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STRESS WeVis I TEST SPECIENS

STMULATED ACOUSTIC EMISSIONS

by Rotert J. Kroll

Whien a test specimen 15 loaded, acoustic emisslionc
ccecur abt varlous strain levels. Theoe accustic emlosions
creuve very suoll streoss waves in the test specimen.
Tihese stress waves ore detected using a pienoclectric

L.

ryscal at the e¢ad of

.

che test speclmen. HHowever, the

o
3

[ o]

irnal from the plezcclectrle cryctal ic very compll-
ceced and difficult to interprct.

The purpose of this investigaticn 1s to Jdeternaine
ar optinum system declzn, which congclists of
the eclectronic instouncnlation and the cxnerinental
teehnigque, for the study of acoustlc cmlcocsions.

Natural acoustlce emisslons create extrencly sniall
amplitude stress weves. Thererore, in tnls ctudy tle

acoustle emlssion 1g sliawulated by bueying a cmall pieno-

lecetrle crystal in an enlarged version of tne tect
cpeclimen., The oinulated acoustic emlgssion is similar in

crnaraecter to the natural emission, but its wplitude is
nucii larger.
The nature of the stress wave preopagation throush

the specimen 1s determined analytically ond verified
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Ropert J. Kroll
exnerimentally.

The knowledre of tihe stress wave pronagation allows
an ontinmum specimen design to be postulated. An exneri-
riental Investigation verliflea that thiis specimen deslion
cleans up the signal T'rom the crystal.

The optlimun specinen desipgn is used in a systen
In uhilch the electronlc instrumentatlion and the experl-
nentil techniques cre varied. Scveral ditrfferent systems
e rTound which nroduce an acceptabnle output signal for
acoustlc emission regearch. Thls outnut conslsts ol
a rclatively large amplitude and snort duration pulce,
Jollowed by lewver wiplitude "hash'

A recomenaation of an optimum system design for
thie study of accuctic enisslons 1s given.

Analytlical and c¥perimentel studles are conducted
to cctabllscn the validity of using a simulatled acoustic

criZscion sowrce and an calarged test c¢pecimen.
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I
INTRODUCTION

The ever-increasing demands of modern technology
upon structural materials have required that new mater-
lals be developed which have higher strength per unit
welght and can withstand extremely hingh stresses and
severe environments. In the past, advances 1n materlal
development have been accomplished mainly through
chemlcal technology. It now appears that further
advances will only be achleved through developments
in the fundamentals of solid state physics.

The theory of dislocations, which was originated
in 1934 by Taylor (TA 34)* and Orowan (OR 34), plays an
important role in the modern solild state physics of
materials. If 1t were not for the presence of imper-
fectlons 1In crystals, such as dislocations, theoretically
structural materials would be approximately 100 times as
strong as they actually are (CO 53). The theory of dis-
locatlons explains why materials are so weak. Macro-
scoplc straln, especially in the plastic range, can be
shown Yo be a function of the motion of the dislocatlons
in the material (JO 59). Therefore, a fundamental know-
ledge of the properties of dislocatlons is essentlal for

advancement of the material sclences.

* Refers to the Bibliography.
-1 -
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One of the lesser i7mown propertics of dislocations
is "acoustic emission". The first investigation of
acoustic emission was made in Germany by Kalser (KA 50)
in 1950 as a doctoral thesis. There are audlble sounds,
known as "tinery", generated when tin is handled or
worked. This led Kalser to investigate whether other
materials produce non-audible acoustic sounds when they
are deformed. e found that very low amplitude acoustic
emissions, which could only be dctected using very
sensitive electronic equipment, were produced durlng the
process of tenslle testing of a specimen. These acoustic
emlsslons were belleved to be due, in part, to the motion
of dislocations.

As 1in all piloneering efforts, Kalcer's investi-
gations left many questions unanswered and stimulated
others to research aqtiviﬁies in this area. In the United
States, B. H. Schofield of Lessells and Assoclates in
Beston, Massachusetts and C. A. Tatro cf Michigan State
University, each became Interested in acoustic emission
research because of Kalser's work. Incepcndently, each
inltlated a research program, whose first objective was
to verify Kalser's findings.

During 1955, Schofield (SC 58) found that he could
not verify some of Kaiser's results. Specifically,
although he found that an acoustic emission phenomenon did

exlst, he could not agrce with Kalser's conclusion that
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"there exists a characteristic distribution of the
{frequency and amplitude spectrums whicn 15 related to
the stress level within the material and the puast
retallurgical history of the material.”

Both Schoficld and Tatro found that the signals
recolived during acoustlc emicsilcon experiments were
rather complicatceca and were hard to identify as boing
cuusced by an acoustle cmloccion from the naterial in the
critical cross gccticn of the test specimen. The shope

'
of’ the specimenc used In thelr experiments wius roughly
as showm in Figure 1. An acoustlc emlcsion, wwhich
origzinates inside the test section, T, ot the center cf
the speclinmen, certainly will be distorted sericusly and
reflected many times before 1t arrlvec at the detector,
wnich 18 located at onec end of the specimen (surface A).
The question now becomes hcw to interpret the received
signals 1in terms of the acoustic emlssions generated
within the specimen. Any further mecningful rcescarch
depends on the resclution ot this problen,

In 1959, Schofleld (LE 59) made a limited attempt
to find the stress wave propazgation thrcucsh specinens
of this type. He 1ntroduced strescses &t one end cf the
specimen and detected them at the cthier end. llet muci

Insight can be galned by this experinent becuuse the
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shapc of the specimen 1s complicated and, therefore, the
plekuo signals are complicated. He found "sensitive"
frequencles of the sneclmens 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 emlssion probagates through the
specimen was not completely resolved by his work.

Tatro, in his acoustic emisslon research from 195G
to the present time, has attempted to correlate the
number of acoustlc emlssions, which cccured at various
parts of the stress-strain curve, to the onset of yleld.
During this work, he determined that there 1s a need
for a more fundamental understanding of the process 1in-
volved 1n stress wave propagation through the specimen
caused by the coccurrence of acoustic emisslions. Because
of this need, the researcn presented 1n 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 sinulate the acoustlc emission source and
to use an enlarged specimen. This willl be explalned below.
The knowledge of tihe stress wave propagation should lead

to possible changes in snecimen geometry, the attending
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clecirontc Inctrwent . tlon wd the ciporinental Leen-
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niques with Chie alm o optindeing the cystonl used n
natusael acoustic emicslion regearca.  Tals optimicacion
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coacusld peoacuce Looclenn sipnal, walceh L5 o Lhe maxinunm

noscible amplituce ana Lae cnortest curatlun.  This

cicnel will be the eviaonce of the occurrence of a singlie

)

seoustic emicsicn.  The nunwer of accusiic cuissicns,

1Y

oceculting luring a Jlven btimce, will ve wetousidined by
counting thesce c..aracveristic signals.

Agc stated proeviously, the encrir in vue acoustic
enmlosicns 1o coxXtrcucely cuall.  In lig cxperinental worls
Tatro found thatl e ci_naels from the ccoustlic emiscions,
cven after large anplii_catlon, were oftcen not nuch larger
than the eclectronic noisce in the equinent. At these
lcvels, it would b innoosible to periorm cxreriments to
determine the stress weve nropagation threouch the cpeci-
mer.

The experimental cctup for stuq@lioee using natural
acoustic emissions 1s cumbersome and usuzlly lnvolves
testiing at night to elininate extrancous "noilses”. 1In
addition, the acoustic crnilsslions occur at irregular inter-
vals. There are often vcerlods of no emissions followed
by a burst of clogely cpnacedemissions.

