

If there is an ADP cryst at each end of the test speci-

men, the acoustic emission will be detected accurately at

least at one end.

D. Stress Wave Propagation in the Transition Sections
 

The transition sections, taken as separate components,

are bell-shaped axiallysymmetric pieces, tapering from
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diameter, Dt’ up to diameter, Dm’ in a longitudinal dis-

tance, F. The radius of curvature of the generatrix

is R (see Figure 1). A separate transition section com-

ponent for the large size specimens is shown second from

the left in Figure A.

An impulsive 8(t) type of extensional stress wave,

which is traveling at a velocity, Vb’ will be introduced

from the test section into the small end of the trans-

ition section. Its propagation through the transition

section is determined in Appendix A.

Several assumptions have been made in Appendix A

concerning the stress wave prOpagation through the trans-

ition section.

1) The stress wave is purely extensional and is

uniform across the cross section.

2) The stress wave propagation in the actual tran-

sition section does not essentially differ from

the prOpagation through a transition section

which has the shape of an eXponential horn. See

Appendix A for the details of this assumption.

It is shown in Appendix A that the impulsive 8(t)

type of extensional stress wave travels through the tran-

sition section at velocity, vb. It is uniform across the

cross section and the amplitude of both the stress and

strain vary as the inverse ratio of the diameters.

In summary: An impulsive 5(t) type of extensional
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stress wave travels through the transition section at

velocity, vb. The amplitude of the stress wave varies

as the inverse ratio of the diameters. Therefore, the

amplitude of the stress wave at the large end of the

transition section is l/2.5 = O.M as large as its ampli-

tude at the small end of the transition section.

E. Stress Wave Propagation in Cylindrical Outer Sections
 

All but two of the test specimens, used in these

experiments, contain cylindrical sections of length, M,

and diameter, Dm, between the tr; sition sections and the

end sections (see Figure 1).

An impulsive 5(t) type of extensional stress wave,

which is uniform across the cross section, will be intro-

duced from the transition section into this cylindrical

section. It will propagate through the cylinder at the

bar velocity, vb. Any possible dispersion effects will

be very small and, as will be shown later, are negligible

compared to the effect of the reflections.

F. Stress Wave Propagation in the End Sections
 

The end sections, taken as separate components, are

short cylinders of diameter, De’ and length, L seee (

"ure 1)"LJ 0

An impulsive 5(t) type of extensional stress wave,

which is uniform over a circular area of diameter, Dm’ is
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introduced at surface B of the end section. This stress

wave comes from the cylindrical outer section or, for the

test specimen without these sections, from the transition

section. Notice that the stress wave acts over only one

fourth of the total area of surface E. Since the end

section is very short and the stresses at the surface B

are not uniform across the entire cross section, the end

section cannot be analyzed as a cylinder.

The end section will be analyzed by considering it

to be a half-space with a uniform amplitude 6(t) type

of impulsive load over a circular area on the surface and

with the remainder of the surface stress free. The surface

of the half-space is surface B of the test specimen (see

Figure 1). After the stress wave propagation in the half-

space is determined, the effect of reflections from the

curved cylindrical side and the end (surface A) of the

end section will be considered.

The analysis of the half-space with the 5(t) impul-

sive load is given in Appendix B. The results of the

analysis are (see Figure Bl in Appendix B):

l) The main stress wave prepagation consists of

a 6(t) type of impulsive extensional stress wave,

having the same diameter as the load, traveling

into the half-space with a velocity, vd. For

brevity, this will be called the "6(t) head".
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2) _There also exist 8(t) type of impulsive

spheriCal wave fronts, which have small ampli-

tude compared to the "5(t) head", traveling with

a velocity, Vd‘

Now consider that the end section is not a half-space,

but is bounded by the curved cylindrical surface and the

end (surface A).

The spherical dilatation impulsive waves will strike

the curve side and be reflected as both dilatational and

shear waves. But their amplitude is small and the effect

of these reflected waves will be correspondingly small.

The "5(t) head" will not encounter the curved side.

It will, however, encounter the end (surface A) of the

end section. It will be reflected back into the end

section with a change in sign, Just as any extensional

stress wave which has normal incidence on a free surface.

The "8(t) head" only sweeps out about one fourth of the

cross sectional area of the end section. Thus, there is

sufficient material, which is practically unstressed,

surrounding the path of the "5(t) head" to make the half-

space analysis valid.

G. Stress Wave Propagation in the Entire Specimen

The stress wave propagation in each of the separate

components of the specimen was determined in parts III C

through III F. In this part, the components will be
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imagined to be Joined together and the stress wave propa-

gation in the entire specimen will be predicted.

For convenience, the specimen geometry, without

dimensions, is given in Figure 14 below.

Surface A Surface A   

  

Surface B Surface B

f//~Plane C

 

 

 

  

   

Figure 14. Specimen geometry
 

The following stress wave propagations Should be

produced as the result of the occurrence of an isolated

acoustic emission in the test section.

1) Two uniform 5(t) type of impulsive extensional

stress waves, one traveling toward each end of the

specimen, will be developed in the test section

at about 3 to 5 diameters from the acoustic

emission source. These waves travel at the bar

velocity, vb.

2) Each wave travels through its respective tran-

sition section at the bar velocity, Vb' The amp-

litude of the have varies inversely as the
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diameter ratio. Therefore, at plane C, the

amplitude is 405 as large as when it entered

the transition section.

At plane C, there could be a reflection, because

of the discontinuity in the rate of change of

area with longitudinal distance. However,

since there is no discontinuity in area, this

reflection would be extremely weak and is con-

sidered to be negligible.

If a cylindrical section between the transition

section and the end section exists, then the

stress wave at plane C travels through this

section at the bar velocity, v and with nob’

change of amplitude or shape. This neglects

dispersion.

At surface B, the uniform extensional stress wave,

which comes from the outer cylindrical section or

the transition section (depending on the particu-

lar specimen geometry), is partly transmitted

into the end section and partly reflected back

into the outer cylindrical section (or tran-‘

sition section).

Ripperger and Abramson (RI 57) used an

approach based on elementary theory to find the

reflection and transmission of elastic pulses at

a discontinuity in cross section. They conducted
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experiments and found fair correlation with

the theory. However, at the present time,

this is the best theory available. Their

results for the case of a discontinuity in

cross section only, with no change of material

or material properties across the discontinuity,

are

A - A

 

2 l
a = a (111.1)
r Ii’+ A2 1

2A1

at =W 01 (111.2)

where 01, or, and ot are the amplitudes of the

incident, reflected and transmitted waves res-

pectively, and Al, A2 are the areas upstream and

downstream of the discontinuity respectively.