For these stress wave propagation studices, 1t 1s
essentidl that an 1solatced emission can be inltlated

at will and observced. Zwo or more clocely spaced emissionc
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could lead to problems of interpreting the experimental
results. Obviously, natural acoustic emissiors wlll not
be satisfactory for these studies. '

Since the natural acoustic emissions occur in the
interior of the speclmen, 1t 1s necessary to introduce
a simulated acoustic cnilssion in the interior of the
specimen and not on the gurface. This 1s done by "bury-
ing” a small pilezoelectric crystal in the specimen and
erplyling an electrlc pulse to 1t. The smallest plezo-
electric crystal avallable that would glve a reasonable
amplltude signal 1s a cylindrical crystal of 1/16 inch
length and diameter. The crystal must be burled in the
test scction, dimension Dt of Flgure 1 of the specimen,
because thls is the region of the natural acoustic
erilssions. The speclmen designated as S1 in Plgure 1
was used by Tatro in his research of natural acoustic
emissions. It would be impossible to bury this size
plezoelectric crystal in the test section of this speci-
nen. It was declded to use a test specimen five times
larger, designated as Ll. This speclmen geometry was
varied slightly (specimens L2 and L3) to study the effects
of certain geometry changes. Scale effects were studled
by comparing results in two different silze specimens;
large and medium.

Analytical predictions of the stress wave propaga-

tion through the specimen were made., Then experimental
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investlgations were conducted to verify the analytical
predictions. DBetter specimen designs and methods of
instrumentation were deduced based on the analytical
and experimental evlidence. Of course, a limited number
of system designs were investigated, but the design
trends are clear.

Filnally, recormendations will be made for the
design of a system, consistling of spccimen, electronic
Instrumentation and experimental techniques, for natural

acoustic emission research.






II
DESCRIPTION OF EXPERIMENTAL TECINIQUEGS

A. Discussion

The experimental equipment used in this investi-
gation conslists of the test specimens and a system of
electronic instrumentation. A block diagram of the
experimental setup 1s given in Flgure 2. Figures 3
through 9 contain photographs of the specimens and the
electronic instrumentation.

A detalled discussion of the experimental techniques

follows.

B. Specimen Geometrles

The various test specimens used in this investi-
gatlon are presented in Figurell. They are fabricated
from 2024 aluminum, which is the material used by Tatro
in his research. As mentioned in the Introduction, it 1s
necessary to use specimens which are basically five times
larger versions (L1, L2, and L3) of the original test
specimen (S1) used by Tatro in his research of natural
&coustic emissions. Variations between L1, L2, and L3
are for the purpose of studying the effects of certain
geometry changes. The medium size specimen (M1l) is
studied to determine scale effects. The various sizes of

specimen can be seen in Flgure 3.

-8 -
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The specimens in this investigation are all
exlally-symmetric, that 1s the cross section is cir-
cular at every statlon along the length. Every speci-
men has an enlarged end section, because, in studies of
natural acoustic emisslons, the specimen must be used
for testing in a tenslle testing machine. The load 1s
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 (WO €1).

Every speclmen contains a test section, which has
the smallest cross sectional erea of the specimen. I%

13 the reglon of highest stress in the specimen and,
because of this, the acoustic emissions are expected to
be originated there. This is the reglon that will be
used to originate the sinulated acoustic emlssilons.

There are transition sectiones at both ends of the
test section. The purpose of this section 1s to change
the cross sectlonal area of the specimen rapidly and
reduce the stresses correspondingly.

All but two of the specimens have uniform sections
betwecen the transition sections and the ends. The pur-
pose of this section 18 to allow any non-uniformity of
the applied tensile stress in the specimen to be smoothed
out before the test section. This section i1s the one
that 1s varied to "clean up" the signal.

The fabrication of these specimens 1s time consuming
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and expensive. For this reason, the three large speci-
mens, L1, L2, and L3, are not three separate specimeng.
First specimen L1 was fabricated and tested. When this
testing was completed, specimen L1 was machined and became
specimen L2. Sinmllarly,L3? was made from L2.

Separate component parts of both the large and the
medium slze specimens were fabricated. These are shown
in Figure 4. It 1s possible to build up portlons of the
speclmens using these components plus uniform rods.
These parts are "integrated" by mechanically holding thenm
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 assoclated with
manufacturing many specinens. This method was used to
get qualitative data which led to the design of several
of the actual specimens. This willl be discussed later in
part IV H.

C. Simulated Acoustic Emission Input

A small Barium Titanate (BaTiOB) plezoelectric crystal¥,
which was purchased from Electro-Ceranics, Inc. of Salt
Lake City, Utah, was used as the source of the simulated
acoustic emissions. The crystal 18 a cylinder of 1/16

*This Barium Titanate transducer 1s acfually & specially
processed polycrystaline ceramic. Liowever, it 18 common-
ly referred to as & "crystal", and thils nomenclature will

be used here,
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incih diameter and hieilz-ht. The flat onds are the nosl-
tive and negative elecirical terminals.

Barium Titanate was selected because ithis crystal
vill be subjected to elevated temperatures durlng 1lts
nositloning in the gspeciaen. Thnis will be discussed
beclow. Barium Titonzte is a ceramic and ig marticularly
suited to wilthstond tcenperature. Alco arium Titanate
goes not require an cxternal polerizatisn voltage.
This crystal nust ve buried in tire test sectilon
o tnhne specimen. The crystal wlll ceform when 1t experi-
cnces an electrlical voltage pulse. This deformation will
producc a stress pulse in the specimen. It wlll be
siiown later that this stress pulse has tihie ferm of an
imnulse.
It 1s necessary to »ositlon the crystal inslide the
test sectlon accurately and supply en clectric pulse
to 1t. Thls 1s accomplished by mai:ing a crystal input
probe, whleh is shown 1in Filgure 5, as {ollows:
1) The crystal is fastened to oue cnd of a 1/10
Inch diameter brass rod aboutl 2% inches long
uslng Armstron; AL cemerl, wihich is a non-conduc-
tor. The axis of the crystel 1s pernendicular
to the axls of the brass rod. At thisc stage
the crystal 1s mechanlcally razstened to the

rod, but the two electrical terminals of the
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crystal are Tlcoatlng.

Next one foce of the ecrvstal 1s electrically
commected to tlhie zod by using conductln; silver
paint (Dupont Jo. 317).

Then the entire rod, cxcopt 1/4% inch of the eund
awey frem Uhie ceyostal and che otilor electrical

N (N}

terminal of thoe crystal, 1o coatod with Glyoptal
varnish, nonuloctured by trne Cencoul Electrice
Company. It is then curcd for four hcourc at
105°¢. Clyptai sorves as on clectrls Insulator.
Next, conducting cllver paint is used %o nale

a conductins strip about 1/i{ inch: wide on the
surface o tne Glyptal from the cother face of
the crystal ous to apbout 1/5 inch from the edze
of the Tlyptwul. At this ctje, the two faces of
the crystal ar2 connected clectrically; one to
the brass rod and one to tne silver paint. It
cannot T¢ Lurlcd in the spocimen, tecause the
silver paiant would snort out with the specimen.
Glyptal is couted over tne entire part of the
probte that wus proeviously cuoated with Glyptal
excaopt for ahbout 1/4 inch ot the end avay {ronm
the crystul. 1t ic cured oocin.
Hext, an Ampuaciol connector is solaered to the
rod to form tunc hiot connecticn. A short brass

strin is coldered to the [foaphenel cennector and
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it coninetes tuo aollver palnt with a spring
action Lo 1o the ground.
The defalls o0 {the innul nrove iy be ceen In Figure
. the input provr 1o iso shwwn in Filjuces 3, 6, and 8.

the noneno

., wiailch is not

(
e
2,
[
P
=
Q

AT Te R RATer
O30 1SICNNIES

ne pavt of

shown In Figure 7, cota’ns the ciysoibl,  Ibhuever, the
crysial would not e coolly dlstinguliocicelc hocauce of

t

a

he relatively tniz lowors of Glyplol.

The crystal input »eoobe was busiod 1n Lhe speelmen

s fcllows:

1) A 1/3 inzh ¢limacter hole was drtlled into the
test sccllon of the spnecimen to a depth 1/2 inch
greater than tlie radius of the test cectilon.

The axls of tiilu hole was raaial. 1ts longitu-

dinal pogsition in the test scoction depended on

the test beins conducted.

2) Next, the specinen was heated in the vicinity of
the hole using o propane torcn with a flame
spreader. The hole was then fllled with melted
Woods Metal, wiiich has a melt’ng point of 153°F.
If the flame is removed, the cpecimen and Woods
Metal will cool rapldly and the Voods lMetal will
solidily. The input probe uc inserted into the
hole in the required positlon when the Woods Metal

was just apbove 153°F. The %ods IHetal firmly



imbeds the probe 1n the specimen. I the probe
were Inserted when the Woods letal 1s conslder-
ably above 1ts melting point, then the Barium
Titanate crystal could become depolarized. The
Curle tenmperaturc of Barium Tltanate 1s 125°C.

The Barium Titanate crystal can be located at any
radial position ranging from the centcrline to near the
surface and its angular nosition can bec anywnere from
axial to transverse. Its longitudinal position can be
changed by using different holes. If the probe 1s renoved
from one hole and rnoved to another, thie old hole 1s
simply filled with Woods lletal.

Woods Metal was selected becauce of its low melting
polnt and because its acoustic lmpedance 1is close to that
of aluminunm.

The electricel pulse, which 1s imposed on the Dariun
Titanate crystal, 1s provided by thrce picces of electron-
ic equipment, items A, B, and C.,* These are shcwn 1n
Flgure 6. They arc the thrce pleces on the right from
bottom to top respectively. Iterns A and 3 are also shown
in Figure 8. A square clectrical pulse of 50 vclts and
having & pulse width of 5,000 microseconds is generated
in the Rutherford Pulse Cenerator, Itcm B., Thls pulse 1s
amplified to 300 volts In the General Zadio Unit Pulse

*See "List of Electronic Equipment uscd in this Investi-
gation™ in Appendix C.



- 15 -
Amplifier, Item C. The vulse repetition rate 1s 5 per
second. This 1s obtailned by using the "Sync Out” from
the Hewlett Packard Low Frequency Function Generator,
Item A, to trigger the Rutherford Pulsc Generator.

The Barium Tlitanate crystal responds to the rige
portion and the fall portion of the square pulse. As
wlill be shown later, the crystal creates an lmpulsive
5(t)* type stress wave 1in the specimen at each of these
times. The stress wave resulting from the impulse
assoclated with the rlse portion is observed. The
inpulse from the fall portion occurs after the oscillc-
scope has stopped sweeplng. The pulse repetitlon rate
of 5 per second 1s slow enough that the successive stress
waves do not interfere with one another, and fast enouzn
that the slgnal appears to be constant on thne scope.

The 300 volt amplitude 1s sufflclent to create easily
readable stress waves 1n the specimen, but 50 volts

was found to be marginal.

D. Crystal Plckup of the Stress Wave

The stress wave 1s monitored at Surface A of the
specinmen, using an ADP ( Ammonium Dihydrogen Phosphate)
45° Z cut plezoelectric crystal. This type crystal is
designed for the monitoring of normal stresses. The

crystal produces a small voltage signal when it 1s

* See part III B for definition of &(t)



deformed by the incident stress wave.

Two different size crystals were used: each having
a 5/3 incn sguare cross scetlon and one being 1 inch
long and the other 1/2 incn long. Each crystal conslsts
ol a stack of 8 plates. The rnatural rrece-frce frequenciles
of these crystals are GO ke for the oane inch crystal and
130 ke for the 1/2 inch crystal. The one inch crystal
can be seen clearly 1in Fizure 7. It can also be seen in
I'icures 6 and 8. These crystals were also purchased fronm
Electro-Ceranmics, Inc.

The ADP crystal wac chosen, because 1t has a high
sensltivity and therc are no problems ¢l temperature
or size as in the case of the Zarium Tiltanate input
cryctal. Also zn ADP c¢rystal requires nc external polar-
lzatvdion voltage.

The ADP cryctal 1s held in placc on Surface A of
the gpecinen by a thin luyer of the Li-h Vacuun Greacse
mentioned in Section II B. When the axls of the specimen
i3 vertical, and Surface A 1s therefore hcrizontal, the
crystal has no tendency to loosen or move (even if 1t
i1s supporting its cwn weignt). When the axis of the
Speclimen 1s horizontal, and Surface A 13 thercfore ver-
tical, the crystul tends to slide down the surface very
Slowly, becausc the grease is in shear.

At the beginning of this investlgzation, a crystal

hclder and a steel pressure blcclt were used to insure
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that the c¢rystal would not move. These were found to
be unnccessary, because, even when Surface A 1s vertlcal,
it 13 only necessary to relocate thé crystal occaslon-
ally. It was also found that the clamp and pressure
bloci changed the natural frequency of the crystal. It
will te chown in part IV B.that thls would be an unfor-

tunate complication.

E. Amplification of the Signal from the Crystal Plckup

The maximun anpllitude of the voltage signal from
the pickup ADP crystal is extremely small (approximately
1 to 2 millivolts). It 1s necessary to amplify this
signal before introducing it Into the oscilloscope. A
General Radio Tuned Amplifler, Item D, 1s used for thils
purpose and 1t is shown in Figure 7. It may also be secen
in Figures 6 and &. The galn of thils amplifier is adjusted
to produce an output signal of approximately one volt
or legss maximum amplitude. This amplifler 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 1s essential to amplify the weak ALCP crystal voltage
g8lgnal before 1t is introduced into a relatively long

(about 2 to 4 fcet) shilelded cable. lHowever, 1t is per-



mlssible to use long cables to transmit the output sig-

nal of the General Radio Amplifier.

F. Flltering 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 1s to
clean up this signal. Part of the task of cleaning up
the signal can be accomplished by a better deslgn of the
test speclimen. 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
Scction IV. The extraneous 60 cycle pickup from the
surroundings 1s alsco eliminated by filtering.

Two Spencer-Kennedy Variable Electronic Filters,
Items E and P, were used. One filter, Item E, is shown
in Figure 6. It is the top unit in the center rack.

Each fillter consists of two units, each of which may
be uced elther 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 kec. These units can be
ganged by putting two units, which have the same filter
setting, in parallel. Thils produces a sharper filtering
characteristic curve.

The reasons for placing the fllters after the ampli-

fier and before the oscllloscope are:
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1) The filter units add a low level extraneous
noise (between 60 and 100 microvolts per unit)
to the slgnal passing through them. At the one
volt signal level after the amplifier, this 1is
insignificant. However, recnembering that the
ADP signzl hac a maximun anplitude of 1 to 2
millivolts, this nolse could be significant
1f the fllters would be placed before the

amplifier.

\S)
~~r

The 60 cycle pickup should be removed Just
before introducing the signal 1Into the oscillo-
scope. If the filter were located after the
ADP crystal, some 60 cycle pickup could occur

later in the circult and never be eliminated.

G. PFonltoring and Recording the Outout Slignal

The amplified and filtered signal output from the
SKF fllters is introduced into a Tektronlix Oscllloscope,
Item G. Records of oscilloscope traccs are obtained using
a Du Mont Osclllograpn Recording Camera, Item H. The
oscilloscope and camecra are shown in Figure 6. The
Type 53/54 D Plug-In Unit, Item Gl, is uscd in the oscillo-
scope for all of the experiments involving ADP crystal
picicups.

The oscilloscope sweep is triggered by the "Sync. Out'
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from the futherford Pulse Generator. Except for smzll
delays in the clilrcuit, an osclillloscope sweep beglns at
each instant that ¢ sinulated acoustic crnilssion, which
1s @&ssoclated with the risc portion of the cquare elec-
trical pulse, 1s initlated in the test specimen. The
stiecp rate is adjusted so that the sweoep has completed
pcefore the signél cousoclated with the f2ll portlon of
thie sguare eleztrlcul pulse oczcurs {(secn part II C). A
cweep oceurs 5 tineo per second and, becczusce of the
retention of the czcreen, the signal appezrs to be con-
ctant on the scope. When the camera 1s uccd to record
the signal, a "cingle cweep lock out" 1s used. This

allcws only one sweep ©o occur until 1t is reset.

ile Irequericy Responsce of the ADP Crystalc

In order to interprct the signal that 1s generated
when the stress wave from a simulated acoustic emdlssion
cxcites the ADP c¢mrotel, it will be necessury to ottaln
a frequency reccpongc curve for each of the ADP crystals.