It should be noted that Ripperger and

Abramson considered a discontinuity in cross

section between two long cylinders. They assumed

that the stress was uniform across the entire

cross section on both sides of the discontinuity.

For long cylinders, this will be inexact only

for about 3 to 5 bar diameters from the dis-

continuity in the larger cylinder. This is,

again, the dynamic St. Venant principle.
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However, for the discontinuity at surface

B of the specimen, this is a very poor assump-

tion. As was seen in part III F, the stresses

in the end section are not uniform across the

cross section. Instead, only one fourth of the

cross section is stressed by the”o(t) head”, and

the rest is relatively stress free. Therefore,

equations (111.1) and (111.2) can only be used

as rough estimates.

Physical reasoning can be used to‘show that

stress waves will be reflected and transmitted at

surface B of the specimen. If the end section

had an infinite mass, then surface B would be

fixed and the entire incident wave would be

reflected with no change in sign. But the mass

of the end section is finite, and a large per-

centage of the wave is reflected with no change

in sign. The remainder of the wave is trans-

mitted into the end section with no change in

sign. This creates the "s(t) head" in the end

section and accounts for the motion of the

center of gravity of the end section due to the

impulse imparted to the end section.

According to the Rippergcr approximation,

60% of the wave at surface B is reflected back

into the Specimen, and #O% is transmitted into
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the end section, because A2 = 4A1 in equations

(111.1) and (111.2). There is no change in

sign for either wave.

Only approximately (.u)(.u) = .16 or 16% of

the amplitude of the original test section

stress wave, which was traveling toward one of

the end sections, enters that end section.

This creates the "8(t) head”, which travels

from surface B to surface A at the dilatational

velocity, vd. It is reflected at surface A

with a change of sign, but no change of shape

or amplitude. in ADP crystal on surface A

will detect this wave. This is the first

effect of the acoustic emission that is sensed

by the ADP crystal.

The "8(t) head" with a change of sign travels

from surface A to surface B. At surface B, it

will probably enter the outer cylindrical

section with only a change of velocity from

vd to vb. The diameter of the "8(t) head” is

identical to the diameter of the outer cylin-

drical section and no reflections are necess

to change its amplitude. The change in velocity

is due to the different boundary conditions at

the outer diameter of the ”6(t) head”. In the

end section, the boundary is essentially fixed
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and in the outer cylindrical section, it is

free.

Notice that two reflected waves are now traveling

back down the specimen: one reflected from sur-

face B with the same sign as the incident wave,

and the other reflected from surface A with a

change in sign from the incident wave. The

former wave has approximately 1.5 times the

amplitude of the latter. Each waves travels

at the bar velocity, vb. The former wave leads

 

the latter by 0 seconds.
v

When these two geflected waves each reach plane

C, they could enter the transition section with

no reflections taking place. This was assumed

for the wave traveling in the opposite direction

at plane C (see 3). However, when a wave at

plane C enters the transition section, it

encounters a rapid decrease of cross section.

Intuition would cause onetn suSpect that some of

the wave would be reflected with a change of

sign. Most of the wave would be transmitted

with no change of Sign. The fact that this

reflection does exist will be shown experi—

mentally in part IV R.

The two reflected waves from plane C will travel

back toward the ADP crystal at surface A. Part

will reach surface A and part will be reflected
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11) The two reflected waves from surfaces B and A

at the other end of the specimen will travel

back toward the ADP crystal on surface A.

Part will be reflected at plane C (nearest

the other end), part will be reflected at

surface B and part will reach the ADP crystal

at surface A.

In summary: There will be a series of 8(t) type of

impulsive extensional stress caves arriving at an ADP

crystal on one of the surface A ends 0 5
"
)

the specimen.

The first is the direct wave from the acoustic emission.

This is followed by many waves of both signs that have

been reflected from the various surfaces and planes of

the specimen. These later waves are smaller than the

direct wave, not because of the damping of the alumi-

num nor because of dispersion effects, but because their

amplitude is reduced at each reflection.

H. An Optimum Specimen Design Based on the Thquy

As Just described in part G, many impulsive streS» C
)

waves reach the ADP crystal at surface A. The direct

stress wave is the significant one, and all the others

tend to "hash" the signal.

The reflections of the waves occur at surfaces A and

B and planes C. Surface A is obviously indispensable.
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Surface B is use; to apply the lsgd to the Speci—

men from the testing machine. If the ratio of the area

of the end section to the area of the outer cylindrical

section could be reduced, then the amplitude of the

direct wave would be greater, because less of the direct

wave would be reflected at surface B. However, this

ratio is about as small as practical already.

But if surface B and plane C were made identical by

eliminating the cylindrical outer section, then plane C

is brought very close to the surface A. Thus, the

reflected wave from surface B will not be partially

reflected back from plane C toward the ADP crystal as

before. Also, the reflected wave from surface A reaches

plane C much sooner and is partially reflected back to-

ward the ADP crystal. This reflected wave arrives at the

ADP crystal very soon after the direct pulse (egg). Both

waves have the same sign and tend to increase the ADP

crystal output.

The variations between specimen geometries L1, L2,

and L3 are used in part IV K to verify this hypothesis

of a better specimen design.

This is about all the optimization that can be accom-

plished by good specimen design. The remainder of the

optimization must be accomplished in the electronic instru-

mentation and also by the method described next.
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I. Theor' of Steel End Crps for the SLeeimen
 

During the experimental work, it was discovered

that a sceel plate placed on surface A between the ADP

crystal and the specimen eliminated much of the ”hash”

from the signal. The theory of the effect of the steel

plate on the stress wave propagation in the specimen will

be given here.

The steel plate has the same diameter, D as the
8)

end section, and its thickness is ts. The steel plate is

held in place on surface A of the specimen by a thin

layer of the High Vacuum Grease mentioned in part 11 B.

The ADP crystal is held in place on the steel plate by the

High Vacuum Grease, Just as it would be on surface A of

the specimen if no steel plate were used. The steel

plates may be seen clearly in Figure 8.

A stress wave which arrives at surface A from inside

the specimen encounters a sudden change of acoustic

impendance, pv, between the aluminum and the steel.

Lindsay (L1 60) gives the solution for the wave

propagation across a boundary. He considers the boundary

to be the division between two half-spaces having dif-

ferent acoustic impendances. The stress wave is traveling

normal to the boundary. He finds

Pave
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where 01' or and 0t are the amplitude of the incident,

Ireflected and transmitted stress waves respectively, and

the subscript ”1” refers to upstream quantities and ”2”

refers to downstream quantitieso

The velocity in steel and aluminum are practically

identical, so equations (111.3) and (111.4) become

 

Pg 1

Pl - ‘ . -_ .

l + —--

Pi

at “2...... a, (111.6)
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l + ---

Pi

The density of the steel is approximately three times the

P

density of aluminum. Therefore, 5%.: 3 and 1/3 for the

stress waves traveling from the aluminum into the steel

and from the steel into the aluminum respectively. When

these are substituted into equations (111.5) and (111.6),

1) For a stress wave traveling from the aluminum into

the steel
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U 0‘

~ 1 t l6.: 3 '2' and ".01 = .5 (111.7)

2) For a stress wave traveling from the steel

into the aluminum

0 0' -.

.1: = .. ,1; and .12 = .27 (111.8)
0- (- 01 L.

The aluminum end section of the specimen satisfies

the half-space condition of Lindsay's solution. However,

the steel plate is thin and certainly is not a half-space.

It will be assumed here, that the stress waves enter the

steel and traverse the thickness, ts’ as given by Lindsay.

When they encounter the free surface of the steel plate,

they will be reflected with a change of sign, Just as any

extensional stress wave which has normal incidence on a

free surface.

When a single extensional wave, which is traveling in

the end section of the specimen toward surface A, strikes

the aluminum steel interface, part of the wave is reflect—

ed back into the end section and part is transmitted into

the steel. The traismitted wave is reflected at the free

surface of thasteel with a change of sign and travels

back to the steel-aluminum interface. There it is partly

transmitted into the end section and partly reflected
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back into the steel with a change of sign. Therefore,

there are multiple reflections inside the steel plate

with a gradual transmission of the wave into the end

section.

The stress wave propagation caused by an isolated

extensional wave striking the aluminum-steel interface is

shown in Figure 15. The arrows show the direction of

stress wave propagation and the plus and minus signs show

tension and compression respectively. For convenience,

the incident wave is taxen to be a unit amplitude tensile

wave.

Time increases down the columns. Take zero time to

be when the unit incident wave strikes the aluminum-steel

interface. The first wave that excites the ADP crystal

arrives at timgt ;% . Then a new wave arrives at the ADP

crystal every 632 Seconds. At t = O, the first wave is

reflected back into the specimen. Then a new wave enters

the specimgg from the steel every :EE-seconds. The time

intervals-va-a are of the order of P microseconds, because

the steel plate is 3/13 inch thick.

New consider the difference between 1) mounting the

ADP crystal on surface A of the specimen and 2) using a

steel plate between surface A and the ADP crystal. For

both cases, a unit tensile incident wave is assumed. In

Figure 16, the stress waves that excite the ADP crystal
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and the stress waves that are returned into the specimen

are shown for both cases. When the steel plate is used,

the ADP crystal effectively feels a lower amplitude and

larger pulse width stress wave. The ADP crystal will

espond with a smaller signal. The stress wave which

returns to the specimen has less amplitude, and has a

larger pulse width. This stress wave also has a positive

and negative peak of nearly equal amplitudes that occur

within 2 microseconds. Because of the inertia of the ADP

crystal, these would tend to cancel..

The reduced ADP crystal output is a disadvantage and

the altered reflection is an advantage.

This analysis has the implicit assumption that the

boundary between the aluminum and steel is perfect.

Actually, High Vacuum Grease is used in this boundary and

there will certainly be some losses in the grease. As will

be shown in part IV D, a thin layer of grease is rather

efficient, but a thicker layer has large losses.



IV

EXPERIMENTAL VERIFICATION OF THE

MODES OF STRESS WAVE PROPAGATION

A.. Discussion

In part 111 G, the modes of stress wave propaga-

tion through the separate components of the specimen

and through the entire specimen were predicted.

In this section, a series of experiments will be

conducted to verify these predictions. In addition to

establishing the validity of the theory, these eXperi-

ments are concerned with the effect of specimen geometry

on the stress propagation and on the signal which is read

on the oscilloscope.

Additional experiments will be conducted to deter-

mine how varying the electronic instrumentation and using

steel and caps affect the signal, which is read on the

oscilloscope.

The ultimate purpose of all of these experiments is

to determine an optimum system design, consisting of speci-

men, instrumentation, and eXperimental technique for the

study of acoustic emissions. This amounts to obtaining a

relatively "clean"signal on the oscilloscOpe for the

occurrence of each acoustic emission. Therefore, in this

entire section, the emphasis will be placed on "cleaning

up" the signal on the oscillosc0pe. An example of the

-55..
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signal before any "hash” has been removed is shown in

Figure 17. However, all of the extraneous signals,

which will be described in part IV C, have been removed.

B. Response of an ADP Crystal to a 6(t) Impulsive

Stress‘wave

 

 

In part III G, it was predicted that the ADP crystal

would be excited by a series of 6(t) type of impulsive

extensional stress waves. It is necessary to determine

the ADP crystal output that results from the isolated

incidence of one of these stress waves at the crystal.

An analytical solution of this problem has not been

attempted. It would involve solving the problem of the

vibration of a continuous prismatic elastic bar, which is

free on one end and fixed on the other, having a pre-

scribed 8(t) type of displacement initially at the fixed

end. This would be a transient vibration, because of the

natural damping of the crystal. Once the vibration were

found, the voltage output of the crystal would have to be

determined.

However, the formulation of the analytical problem

can be used to eXplain why the use of a clamp and steel

pressure block to fasten the crystal onto the Specimen

creates problems. This difficulty was mentioned in

part II D. The clamp and block change the boundary

conditions of the problem. Therefore, he entire response

would be changed. The amount of pressure from the clamp
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and the mass of the block could vary from test to test

and cause serious complications.

The ADP crystal output, resulting from a 6(t) stress

wave, was determined experimentally as follows:

1) A 1” long ADP crystal was mounted on the bottom

end of a 30” long 1" diameter steel bar, whose

axis was vertical.

A 2" long 1/2" diameter hardened steel bar, with

a slightly rounded nose, was dropped on the

tOp end of the 1” bar from a height of 6 feet.

The resulting stress pulse was monitored by

2 strain gages, which were placed 1300 apart

at 10" from the tOp of the bar, and arranged

in a Wheatstone bridge, so that bending was

eliminated and pure axial strain was sensed.

The output was displayed on the Tektronix

oscilloscope with a type B plug-in unit (Item

G2), which was externally triggered by a pulse

from a 1" long, 1" diameter Barium Titanate

crystal, mounted on the side of the bar 5”

above the strain gages.

When the stress pulse reached the bottom end of

the bar, it excited the ADP crystal. The re-

sulting crystal output was attenuated by a

factor of 100, filtered using Item E, and

displayed on another Tektronix scope. This
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scope was externally triggered, using the

"gate delay” from the first scope. The "gate

delay” was adjusted to trigger the sweep Just

before the ADP signal began. Both oscilloscopes

had completed their sweep before any reflections

were sensed by the gages or the ADP crystal.