Sinusoldal strcsus vaves having the same amplitude,
but heving different frequencies, do not pecduce the same
amplitude output signcls from the ADP cryctal. It 1c
expected from the theory of forced-danped vibrations
(TI 55) that the excitlng frequencies which are closest

to the natural frecguency of the crystal will produce the
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freguency responce tests do net exceed 130 kilo-

cycles, 1t 15 ascumeca tnat there are no frequency

responce problens associated with the stress output

of tue Dariunm Titanate probe.

The test procecurc is as followe:

1)

The Rutherford Pulse Generator (Item B)
trigiered H tinces per sccond by the I.P.
Functlon Generator (Item A), gotcs the Pulsed
Coclllator with the selected pulse width (sec
Fl_ure G). The Geo R. Pulse Aaplificr (Item C)
is not used,

The frequenciecs 1n the pulsecd wave, genecrated
by the Pulscd Ogsclllator, are determined by the
L-C parallel part of the circult (sce Figure
11). The induclance 1s varied by adjusting
the position of the 1ron corc in the Stancor
inductor. Diffcrent size capacitors may be
plugged=-in (sce Figure 9). The output of the
Pulsecd Ogscilllator 1s dilsplayed on an oscillo-
scope for purposes of adjusting its amplitude,
pulse width and frequency. Then tne Pulsed
Oscillator output voltagce is imposed on the
input probe and a pulsed stress wave 1s
ocriglnated in the rod.

The direct stress wave excites the ADP crystal,

which 1is being tested, and the crystal output
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1s amplifiecda cnd filtered. The SXL IMlltcer,
Itenn E, rnas one unit set on nigh pacs and the
other on low pass at tne some frecgucency as the
Pulsed Oscillator output. This eliminated any
stray signals auay from the test frequency.

4) The amplificd and filtered sigznal is displayed
on thie oscilloscope, whlch has beoen trisgered
vy the "Sync Gut™" from the Futiherford Pulse
Generator. The sweep rate 1s adjusted so that
only tric dlecct pulse igs dicpluyed The ampli-
tude of tiie cryctal output is ovtalned.

Both ADP crystuls were tested in this manner at
enouch frequencies to allow plotting of the frecuency
response curves, which «ie given i Fipure 12, The
ordinate of these curves 1s the Relative Recponsce, which
is the millivolts of ampiified crystal oubtput (using thne
same amplifiler gain) divided by the volis of the Pulsed
Oscillator output, wilch was ncarly a constant. The
abgolute value of the resporise 1lc net impertunt, becausc
it depends on such parmmeters as the veltaze cpplied to
the input probe, tiie cross cectional arca c¢f the rod,
the galn of the cmplifier and the losccos 1n the filter.
These arc all constants (a correction is mzde for the
small variatlon in the voltage applicd to the crystal)

in thils frequency resnonse test. lowcever, 1n later tests



(Puooas/sa10£00T 1) AoirANDMUAL

.

0£T 02T OTIT 00T 06 08 0l 09 0§

'y [ 4

} 4 e 4
v

T L § ms v A\ + 1 § A\l

- 28 -

Te3sfa) Jqy ._mm a

Te3sk1p aav ,T @

4+

i

-O0T

-G

-0C

-GS

NCY RESPONSE (mv/v)

RELATIVE FREQ

Frequency Response Curves

Figure 12,




- 29 -
of the specimens, thece parameters cre not the sune
and only relative responses are cignificant.
| In Figure 13, a typical ogcllloscope record of
the Pulsed Oscillator output and the corresponding amp-
lified and filltercd crystal responsc are snown.
A discrepancy may be secn 1n the response curve for
the 1/2 inech ADP crystal at about 100 xc (sce Figure 12).
This can be attributed to a phenomcnon known as "end
resonance", which was first discovercd cxperinmentally
by Oliver (OL 57). Later lclitven (¢ 1) wnalytically
proved the existence of the end resoncnce phLcnomenon.,
Meclllven shows that there 1s a large anplificetion of the
amplitude of the vibration at the cnd of the rod in a
very narrow band of frequencies around tihe cnd resonance

frequency, Ope Mclilven shows that

> 2.0?1 20:- 3
®R " - '07“‘%"1\/%"‘%2&‘/% (II.1)

For the one inch diameter aluninum rod used 1r this
frequency response test Wp = 102,300 cycles per second,
which explains why the cxperimental value is too large

at 100 ke. Thils end resonance frequency could have been
ralsed above the 130 kc upper limit of thcse frequency
response tests, if a rod of 3/4 inch diameter or less were

used,



- 30 -

As mentioned in the Introcucticn, Schwficld (LE §9)
Introduced stressces at one c¢nd of a srecinen and detceted
them at the other cnd.  lie ucsed identizul plezoelectric
crystals at cazch end of the specimen and used a pulscd
oscillator to power thne sendlng crysial.

Using this szme method, an invescl ation was conducted
by the author to determine if the "sensltive' frequency
phenomenon found by Schofleld exists for a uniform rod.

Mo "gensitlve" frequencies were found. Instead, the
results of thls investigeation are clridlar Lo the curves

of Figure 12. These would not be valid frcquency response
curves, because the senuaing ADP crysitzl obviously coes not
qualify as a frequency insensitive scnder in the frequency
range used.,

The difficulty in Ochofileld's experiment scems to be
the use of a relatively short shaped cpecinen. There are
problems associated wlth the changing cross secction and
multiplec reflections as will be explained more fully

later. This explalns the hash he feund. The "sensitive"

" condition -

frequencies were probably due to an '"in-phase
between the largest reflections. Schoficld noted that
these "sensitive" frequencies could not be correlated to

the natural frequecncles of the specinen,



III
ANALYTICAL PREDICTION OF TIE
MODES OF STRESS WAVE PROPAGATION

A. Discussion

Before proceeding with the experinental portion of
this investigation, it 1s reasonable to attcmpt to pre-
dlct the modes of stress wave propagatlon in the specimen.
The analytical predictlons willl be mace in this section.
In Section IV experimental investigetions, which verify
the analytical predictions, will be reportcd.

As may be observed from Plgures 1 and 3, cach test
speclimen used in this investigation ic a composite of
many different components:s cylinders, transition sections
and large end sections (which are too short to be treated
mathematically as cylinders). Separatc components of
these types are shown in Figure 4.

The mode of strcss wave propagation in cach separate
component will be determined, using anelytical methods
from the existing literature, an extension of one method,
and an original derivation. Then the components will be
imagined to be Jjolned to form the test speclmen and a
synthesls of the problem will be constructed. The
resulting stress wave propagation in the ecntlre specimen
willl be predicted.

There are numerous papers in the literature con-

- 31 -
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cerning stress wave propugation 1n cylinders. These are
the result of analytical and expeririental research by the
authors. S8Several of the more important papcrs are by
Pochhammer (PO 76), Chree (CH 89), Bancroft (BA 41),
Davies (DA 43), Mindlin and Herrmann (MH f£1), Xols!zy

(KO 54), T™u and Brenncn and Scuer (TU '5), Ni<lowitz (I
56), Oliver (OL £7), Curtis (CU £0), tell (LE €0), and
McNiven (MC 5C). Most of these papers arc concerned

with dispersion.

Dispersion 1s the fcllowlng phenomencn. When a
stress wave propagates along a cylinder, caclhi Fourler
component of the stress wave tends to travel at a differ-
ent veloclty. Dilspersion causes a cliance o the schape
of the stress wave with the distance truveled.

The effect of dispersion only becomes important for
large travel distances of the ctress waves. In a short
specimen, these large travel distancec cun only be cbtain-
ed after many recflections. It will ve chewn later thcot
the changes in the stress wuve resulting fromn the multiple
reflections are far more important than the changes
cazused by digspercion.