The eXperimental results are shown in Figure 18.

The streso pulse is shown in Figure 18a). It is a

5(t) stress wave ha'ing roughly 60 microseconds pulse

width. It is difficult to obtain a shorter pulse by this

method, because a 2" long drOp bar represents a practical

minimum. However, the ADP crystal output obtained here,

should be indicative of its response to the shorter and

lower amplitude stress pulse from an acoustic emission.

The unfiltered ADP crystal response is shown in

Figure 18b). It consists of a fast rise time portion

followed by a "ringing down” portion, which begins at

the peak of the fast rise time portion.

After the crystal output has reached its peak, it

should return to zero output rapidly. However, the crys-

tal is excited by the impact and it vibrates for a short

time at its natural frequency. This is demonstrated by

Figures 18c) and d). Figure 18c) is the unfiltered sig-

nal of b) with the natural frequency component filtered

off. It is similar to the 8(t) stress pulse that excites

the ADP crystal. Figure 18d) shows the natural frequency
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component alone. It is obviously a damped free vib—

ration resulting from the initial disturbance of ta

crystal by the stress pulse. This demonstrates that the

ADP crystal output consists of two parts

1) A 6(t) response, which is similar to the

excitation.

2) A damped free vibration at the natural

frequency.

It may be further shown that the part of the b(t)

response (part 1 above) which follows the peak consists

of components having the subharmonic frequencies of the

crystal. The first three subharmonic frequencies are

shown in Figure lSe) through 3) respectively. Notice that

the amplitude of each component decreases, that is first

subharmonic > second > third, etc. Also, notice that ea h

component begins at the time the 8(t) response has reached

its peak.

The damped free vibration part of the ALP crystal

output (part 2 above) would be expected to have components

at the natural frequency and all of the harmonic and

subharmonic frequencies. however, it may be seen from the

frequency response curves of Figure 1?, that the natural

frequency component will be the dominant ore. The first

subharmonic component is the next largest. The natural

frequency component is t.c times as large as the first

subharmonic component. For this reason, the damped free
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vibration of part 2) above is considered to consist of

only the natural frequency component.

In‘this experiment, the amplitude of the damped free

vibration at the natural frequency and the first subhar-

menic component of the 6(t)-response were nearly equal.

This is not always the case. An experiment which almost

duplicates this one was performed. Instead of dropping

a small bar on the l" diametcr‘bar, 3.83 was fired against

the top end of the bar. The resulting stress pulse had

about 15 microseconds pulse width, but it was followed by

a low amplitude "tail" of oscillations. This is a shorter

pulse and the oscillations in the tail did not seriously,

affect the experimental results. In this case, the

damped free vibration at the natural frequency had about

twice the amplitude of the first subharmonic component of

the 8(t) response. This, plus the general experience

gained in monitoring the crystal response due to the simu-

lated acoustic emissions (which have even shorter pulse

width), leads to the conclusion that the ratio of the

damped free vibration at the natural frequency to the

first subharmonic component of the 8(t) response increases

as the stress pulse width increases.

The 1/2' IDP crystal was also tested, using the 2"

drop bar, and the same conclusions were reached.

C. Efgect orgiltering_

One of the main purposes of the filters, is to remove
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50 cycle pickup. It was also found that the speci-

mens vibrated at their spring—mass frequency, which

was about 2 kc. This is a persistent vibration and is

not easily identified with the number of acoustic

emissions which occur in the specimen. Therefore, the

filters are used to remove this component. High fre-

quency signals from a short wave station were also

eliminated by filtering. All of these filtering opera-

tions can be classified as rejection of unwanted extra-

neous signals, which are not directly associated with

the acoustic emission.

However, the filters serve another equally impor-

tant function. Even if all of the extraneous signals

have been eliminated, the ADP crystal will give a

relatively complicated output as shown in Figure 18b).

The filters may be used to reject certain components

of this output, such as the natural frequency. Or they

may be used to retain only one component of the output,

such as the natural frequency or the first subharmonic.

Several of these schemes of filtering have been

used in the experimental investigations. The two found

to be most useful are

l) Retaining only the first subharmonic frequency.

2) Reject only the natural frequency.

D. ‘Effect of‘the Condition of the grea5€3§eal
 

The ADP crystal is mounted on surface A of the
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specimen or on the face of the steel end cap, using

high Vacuum Grease.

It is important to insure that the grease consists

of a uniform thin film. If the grease is not uniform,

it is obvious that some parts of the seal will be faulty

and the effective area of the seal will be reduced. How-

ever, a thick: layer of grease, even if it is uniform, will

not serve as a reliable seal. art of the signal will be

lost in the grease. This is shown experimentally in

Figure 19.

e n
)

.
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:
3

13—4 L'SOusecP) "

(a) Uniform Thin Seal (b) Uniform Thick Seal

 

Figure 19. Igffect of the Grease Seal

Figure 19 a) shows the ADP signal at surface A of a

test specimen having a uniform thin grease seal. Figure

19 b) shows the ADP signal under the same conditions,

except a relatively thick grease seal is used. Notice

that some of the amplitude of the signal is lost. Also,

much of the detail of the signal is completely lost.



The steel end cap is mounted on surface A of the

specimen with the same High Vacuum Grease. The stress

wave propagation acro"s the aluminum-steel boundary mus

be the same as if they were fused together. Only a thin

layer of grease will approach this condition.

B. Effect of the Steel End Caps
 

The theory for the steel end caps was given in

part III I. Their main advantage was that they change

the shape of the reflected wave at the end of the speci-

men from a 6(t) stress wave to a wave having the shape

‘

in Figure 15. This wave has a lower amplitude and tends

to cancel itself out by an initial rapid change of sign.

This reflected wave is expected to excite less ADP crys-

tal response than the 8(t) reflected wave.

This is verified by the following experiment:

1) A 130” ong 1" diameter aluminum bar has a

Barium Titanate input probe located in the

"axial centerline position" at 43” from the l" ADP

crystal end.

2) A 5(t) type impulsive stress wave was intro-

duced into the bar in the same manner as des-

cribed in part II C.

3) The ADE output signal was filtered so that only

the first subharmonic component was passed.

4) The sweep rate of the oscilloscope was adjusted
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to allow viewing of the ADP crystal reSponse

caused by the direct stress wave and the first

two reflected stress waves.

This experimental setup is similar to that shown in

Fieure 8 (the pulsed oscillator in the foreground was

not used).

The results are shown in Figure 20. In Figure 20 a),

the second and third signals are reflections. In Figure

20 b), both of these reflected signals are essentially

eliminated by placing a steel plate at the end of the

bar opposite the ADP crystal. This steel plate may be

seen at the far end of the bar in Figure 8. This shows

that the reflected signal from the end of a bar having

a steel cap is changed in such a manner that it cannot

excite an appreciable response in an ADP crystal.

It was observed in many of the experiments, that

the amplitude of the direct stress wave was cut approxi-

mately in half when a steel plate was used at the ADP

crystal end. This agrees with the theory of part III I.

F. Dynamic St. Venant Principle Used in Test Section.

The acoustic emission acts as a point source at some

point in the test section. In part III C, it was predict-

ed that the stresses become a 8(t) type of extensional

stress wave, which is uniform across the cross section,
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within 3 to 5 bar diameters of the source.

This was confirmed eXperimentally as follows. The

eXperimental setup is identical to that used in part III

E above, except that the distance from the Barium Titan-

ate input probe to the ADP crystal end was changed from

87” to 143" to 20" to 10” to 5".

The results show that ADP crystal output caused by

the direct pulse was essentially the same in all cases.

Thus, as long as the acoustic emission occurs at least

5 bar diameters from the end of the test section, the

resulting stress wave will be uniform across the cross

section.

In part III B, it was assumed that the stress wave

originating at the acoustic emission source could be

idealized as Spherical, although it is probably cylin-

drical with hemispherical end caps. Also, in part III C,

it was assumed that the stress wave resulting from an

acoustic emission which is not located on the centerline

of the specimen would not be different than that resulting

from one on the centerline.

The validity of both of these assumptions can be

proved as follows. The simulated acoustic emission

from the Barium Titanate input probe certainly is direc-

tional and not spherical. This simulates the non-spherical

character of the actual acoustic emission. Experiments
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were performed which were identical to those used to

verify the dynamic St. Venant principle, except that

the input probe was also moved radially and turned as

much as 900. In each case, the results show that the

ADP crystal output caused by the direct pulse was

essentially the sane shape, but not of the same ampli-

tude.

G. Stress Waves in the Transition Section

In part III D, it was predicted that the 8(t) impul-

sive stress wave travels through the transition section

at the bar velocity, vb. Its amplitude varies as the

inverse ratio of the diameters.

An experiment was performed that verified this

behavior in the transition section, in addition to some

other stress wave propagation properties. The details of

the experiment and the experimental results are given in

part IV J below.

H. Stress Wave Propagation in the Cylindrical Ogter Sect-

ion ’*

In part III E, it was predicted that the 6(t) impul-

 

sive stress wave travels through the cylindrical outer

section at the bar velocity, vb. Neglecting dispersion,

there is no change in the stress wave. It was also pre-

dicted in item 9) of ps’t III G that a stress wave, which



was traveli g in this section toward the transition

section, would be partly reflected when it reached plane

C.

Both of these predictions were verified by the

following eXperiment. Essentially the same eXperimentsl

setup, as described in part IV E above, was used. How-

ever, in this experiment the second component from the

right in Figure 4 was mechanically positioned on the end

of the 1” diameter bar. High Vacuum Grease was used in

the joint. A 10” long 2-1/2” diameter aluminum bar was

mechanically positioned on the end of the shaped compon-

ent, using High Vacuum Grease. See Figure 21 for a

sketch of he specimen eeometr'. Ficure 22 shows- U L)

 

 

 

 

 

 

  
 

 

ADP Crystal SPlane C [Input Probe

f 'F 3 7”

(#101! 5‘42” )---- 2. 635"

130 .. 2...-..)  

Figure 21. Test Setup for Cylindrical Outer

 

the results of the experiment. The small initial pulse

in Figures 22 a) and b) is electrical pickup and should

be ignored. In Figure 22 a), the AD? crystal output
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for the setup shown in Figure 21 is given. Then the 10”

long section was removed and the ADP crystal was mounted

on the shaped component. The ADP crystal output for this

setup is shown in Figure 22 b).

Two conclusions may be drawn from the experimental

results shown in Figure 22.

1) Reflections do occur at plane C. In Figure

22 a),the first response, which is due to the

direct stress wave, may be seen clearly. It

is followed by a smaller but s’milar response

roughly 150 microseconds later, which is the time

required for the wave to travel from the ADP crys-

tal end to plane C and bacl-z to the PDP crystal

at the bar velocity, v The later small res-b'

ponses are due to multiple reflections between

the end and plane C. In Figure 22 b), the

reflected wave follows the direct wave by only

65 microseconds. It arrives back at the ADP

crystal before the crystal response from the

direct pulse has ended and there is a reinforcing

effect.

The stress we e does travel through the cylin-

drical outer section without any appreciable

dispersion. This may be seen by comparing the

ADP crystal output at the end of the cylindrical

outer section due to the direct stress wave,
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in Figure 20 b).

This establishes the fact that reflectioxs do occ‘r

at plane C of the specimen. As stated in pa‘t III E,

if reflections do occur at plane C, than the elimination

of the cylidrical outer section could lead to a better

specimen design This

in part IV K.
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I. Stress Wave: inthe End Section

In ps“t III F, it was predicted that i ”b (t) head”,

whi< is an impulsivetress Lave coved.n; an area of

master, Dm’ ould travel into the the section at a

velocity, Vd‘ Shis rrcuires that, except fo" some small

effects from reflc.c

RD? crystal on surface A

excited within a circul»

'\

This has been veri-- 5'.

bed spherlc :11

of the SpCCilkn \Ii

area

“ed in

‘ - ,. . ,2 cf. , ._ ', , A, _.

(ills Q’s/sk/L/JAIC‘LL REM/"MS,

only be
‘
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of dimgeter, DT.
Lo

all of the experiments

am

using the large Specins (Ll, L2, and L3). When he

entire crystal lies insiee the circle of eimve ter, Dm,

the response is independent of its e;ict position. If

the crystal is placed so that it is at a distance halfway

between the centerline u'xd the edge o; surface A, the
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response is about one half as arge because only 1/2 01

the crystal ies inside the circle. If the crystal is

placed near the edge of surface A, the response con-

sists only of low amplitude hash because the crystal lies

entirely outside of the ci“ele.

J. Reflections at Cr ticcal Points of thg_Specimen
 

All of the reflectioons of the stress waves in the

specimen occur at three places: surface A and B andC
l

planes C. The reflections at plane C were investigated

experimentally in part IV h above. The re;nlecti0113 at

surfaces 3 and A, which are predicted in items 5) and t)

of part III G respectively, are verified by the following

“perirent.

The experimenta setup is identical to that used

}
'

‘1 part IV D, except that the 2” long hardened steel bar

p
.