However, the woric of Bell (BE CC) mcnrntioned zbove
wlll be important in anclyzing the stress vave propagation
in the c¢ylindrical test cection. The woris of Oliver
(OL 57) and Mclliven (MC C1l) have alreacy been uced in

part II H.
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. Mathemati-zal Renreocentation of the Acoustic

Emicsios»n Source

Acoustic cmissions cre belleved te ve the result of
the moticn of dislocations. “The source of zn acoustic
emlssion probably occuples a reglon wihilcen 1s small com-
pared to tnc slze ¢f the test sectlon.

The test specimens are made of <024 clwalrum rod,
walcn is a polycrystalline materlal. 1t is possible for
a large number of cdilslocatlon locps to be generated,
perhaps by a Franc-inead cource, within one o the cryctal-
lites of the polycrystelline material. “Thece loops will
pllc up agalnst the graln boundary and c¢an later burst
through the boundury, cuusing an acoustic cmiscion.
Therefore, the cice of the reglon of the acoustic emission
15 rouchly the size of the crystdllite.

Ang and Williams (AW £9) have analytlcally deter-
minea the dynamic stress fleld due to an extenslonal
dislocation moving at o constant veloclty in an irnflnite
medlum. They have considered the problem as a two dinmen-
slonul plane strain cace. Thelr dlslocation line 1is
infinitely long and infirnitely thin. The latter 1s a
reasonable approximatlon, because Pelerls (PE 40) and
Nabarro (NA 47) have shown that the width of an edge dls-
location does not cxceed 7 or 3 atomle spaces. The infin-
ite length approximation will be discussed later.

Ang and willicms have concldered three velocity

regimes: subsonic, tranconlc, and supersonic. However,
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Eshelby (ES 49) has shown that the velocity of either an
edge or screw dislocatlon cannot exceed the shear wave
velocity, VS‘=JQ? , which 1s the upper 1limit of the cub-
sonic regime, In %the subsnnlc regine, An: and Willlanms

have shown that two cylindrical waves arc generatcd:

1) a dilatation wave having a velocity, V4 =/ ng& and

S

2) a shear wave having a velocity, v_ = /—E?.

A dislocation line in the speclmen 1s confined to
one crystal and 1s not infinltely lon-. In view cf all
of the forementioned considerations, it will be cssuned
that an acoustic cmisslon creates a stress uvave that 1s
almost spherical. If the dislocation line were infinitely
long, the stress wave would be cylindrical. However, the
dislocation 1line 1s very short and the end c¢ffects would
probably causc the strecs wave to be cylindricel with
hemispherical end caps. Thls can be 1ldezlized into a
spherical stress wave.

The dislocation does not move at a uniform velocity.

9

Instecad, it accelerates very rapidly (about 1077 zecond

acceleration time) (CA £9), travels at a uniform subsonic

veloclty for a very short dilstance, and tThen decelercztes

raplcly. Thercfore, insctead of a continuous wave belng

generated, there will be an impulsive 3(%) {ype of wave

generated. Here 8(t) 13 the Dirac Delta function, which
]

is mathematically cefincd as &(t) = < for —-% <t KL %

as e — 0 and 8(t) = O for all other t.
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In swmary: it will Le assumed that an acoustlc
emission will crcate an inpulsive (i) type of spheric:l
dilatation wave wnd wn impulsive &(t) tyve of wpherical
shear wave, both having extremely short pulce wiaths.

d P

——y
+0
The dilatation weve trovels with velocity, v, = / Ao ’
1 .t . K
and the chear wave wlth velccity, v, = /% .

S

C. Stregs Wuve rropoecation in the Teot Sectlion

N
&3]

The test scetion, tdwen ¢s o suparate component,
a cylinder of ciameter, D, und length, T (see Fizure 1).
Somewhere in thic cyllnder the ciresc woves juct des-
cribed origincce.

If these clrceos waves occucrcd in an unvouaded nedlun,
they would propagate s cpheres of lacrcasing radli. low-
ever, they occur 1in a bounded mediwa, tiac cylinacr.

Conslder first the dilatitional wuve. Waen tals

urface of tie cylinder, 1t must

[ &]

c

(]

wave encounters the [r
be reflected us two waves, onc cllatationzl wnd one shear.
The chear wave occurs vecause the curface of the cylinder
1s stress free wnd a cilatational wvave cloine coannot
satisfly thils condltion. The two reflected waves weuld
coon cncounter anctiaer purt of the cylindricul surface.
Each would be rci'lected wgs two stress waves, once dila-
tational and once sheur. 1In a very siaort dlstance, the

one dilataticnal wave Lizs multiplied into a great number

of botn allataticonel ond 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 1s uniform across the cross

sectlion and travels at the bar velocity, Vp = E_ .

He states that it requires about 3 to 5 bar diamZters

to accomplish this dynamic verslon 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 whlch should be noted
here. 1) The source of the spherical dilatational stress
wave 18 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 betwéen dilatational
and shear wave fronts 1s small in the time required for
traversing a single dlameter. The latter two assumptions
are inherent to his analysis and are probably valid.

However, we will certailnly have stress waves that do
not originate on the centerline of the c¢ylinder. By an
extenslon of the dynamic St. Venant principle, at a suffi-
clent distance from the source (probably 3 to 5 bar
diameters),a uniform stress wave blus a snall bending wave
should exist. These small bending waves will probably be
eliminated by the specimen support rcactions before they
reach the ADP erystal.
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In a similar fashlon, at 3 to 5 bar dlameters fronm
the source, the spherlcal shcar wave from the acoustlc
enlssion source would become a unifoim shear wuave
traveling at the shear wave veloclty, vy = quj .

Thils stress wave 1s of no interest, because the ADP crys-
tal, whilch 1s used to detect the stress waves at the end
of the speclimen, 1s sensitlve to normal stresses only.

In surmary: 1) For acoustic emissions which occur at
least 5 bar dlameters from the end of the test section,
the pertinent stress wave 1s an impulsive &(t) type of
extensional wave, whilch 1s uniform across the cross

sectlon, travelling at the bar veloclty, v, = EL—.

2) For acoustic emissions which occur at less tian 3 to '
5 bar dliameters from the end of the test section, the
stress wave 1s close to uniform across the cross section
and willl probably be averaged out in its travel through
the transition section. In any event, if the test sectlon
is at least 10 diameters long, then the stress wave
traveling in the opposite direction will becone uniformm.
If there 1s an ADP crystal at each end of the test specl-

men, the acoustic emlsslon will be detected accurately at

least at one end.

D. Stress Wave Propazation in the Trarnsition Sections

The transition sections, taken as separate components,

are belle-shaped axlallysymmetric pleces, tapering from
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dilaneter, Dt’ up to diameter, Dm’ in a longltudinal dis-
tance, F. The radius of curvature of the generatrix

is R (sce Figure 1). A scparate transition scction com-
ponent for the large size spccimens is shown second from
the left in Figure 4.

An impulsive &(t) type of extenoional stress wave,
which 1s traveling at a veloclity, Vo will be introduced
from the test sectlon 1Into the small cnd of the trans-
l1tion section. Its propagation throush the transition
scction i1s determined in Appendix A.

Several assunptions have been made in Appendlx A
concexrning the stress wave propagation through the trans-
ition section.

1) The stress wave 1s purely extensional and is

uniform across the cross section.

2) The stress wave propagation in the actual tran-
sition section does not esscntially differ from
the propagation through a transition section
which has the shape of an exponential horn. Sece
Appendix A for the detalls of thils assumption.

It is shown 1in Appendix A that the impulsive 8(t)
type of extensional stress wave travels through the tran-
sition section at velocity, Vi, * It is uniform across the
cross section and the anplitude of both the stress and

straln vary as the 1lnverse ratlo of the dlameters.