(
’
1

drOpped onto he 1' Mameter end of the speecimen

shops in Figure 23. This Specimen is fabricated from

k---“ "- a“--.

-a g!

1" Dia “1
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Fisure 23o Reflection Test Specimen
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test specimen L3 by removing one end. Obviously, this

test was performed after all of the testing of the large

specimens L1, L2, and L3 was completed.

Strain gages A and B are arranged in Wheatstone

bridges so that bending is cancelled. The diameter at

gages B is 1.7 times as large as at gages A.

The output of gages A is shown in Figure 2d a) and

the output of gages B is shown on Figure 2% b).

The first pulse in figure 2% a) is the stress wave

traveling down the test section. The second pulse is

the stress wave that was reflected from surface B with

.05 mv.(TYP)

 

 

(a) Output of Gages h (b) Output of Gages E

Figure 24. Reflected Stresses in Specimen
 

no change of sign. Notice that it is slightly smaller

than the first pulse. The third pulse is the one that

was transmitted at surface B and then reflected back with

a change of sign at surface A. Notice that it has a

rather small amplitude as was predicted. The pulse width
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oi the thild puls is snortened, beo;u:c a reflection

from the top end of the specimen arrives at gages A

before this pulse has conpletely passed. This verifies

the reflection theories for surfaces g and L.

The first pulse in Iigure 2L b) is a cO' ination

of‘ the first and :reoule uulsrr of a). "They combine to-

geti'zer, because the first pulse has traveled only l.r

inches (or about 10 niexeseconLk) before the second pulse

m‘ -‘

arrives at gages B LnC maximum amplitude of the com-

1. I

bination of the first rrd second pulse 0“ *
‘
J

’
\

\
.
/

}
_
.
.

O
)

O o p
.

t

N
.

millivolts. This takes the 10 mi ertseconds difference

into account. Its amplitude in the transition section

should be l/l.7 = 0.6 as large as in the test section,

because the amplitude varies -s the inverse of the diameter9

ratio. Thus, theory predicts that this pulse should have

an amplitude of 0.145. The amplitude of this pulse is

found to be about 0.12. The discrepancy may be attributed

to the fact that the surface of the LU‘WULVHJJ section at

the location 0 gag s B manes an angle of 20 degrees with

the centerline of the soCCimen and to experi;ent al error.

The second pulse in b) is from the reflection with a change

in sign at surface P. Tie third pulse in b) is the wave

Lat is\ reflected with a change of sign frmn surface A,

'
\

v
.

reflected again with change of sign from the rapid

decrease of cross srction at the transition section (as
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, was shown in part IV G),then reflected back again with

a change of Sign at surface A. Thus, Figure 24 b) verifies

the reflection theories for surfaces A and.B and plane c,

as well as verifying the mode of stress wave propagation

through the transition section.

K. Optimum Design of Specimen

It was predicted in part III H that the elimination

of the cylindrical outer section would produce an opti-

mum specimen design. The improvement in design was pre-

dicated'because of the changes in the reflections that

occur at plane 0 of the specimen. These reflections,

which were shown to exist in part IV H, tend to “hash up"

the signal.

Specimens Ll, L2, and L} were tested to determine

whether shortening the cylindrical outer sections would

produce a cleaner signal as predicted. The experimental

setup is shown in Figures 2 and 8. The Barium Titanate

input probe was located at the center of the test section

in the "axial centerline position". The filters were

adjusted to pass only the first subharmonic component

of the ADP crystal output. A steel end cap was used

at the and opposite the ADP crystal only.

The experimental results are shown in Figure 25.

The results for specimens L1, L2, and L}, are given

in Figures 25 a), b), and c) respectively. Notice that
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This demonstrates that the complete elimination of
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the some for test specimens L3 and El rosoectively. In
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both cases, there is a relatively large initial pulse

followed by smaller pulses.

Thus, the use of very large specimens (types L) to

accommodate a Barium Titanate input probe, which simulates

the acoustic emissions, is a valid experimental technique.

M. thimum Design of Instrumentation and Experimental

Tech:lique s
 

The optimum specimen design was determined in part

IV K. Next, consider the question of whether the signal

could be improved by changing the instrumentation or by

the use of steel end caps.

Using the medium size optimum Specimen design M1

and the experimental setup of part IV K, the following

variations in instrumentation and experimental techniques

were tried.

1) Steel end caps were used at both ends and only

the first subharmonic frequency was observed.

The results are shown in Figure 27 a).

2) A steel end cap was used only at the end opposite

the ADP crystal and the natural frequency com-

ponent of the ADP crystal output was filtered

off. The results are shown in Figure 27 b).

3) Steel end caps were used at both ends and the

natural frequency component of the ADP crystal

was filtered off. The results are shown in

Figure 27 c).
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All of these methods produce a sirgle rather lar5e

amplitude short duration pulse followed by hash signals

at a lower amplitude. All of them are acceptable sig-

nals for acoustic emission research.

The choice of which of these systems is optimum

rests with the investigator. He must consider the instru-

mentation and equipment available. however, a recommen-

dation for the optimum system, alon5 with vcguments to

Justify the choice, nae LiVen in Section V.
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Cua“aCtCPiSCic s; 1nil consists oi a Jule.lVle lar5e amp—

litufe short duration pulse, folloteu 13 smaller "hash”

pulses. The number of acoustic emissions occurring in

the specimen may be determined by countin; the number of

characteristic pulses in the system oitput. Successive

acoustic emissions would have to occur at a very short

time interval to cause ’ e character'suic pulses to inter-

fere, because the width of the lar e pulse is about 50

microseconds.

The optimum specimen design is one which has .c

cylindrical outer “CC"U“". Specimen L; and Ml are

eX'mples of this opt::.1um desi5n. The theoretical reasons

for its being an optimum design are 5iven in part III M.

Experimental verification is 5iven in part IV R.

Using an optimum design test specimen, tnere are four

possible variations of experimental teciflnque and elec-

tronic instrumentation that yield acceptable system outputs

for acoustic emission research. They are:

79
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l) teel and cap at the end epnosice the ADP crys-

tal. Monitor only the first subharz‘ienie freq—

uency component of the LDP crystal output. See

Fi5ure 23.

Steel end caps at both ends. Leniter only theF
)

v

.2 - q -. r ~, I " -. f‘ A‘ 1 l \ Q , \“ ‘r‘ ~_ ‘ \ 1‘ fl ‘.

first susnarmonic ireeuenc; ca panenc Oi tae
~

AD *
1

crystal output. See Fi5urc 27 a).

3) Steel end cap at the end opposite the AD? crys-

tal. Filter off only the natural f1equency com-

ponent of the LEI er*stal output. See Figure

27 b).