In summary: An impulsive &(t) type of extensional
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strcos wave travels through the transition scction at
veloclity, Yy - The amplitude of the stress wave variles
a3 the inverse ratio of the dlameters. Therelore, the
anplitude of the stress wave at the large end of the
transition scction is 1/2.5 = 0.4 as large as 1ts ampli-

tude at the small end ol the transition section.

E. Stregs Wave Pronaration In Cylindrlcal Outer Sectlons

All but two of the test specimens, used 1n these
experinents, contain cylindrical sections of length, M,
and diometer, Dm’ betiieen the transition sections and the
end cections (sce Figure 1).

An impulsive ©(t) type of extencional stress wave,
which 1s wiiform across the cross section, will be intro-
duced from the transition section into thils cylindrical
scction. It wlll propagate through the cylinder at the
bar velocity, Ve Any possible dispersion effects will
be very small and, as willl be shown later, are negligible

compared to the c¢ffect of the reflcctions.

. CStress Wove Propa~ation in the End Sectlions

The cend gsections, talten as separate components, are

chort cylinders of dlameter, DO, and length, L (sce

e
Flouve 1),
An inpulsive 5(t) type of extensional stress wave,

which is uniform over a cirecular area of dlaneter, Dm’ 1s
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Introduced at surface B of the end scction. Thls stress
wave comes from the cylindrical outer section or, for the
test gpecimen without these sections, from the transitilon
section. Notlce that the stress wave acts over only one
fourth of the total area of surface L. Since the end
sectlon 1s very shiort and the stresscs at the surface B
are not uniform wcross ithe entire cross section, the end
section cannot be anulyzcd as a cylinder.

The end secticn willl be analyzed by consldering 1t
to be a half-space with « uniform amplitude &(t) type
of Impulsive load over a circular arc¢a on the surface and
wilth the remalndcr of the surface stress free. The surface
of the half-space is surface B of the test specimen (see
Figure 1). After the ctress wave propagation in the half-
space 18 determined, the effect of reflections from the
curved cylindrical slde and the end (surface A) of the
end sectlion will be consildered.

The analysis of the half-space uith the &(t) impul-
slve load 1s given in Appendix B. The results of the
analysis are (sec Figure Bl in Appendlx B):

1) The maln stress wave propagation consists of

a 8(t) type of impulsive extensional stress wave,
having the szmc dlameter as the load, traveling
into the half-space with a veloclity, vy For
brevity, this will be called the "8(t) head".
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2) There also exlst &(t) type of impulsilve
spherical wave fronts, which have small ampli-
tude compared to the "8(t) head", traveling with
a velocity, Vae

Now consider that the end sectlion 1s not a half-space,
but 1s bounded by the curved cylindrical surface and the
end (surface A).

The spherical dilatation impulsive waves wlll strike
the curve side and be reflected as both dllatational and
shear waves. But thelr amplitude 1s small and the effect
of these reflected waves willl be correspondingly small.

The "&(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 lnclidence 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 1s
sufficient material, which 1s practically unstressed,
surrounding the path of the "6(t) head" to make the half-

space analysils valid.

G. Stress Wave Propagation in the Entlre 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 bde
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imagined to be Jolned together and the stress wave propa-
gation 1n the entire s»neclmen willl be predicted.
For convenlence, the specimen geometry, without

dimensions, l1s given in Figure 14 belov.

Surface A surface A

urface B Surfoce B

///—Plane C

(2]

Figure 14. Specimen Ceonmctry

The followlng stress wave propagations sinould be
produced as the result of the occurrence of an i13olated
acoustic emlssion 1n the test sectlon.

1) Two uniform &(t) type of impulsive extensional
stress vaves, one traveling toward each end of tne
specimen, willl be developed in thc test sectlon
at about 3 to 5 diameters from the acoustic
emlssion source. These waves travel at the bar
veloclty, Vi e

2) Each wave travels through its recpective tran-
sition csection at the bar veloclty, vy, . The anp-

litucde of the ivave varles inversely as the
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dlameter ratio. Therefore, ot plaenc C, the
amplitude 1s 40 as large as when it entered

the transitlon section.

At plane C, there could be a reflection, bccause
of the discontinulty in the rate of change of
area with longitudinal distance. However,

since there 1s no discontinulty in area, this
reflectlion would be extremely weak and is con-
slidered to be negligible.

If a cylindrical section between the transition
sectlon and the end section exlsts, then the
stress wave at plane C travels through this

sectlon at the bar velocity, v,, and with no

b?
change of amplitude or shape. Thils neglects
dispersion.
At surface B, the uniform extenslonal stress wave,
which comes from the outer cylindrical section or
the transition section (depending on the particu-
lar specimen geometry), 1s partly transmitted
into the end sectlion 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 eclastic pulses at

a dilscontinuity 1n cross section. They conducted



- 44 -
experiments ané found falr correlation with
the theory. However, at the present time,
this 1s the best theory avallable. Thelr
results for the case of a discontinuity in
cross section only, with no change of material
or material propertles across the discontinuity,
are

Ay = 4

S T TAE— %1 (I11.1)

dt = r—_i:—r 01 (III.Q)

where 045 Ops and o, are the amplifudes of the

r
inclident, reflected and transmitted waves res-
pectively, and Al, A2 are the areas upstream and
downstream of the discontinuity rcgpectively.

It should be noted that Rlpperger and
Abramson considered a discontinulty 1n cross
gsection between two long cylinders. They assumed
that the stress was uniform across the entire
cross sectlon on both sides of the discontinulty.
For long cylinders, this will be lnexact only
for about 3 to 5 bar dilameters from the dls-
continuity in the larger cylinder. This is,

agaln, the dynamic St. Venant principle.
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However, for the discontinulty at surface
B of the specimen, this 1s a very poor assump-
tion. As was secen 1n part III F, the stresses
In the end cectlon are not uniform across the
cross section. Ingtead, only one fourth of the
cross section 1s stressed by the"d(t) head”, and
the rest 1s relatively stress free. Therefore,
equations (III.l) and (II1.2) can only be used
as rough estimates.

Physical reasoning can be used to show that
stress waves will be reflected ond transmitted at
surface B of the specimen. If the end section
had an infinite mass, then surface B would be
fixed and the entire incildent wave would be
reflected wlith no change in sign. 72ut the mass
of the end section 13 finite, and a large per-
centage of the wave 1s reflected witii no change
in sign. The remalnder of the wave 1s trans-
mitted into the end section with no change 1in
sign. This creates the "8(t) hczd" in the end
section and accounts for the motion of the
center of gravity of the end section due to the
impulse impartced to the end scction.

According to the Rippericr app:roximation,
60% of the wave at surface B is reflected back

into the specincn, and 4C% is transmitted into
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the end scction, because A, = MAl in cquations
(I1I.1) and (III.2). There 1s no change in
sign for elther wave.
Only approximately (.4)(.4) = .1C or 16% of
the amplitude of the original test section
stress wave, whlch was traveling toward onc of
the end scctions, enters that end section.
This crecates the "8(t) head", which travels
from surface B to surface A at the dilatational
velocity, Vi It i1s reflected at surface A
with a change of sign, but no change of shape
or amplitude. *n ADP crystal on surface A
will detect this wave. This 1s the first
effect of the acoustic emlssicon that 1s sencsed
by the ADP crystal.
The "8(t) head” with a change of sign travels
from surface A to surface L. At surface B, 1t
will probebly onter the outer cylindrical
sectlon with only a change of vecloclity from
vq to vy. The diameter of the "s(t) head" 1s
identical to the dlameter of the outer cylin-
drical section and no reflections are necessary
to change 1ts amplitude. The change in veloclty
is due to the different bourdary conditions at
the outer diameter of the "s(t) head". 1In the

end section, the boundary 1s essentlially filxed
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and in tiae oute:r cylindrical section, 1t is
free.
llotice that two reflected vaves are now traveling
back down the specimen: one reflected from sur-
face B with the same sign as the incident wave,
and the otner reflected from surface A with a
change in sign from the incldent wave. The
former wave has approximately 1.5 times the
anplitude of the latter. Fach waves travels
at the bar veloclty, Vi . The former wave leads
the latter by égg seconds.
When these two reflected waves each reach plane
C, they could cnter the transition sectlon wlth
no reflections taking place. Thls was assumed
for the wave traveling in the opposite direction
at planc C (see 3)., However, when a wave at
planc C enters the transition sectlon, it
encounters a rapid decrease of cross sectlon.
Intuition would cause one to suspect that some of
the wave would be reflected with a change of
sign. ilost of the wave would be transmitted
wlth no change of sign. The fact that this
reflection does exlst wlll be shown experl-
nentally 1n parv IV 1.
The two reflected waves from plane C will travel
back toward tine ADP crystal at surface A. Part

will reach surface A and part wlll be reflected
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at surface 3.