A) Steel end aps at both ends. Filter off only

the natural frequency component of the ASP

crysta output. See Fig re 27 c).

It is recommended that the method of 1) above be

used.

Wethods 2) and t) can be rejected s being inferior

to l) and 3) respectively, because the signal output is

reduced by approximately one half. This is to be eXpeet-

ed when a steel end cap is used at the ADP crystal end.

The "hash"oart of ':.C- si5‘nal is reduced. by usil'n; the

steel end cap at the RD? crystal end, but the ’hash” is

not as important as the signal amplitude.

It may be seen that the signal of method 3) is

superior to 1), because the amplitude of the main pulse

is larger and the ”hash“ is smaller relative to the main
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pulse. However, method 3) involves instrumentation which

passes a wide band of frequencies. Only extraneous noise

and the natural frequency component of the ADP crystal

output and above are eliminated. Method 1) involves in-

strumentation which passes a very narrow band of freq-

uencies at the first subharmonic frequency component of

the ADP crystal output.

In the natural acoustic emission research, the ADP

crystal output that results from the acoustic emission

is extremely small. it these signal levels, many extran-

eous signals can be of sufficient amplitude to interfere

with the main signal. If a wide band of frequencies is

passed by the instrumentation, there is more chance of

extraneous signal interference. When only a very narrow

band of frequencies is passed by the instrumentation, the

chances of extraneous signal interference is very small.

Method 1) would probably eliminate the necessity of

testing at night. Thus, the lower signal output of method

1) is counterbalanced by the advantages Just mentioned.

The amplitude of the output of method 1) can be

improved by increasing the gain of the amplifier. A

sharp narrow band amplifier also serves as its own filter;

because it rejects all frequencies outside of its narrow

band. It is possible to construct a good narrow band

amplifier flar the appropriate frequency by slightly

altering a standard radio circuit.



rt)

If the simulated acoustic emission nput used in

these experiments is a good mock-up of a natural acoustic

emission, then the optimum system design should be that

recommended above.

’1‘} e signal shown in Figure 17 is an example of the

signal that would be obtained when no optimization of the

system has been scoomplished. Obviously, it is virtually

useless for acoustic emission research. the signal in

Figure 25 shows new this siénal may be ”cleaned up” to

make it usable for acoustic emiss on research.
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31 1.0 2 .50 .2 ‘ .527 6.55 .875 1.50 .750

m1 2.5 :1.2V .5 1.317 15.11 1.563 0 9.375

L1 ‘5.0 g2.5 1.0 2.635 30.27 3.125 7.50 3.750

L2 5.0 !2.50 1.0 2.635 30.27 3.125 3.75 11.250

L3 i5.0 12.50 1.0 2.635 30.27 3.125 0 18.750

Notes 1) All dimensions are inches.

2) All specimens are fabricated from 202M aluminum

bar.

3) In Specimen designations: S = small, M = medium,

L a large.

4) In dimensions: D = diameter, R = radius, L =

length of end section, F = length of

transition section, L = Specimen length,

M =

and transition section, T 4 length of test

section.

Figure 1. Geometry of the Test Specimens
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Fiflure o. Experimental Setug for Frequency Response Tests

 

 Figure 5. Part of tge Exngrimentalwgggus for Test

Specimens
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APPENDIX A

Propagation of 8(t) Qype ofglmpulsive

Stress Wave through a Transition Section

The transition section, taken as a separate component,

is shown in Figure Al. 7+

 

 

   . r ' "‘- i

f**”“” ‘Figure Al. Geometry of the Transition Section

Assume that the stress is purely extensional and is

uniform across the cross section. Let

e=xm (n

A free body diagram of a differential length, ng, of the

transition section is shown in Figure A2. An equilibrium

equation for the a direction is obtained from the free

body diagram of Figure A2.
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were}

Figure A2. Free Body Diagjam of an Element of the

Eransition Section

 

 

The stress is given in terms of u as

0":szva (9)

Substitute (3) into (2).

5211 1 dA Bu: 1128211 4

SEN”? Era—,3 H

The solution of equation (4) is complicated by the

fact that the coefficient of %%-1s in general a function

of 3. However, if the transition section has the form

of an exponential horn,

A = A e-ve (5)

then

igfiw-v (6)
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and equation (4) becomes

Bgu Bu F2 agu
““7? -7 3—. = EE— ---;- (7)

582 5 Std

Equation (7) is much simpler than equation (4). The

shape of the exponential horn is shown dotted in Figure

Al. The analysis of the eXponential horn will be consid-

ered to be valid for the actual transition section, because

of the similarity of the shapeso

The stress wave introduced into the tre.sition

section is a 6(t) type of impulsive stress wave, traveling

at velocity, Vb‘ sume that the Mtes s wave remains

impulsive and travels through the trez1sition section at

the bar velocity, vb, but Changes ar1.pli tude. This is

represented by the follotin' displacement function

U(§,t) u(e>a<t- $33) (8)

Equation (8) is substituted into equation (7).

2
2'9 , F . 2 F . -
V: U'S' 1- .———2 US" + U'S + VZ Ua' - 70'5= 93— U0 " (9)

vb o

The second term on the left cancels .ith the term on the

. .1- . . 2 E H.. . .
right hand sice, because vb =-5 . inis snows tne neces-

sity of the ass nption that the stress wave travels

through the transition section at velocity, vb. Equation

(9) now becomes

V" U” ~7b' ='jT (10)



where the primes on U refer to differentiation with

respect to g. The prime on 8 refers to differentiation

-' , .. fl 1 . - :1

with respect to (t - v ), but it can also no interpreted

b

as meaning differentiation with respect to t, because

a _ a

3‘5 “ a“'('t""""'_E2)

The quantity S/S' can be constructed by noting that

for e _, O, we have 6 represented by Figure A3 and 5'

represented by Figure A4 (AS 58).
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Figure A3. 8 t Figure A&. 8' t

Then the quantity S/b' is given by Figure AS.



 

 

 

Obviously, as e ..O, 8/5' _.0.

Then equation (10) becomes

F 2U'-

Thus 2U' - yU'z O (12)

The solution of (12) is

1%
U = uoe d (13)

substitute (13) into (8) and get

,15 -11:u(g,t) — uoe 6(t vb) (14)

An expression having the form of equation (8) was

assumed for the solution of differential equation (7).

When this expression was substituted into the differen-



,-

1
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tial equation, equation (1%) resulted. Ecuation (14)

is a solution of differential equation (7), as may be

checked by direct substitution. Therefore, the assump-

tions, which led to equation (3), are valid.