11) The tuo reflected waves from curfaces B and A
at the other cnd of the specimen will travel
back towaru the ADP crystal on surface A.
Part will be rcflected at plance C (nearcst
the other end), part will be reflected at
curface 3 eand part wlll reacih the ADP crystal
at surface A,

In sumary: There willl be a series of &(t) type ol
impulsive extensional stress waves arriving at an ADP
crystal on one of the surface A ends of the specimen.
The filrst 1s the direct wave from the ccoustic emission.
This 1s followed by many waves of botn sigins that have
been reflected from the virlous surfaces and planes of
the specimen. Thece later vaves are smaller than the
dlrect wave, notv beccuse ol the damping of the alumi-
nun nor because of digspersion effectc, dutl because thelr

cmplitude 1s recducecd at cach reflection.

H. An Optimum Specinien Desipn Based on the Theory

A8 Just described in part G, many impulsive stress
waves reach the ADP crystal at surface A. The direct
stress wave 1s the signiflcant one, and 2ll the others
tend to "hash" the signal.

The reflectlons of the woves occur 2t surfaces A and

B and planes C. Surfacc A is obviously incispensable.
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Surface B Is uvcd Lo apply the 1. .1 Lo the speci-
men from the testing machine. If the ratlec of the arec
of the end section to tuic area of the outer cylindricel
sectlon could be reducecd, then the amplitude of the
dircct wave would be [reoter, because less of the direct
wave would be reflectcu =t surface L. IHowever, this
ratlo is about as small us practical already.

But if surface B 2nd plane C were made identlical by
eliminating the cylindrical outer section, then plane C
1s brought very close to the surface A. Thus, the
reflected wave from surface B will not be partially
reflected back from planc C toward the ADP crystal as
before. Also, the reflected wave from surface A reaches
plane C much sooner and i1s partially reflected back to-
ward the ADP crystal. Thls reflected wave arrives at tne
ADP crystal very soon after the direct pulsc (;%S). Both
waves have the same sign and tend to increase the ADP
crystal output.

The variations betucen specimen cometries L1, L2,
and L3 are used in part IV K to verify this nypothesis
of a better specimen cdccign.

This is about all tue optimization that can be accom-
plisihed by gcod specimen design. The remaincer of the
optimization must be accomyplished 1n the electronic instru-

mentation and also by tuc method described next.



- 50 -

2.

I. Theory of Stecl Fnd Cans for the Snoclinen

During the experinmcatal wori, 1t wac dlccovered
thal a steel plate placea on surface A belveon tvile ADP
crystal and the specimen ellnlnated much oi' the "nash”
from the sigsnal. The tlhcory of the cffect of tihe steel
plate on the strecss wave propagation in the specimen will
be given here.

] =~

The steel plate hus the same dluwiecter, D as the

el
end section, and 1ts thicikness 1s ts' The cteel plate 1s
held in place on suriacc A of the specinien by a thin

layer of the High Vacuun Grease mentlcnca in part II B.
The ADP crystal 1s held in place on the steel plate by the
Eigh Vacuum Greasc, Just as 1t would be on surlace A ol
the speclimen if no steel plate were uced. The steel
pletcs may be scen cleaily in Figure O.

A stress wave which arrives at surfzcce A from inside
the specimen cncountvers a sudden chaige ol acoustic
iripendance, pv, betwecen the alwalnum aad the steel.

Lindsay (LI CC) glves the solution for the wave
propagation across a boundary. He considers the boundary
to be the divislon betueen two half-spaces having dif-
{erent acoustlc impendances. The giress wave 13 traveling
nommal to the boundary. He finds

PaVo

= MV
Op = 11 oy

(111.3)







_ )
oy P oy (III.4)

P1Vvy

where 04s O, and oy are the amplituce ¢f the incldent,
reflected and trancnittced stress wavcs respectlvely, and
the gsubscript "1" refers to upstream cuantities and "2"
refecrss to downstrean quantities,

The veloclty in steel and aluminum are practically

identical, so equations (III.3) and (IIi.4) becomne

Po N
o =, | (I11.5)
r Po 1 *-
1+ —=
P1
oy = ——— o, (111.0)
0o =
1 + =
P1

The denslty of the stecl 1s approximately three times the

o
density of aluminum. Therefore, 52 = % anéd 1/3 for the
1

stress waves travellng from the aluminwa into the steel
and from the stecel into the aluminun respectively. When
these are substituted into eauations (JII..) and (TIII.6),

1) For a stress wave traveling from the aluminum intc

the stecl
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(¢
3.};=.1§ and .o.i.=.12. (I1I1.7)

2) For a stress wave traveling {rom the steel

into the aluminmuwm

Q

|
b et

and (111.8)

'Qlwq
Il
o\t

|
]
~of

The aluminum cnd secctlon of the specinmen catiusfies
the nalf-gspace condltion of Lindsay's solution. iHowever,
the steel plate 1s thin and certalnly 1s not a half-space.
It will be assuwmed nere, that the strcss waves enter the
steel and traverse the iulckness, ts, as given by Lindsay.
Wnen they encounter the ree surface of the steel plate,
they will be refleclted with a change of sign, Just as any
extenslonal stress wave whlch has nownicl incidence on a
free surface.

When a singlc ecxtiensional wave, vhich ic traveling in
the end section of the snecimen toward curface A, strikes
the aluminum steel 1interiface, part of the wave 1s reflect-
ed back Into the cnd section and part is tracmitted into
the steel. The tronsmittied wave 1s reflected at the frec
surface of tle steel with a change of cign and travels
bacik to the steel-alwiinun interface. There 1t 1s partly

transmitted into the cnd section and partly reflected
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back into tne steel vlth a change of cign. Therefore,
there are multiple reflectlions insidc the steel plate
with a gradual transmission of the weve into the end
section.

The stress wave prepagation causea by an 1isolated
extensional wave strilzing the aluminun-stcel interface 1s
shown in Figure 1H. The arrows show thc direction of
stress wave propagation «nd the plus and minus signs show
tenslon and compression respectively. For convenlence,
the lncldent wave 1s taien to be a unit amplitude tensile
wave,

Time increases down the colwans. 7aite zero time to
be when the unlt inciluaent wave strikes the wluminum-steel

Interface. The first wave that excites the ADP crystal

arrlves at timg% ;% . fihen a new wave arrives at the ADF
crystal every VEE geconds. At t = O, the first wave 1s
reflected back 1into the specimen. zhen a new wave enters
the specimgg from the steel every g;f-scconds. The time
intervals v—ﬁ are of the order of é mlcroscconds, because

d
the steel plate is 3/1C inch thick.

Now conslder the diiference betwecen 1) nounting the
ADP crystal on surface A of the specimen and 2) usling a
steel plate between surface A and the ADP crystal. For
botn cases, a unit tengile incident wuve 1s assumed. 1In

Figure 10, the stress woves that exeite tl.c ADP crystal
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and without Steel End Cap
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cnd the stress waves that are returned into the specimen
are ghown for both cases. When the steel plate 1is used,
the ADP crystal effectively feels a lower amplitude and
larger vulse wildth stress wave. The ADP crystal will
respond with a smaller slgnal. The stress wave whilceh
returns to the specimen has less amplitude, and has a
larger pulse wldth. This stress wave also has a positive
and negative pezik of nearly equal ampllitudes that occur
within 2 microscconds. Because of the inertia of the ADP
crystal, these would tend to cancel..