From equations (3) and (1%) we get

u.-

 

 

Eu 1; 8'(t ’ Si)

0 = —F2 e C 8(t ' VF) '; ' §_._1 nb (15)

b ‘- b (t-%—)

b . 
Again, using 8/8' ..0 as s ..0, equation (15) becomes

Eur 3—;
.2 F ,

a=-$—O (-3 B<t-%;)
(10)

Since 6 = o/E

1?.u 7 F .

s=~;%——ede(t--$§-) (17>
‘4 b

Denoting the conditions at g = O by the subscript "0",

equations (16) and (17) may be written as

Iii.
O " n

——-= e ‘ (ls)

CIO

3%

e “ (19)
5..

8o

It should be understood that equation (18) is the ratio

of the amplitude of the stress wave as it passes through

point 2 divided by the amplitude of the stress wave when
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it passed through point e = 0. These are not at the same

time. The same remarks apply to equation (19).

Since

we

A (5)
= e

K;

then, D __ 1% (20)
D'- -- e

o

Substitution of (£f01nt0(13) and (19) yields

D
0 _ o

o

D

s _ o

33" gr‘ (2?)

Therefore, both the stress and strain vary as the

inverse of the diameter ratio. Mason (MA 51) solved the

problem of the propagation of sinusoidal stress waves

through an exponential horn and found the same variation

of stress and strain.



APPENDIX B

Stress Wave Propagation in a Half-Space with

an Impulsive 8(t) Load on a Circular Area of the Surface

Ruth and Cole (NU 54) have analyzed the problem of

a half-space with a unit-step function type of impulsive

load, u(t), distributed uniformly over a circular area

of the surface. 'The load is zero for t < O and of unit

amplitude (pounds per square inch) for t > O.

The results of their analysis are shown in Figure Bl.

Region I is stress free. Region II has a uniform unit

H13““1
l l, H Li L

Region IV

    l \\\

n \
i \ Region III NH”
7 \ . /

.\ \

\, x

\

\\‘ Region II h

% \\\\\\_"’/,/~<:::f::III/x”.

sum—u
Region I

~~ "‘"
-_

~q~
-’

./

‘~ -—a-'""-¢ - ... . 0'

Figure Bl. Stress Waves due to a Unit-Step Function

impulsive4Loading
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-1plitude extensional stress. Region III has a dila-

tational sph rical stress whose amplitude varies approxi-

mately inversely proportional to the spherical radius.

Region IV contains both dilatational and shear stress.

Since we are not interested in shear stress waves, be-

cause the ADP crystal reacts to normal stresses only,

we will not be interested in the distinction between

regions III and IV.

Region II is the interesting part of the stress wave

lh

prOpagation. R th and Cole call this region the head“.

From the geometry of Figure B1, it is seen that the

diameter of the "head" is always Dm, which is “he same

as the applied load diameter. Therefore, a "head" of

'uniform extensional stress of the same diameter and amp-

litude as the applied load penetrates into the half-space.

ffhe height, h, of the "head" varies inversely proportional

to the penetration distance squared. Therefore, the "head"

taecomes thin with any appreciable penetration distance.

Since the amplitude of the dilatational stress in

lRegion III-IV is approximately inversely proportional to

tune spherical radius, the stresses in this region become

small with appreciable penetration distance.

Huth and Cole used a unit-step function type of im-

lJulsive load, u(t). However, the str3ss wave introduced

finato the end section of the specimen will be very close to

the 8(t) type of impulsive load.



('3 r‘\.

- \J ‘V -

f‘ r" "

The following relationship (LN go exists between

8(t) {uni u(t).

8(t) = 1137ng (1)

Since the impulsive load in the end section is the time

derivative of the impulsive load of Kuth “xd Cole, then

the stress wave propagation in the end section should be

the time derivative of the stress wave prepagation of huth

and Cole. The question of the differentiability of Huth

and Cole's solution can be raised. This question will not

be answered analytically. The agreement betweeen experi-

mental results and the theory will serve to establish

the validity of this approach.

Neglecting the difference between Regions III and

IV, it is seen that, during any small increment of time,

the only time varying part of the stress wave propagation

of Huth and Cole occurs at the "head" and along the

spherical dilatation wave front of Region III.

At any significant penetration distance, the

strength of the spherical dilatation front is small.

Therefore, as the front passes a point in the body, the

stress changes instantly from the zero of Region I to

a small value of Region III and remains constant. The

time derivative of the passage of the spherical dilatation

front through a point corresponds to a weak o(t) type of
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impulsive stress wave. This will be considered to be

a second order effect.

Now, consider a point which is in the path of the

”head" as it penetrates into the body. The stress changes

instantly from the zero of Region I to the unit amplitude

of the “head". The "head" is thin and, therefore, the

stress remains at unit amplitude for only the short

time required for the ”head”to pass by the point. Then

the stress drops to a small value in Region III and

remains constant. The time derivative of the passage of

the "head" through a point is, therefore, a 6(t) type of

impulsive stress wave. The amplitude of this stress wave

is much larger than that of the wave associated with

Region IIIfbr any significant penetration distance.

Therefore, for a 5(t) type of impulsive loading,

the stress wave propagation consists primarily of a large

amplitude 6(t) type of impulsive stress wave, having the

same diameter as the load, traveling into the half-space

with a velocity, v For brevity, this will be called thed.

”6(t) head". Small amplitude 6(t) type spherical wave

fronts, traveling with a velocity, v also exist.
a,



APPEIIDIX C

List of Electronic Equipment Used in this Investigation

Reference

Code

Description of Equipment

 
 

A

b
7

01

G2

Low Frequency Function Generator, Model

202A, Hewlett Packard Co., Pale Alto,Calif.

Pulse Generator, Model B7, Rutherford Elec-

tronics Co., Culver City, California.

Unit Pulse Amplifier, Type No. 1219-A,

General Radio 00., Cambridge, Massachusetts.

Tuned Amplifier and Null Detector, Type

1232-A, General Radio 00., Concord,

Kassachusetts.

Variable Electronic Filter, model 302,

Spencer—Kennedy Laboratories, Boston,

hassachusetts.

Variable Electronic Filter, Model 3081,

Spencer—Kennedy Laboratories, Inc.

Tektronix OscillOSCOpe, Type 532, Tek-

tronix Inc., Portland, Oregon.

Tyne SB/SQD Plug-In Unit, Tektronix Inc.

Type 53/5flE Plug-In Unit, Tektronix Inc.

Oscillograph Record Camera, Type 2520,

Allen B. Du Mbnt Laboratories Inc.,

Clifton, N. J.

Pulsed Oscillator, designed and assembled

for this project at hichigan State Univ-

ersity, See Section II (I and Figure 11.
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