The rcduced AD? crystal output is a disadvantage and
the altered reflection ic an advantage.

This analysis has the impliclt assumption that the
boundary between the alumlnum and steel 1s perfect.
Actually, Iliigh Vacuwn Grease 1s used in this boundary and
there will certainly be some losses 1n the grease. As will
be shown 1n part IV D, a thin layer of greasc 18 rather

cefficient, but a thiclker layer has large losses.
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EXPERIMENTAL VERIFICATION OF THE
MODES OF STRESS WAVE PROPAGATION

A.. Discussion

In part III 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 serles 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 effeot of specimen geometry
on the stress propagation and on the signal which 1s read
on the oscilloscope.

Additional experiments will be conducted to deter-
mine how varying the electronic instrumentation and using
steel end caps affect the signal, which is read on the
osclilloscope.

The ultimate purpose of all of these experiments 1s
to determine an optimum system design, consisting of speci-
men, instrumentation, and experimental technique for the
study of acoustic emissions. This amounts to obtalning 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 oscilloscope. An example of the

- 56 -
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signal before any “hash"” has been removed is shown in
Figure 17. However, all of the extraneous signals,

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

B., Response of an ADP Crystal to a &(t) Impulsive
Stress Wave

In part III G, 1t was predicted that the ADP crystal
would be excited by a scries of 5(t) type of impulsive
extensional stress waves. It 1s necessary to determilne
the ADP crystal output that results from the isolated
incidence of one of these stress waves at the crystal.

An analytical solution of thils procoblem has not been
attempted. It would 1lnvolve solving the problem of the
vibratlion of a continuous prismatlc elastic bar, which 1is
free on one end and fixcd on the other, having a pre-
scribed &(t) typc of dilsplacement initially at the fixed
end. Thils would be a transient vibration, because of the
natural damping of the crystal. Once the vibration were
found, the voltage output of the crycstal would have to be
determined.

However, the formulation of the analytical problem
can be used to explain vny the use of a clamp and steel
pressure block to fasten the crystal onto the speclimen
creates problems. This difflculty was mentioned in
part 11 D. The clamp and block change the boundary
conditions of the problecm. Therefore, the entire response

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

and cauge serlous complications.

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

wave, was determined experimentally as follows:

1)

3)

4)

A 1" long ADP crystal was mounted on the bottom
end of a 30" long 1" diameter steel bar, whose
axls 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 monltored by

2 strain gages, whlch were placed 130° apart

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

in a Wheatstone bridge, so tnat bending was
eliminated and purec axial straln was sensed.
The cutput was displayed on the Tektronix
oscllloscope with a type E plug-in unit (Item
G2), which was externally triggered by a pulse
from a 1" long, 1" diameter Burium Titanate
crystal, mountcd on the side of the bar 5"
above the straln gages.

vhen 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 Tektronlx ccove. This
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scope was cxternally triggcercd, ucing the
"gate delay" from the first scope. The "cate

delay"

was adjusted to trigger the sweep Just
before the ADP signal began. DBoth oscllloscopes
had completed thelr sweep vefore any reflections
were sensed by the gages or the ADP crystal.

The experimental results are shown in Figure 13.

The stress pulsce i1s shown in Figure 18a). It is a
8(t) stress wave having rouchly 0O microscconds pulse
width., It 1s cifficull to obtaln a chorter pulse by thils
method, because & 2" long drop bar represents a practical
ninimun., However, the ADP crystal output obtalned here,
should be 1indicatlve of 1ts rcsponse to the shorter and
lower amplitude stress pulse from an acoustic emlssilon.

The unflltered ADP crystal response is shown in
Figure 18b). It consists of a fast risc 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 peai, it
should return to zero output rapldly. ilovwever, the crys-
tal 1s excited by the impact and 1t vibrates for a short
time at 1ts naturcl frequency. Thilis is demonstrated by
Firures 13¢) and d). TFigure 13c¢) is the unfiltered sig-
nal of b) with the natural frequency component filtered
off. It 1s similar to the 8(t) stress pulsc that excltes

the ADP crystal. Ti_ure 16d) shows the natural frequency
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Figure 18. Response of ADP Crystal to 8(t) Impulsive

Stress Wave
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component alone. Iv is Jbviously & damped free vib-
ration resulting from the initial disturbance of the
crysital ny the stress pulse. This acuioasursates thiat thce
ADP crystal output consicts of tuo pal'ts

1) A o(t) resnonse, whica 13 similar (o tae

excltation.

2) A damped free vibration at the natucszl

frequency.

It may be further shown that the nart of the o(t)
response (part 1 above) whichh follows the peals consists
of componentis having the subharmonlc frequencices of the
crystal. The first three subharmonic frequcencicc are
shown in Figure 15c¢) throurh g) respectively. lHotlce that
the amplitude or cach component decreagses, viowt 1s first

Y

ubnamonic > second > third, c¢tc. Alsc, notice that eacn

&)

component begins at the itime the o(t) response has reached
its peal.

The damped {rece vivbretion nart ol Lhc LLP crystul
outnut (part 2 wdbeve) would be ecxpectrnd Lo have components
at thie natural Ireaquency and all of the harmonic and
subharmonic frequenclics. liowever, it nay ve scen from the
frequency responsc curves of Figure 17, thut the natural
frequency component wili be tne domliant once. The first
subncimonlce component 15 the next largest.  The nuatural
frecuency componcent is 4.0 times ws laoze oo the first

Subnarmonic conponcat. Fopr tnig reacson, .o aimed [ree
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vibration of part 2) above 1s considered to consist of
only the natural frequensy component.

In this experiment, the amplitude of the damped free
vibration at the natural frequency and the first subhar-
monic component of the &(t) response were nearly equal.
Thls is not always the case. An experiment which almost
duplicates this one was performed. Instead of dropping
a small bar on the 1" diameter bar, a BB was fired against
the top end of the bar. The resulting stress pulse had
about 15 microseconds pulse width, but 1t was followed by
a low amplitude "tail" of oscillations. This is a shorter
pulse and the osclllations in the taill 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" ADP crystal was also tested, using the 2"

drop bar, and the same conclusions were reached.

C. Rffect of Piltering
One of the main purposes of the fllters, is to remove
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50 cycle pickup. It was also found that the specl-
mens vibrated at their spring-mass frequency, which
was ebout 2 ke. This 1s a persistent vibratlon and 1is
not easlly identiflied with the number of acoustic
emlissions 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 flltering opera-
tions can be classified as rejection of unwanted extra-
neous signals, whlch are not direcfiy agsoclated with
the acoustic emission.

However, the filters serve another equally impor-
tant functlon. Even 1f all of the extraneous signals
have been eliminated, the ADP crystal will give a
relatively complicated output as shown in Figure 18b).
The fllters may be used to reject certaln 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 flltering have been
used in the experimental investigatlons. The two found
to be most useful are

1) Retaining only the first subharmonic frequency.

2) Reject only the natural frequency.

D. Effect of the Condition of the Grease_Seal

The ADP crystal is mounted on surface A of the



- 04 -
specimen or on the face of the steel end cap, using
High Vacuum CGreuse.

It is important to insure that the grease consists
of a uniform thin film. If the greasc 1s not unifomm,
1t 1s obvlous lhuat sorie parts of the seal will be fuoulty
and the effective arce of the seal will be rcduced. llow-
cver, a thicic layer of greuse, even if it 1s uniform, will
not serve as a relilabplc secl. art of tie signal will be
lost 1n the grease. This 15 shown experimentally in

Filgure 19.

t

t
"'l “‘SOusec !

(TYP)

:E? .2 v(TYP) I

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

Figure 19. Effect of the Grease Scal

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

test spgcimen having a uniform thin grease seal. Figure
19 b) shows the ADP signal under the same conditions,
except a relatlvely thick grease seal is used. Notice
that some of the amplitude of the signal 1is lost. Also,
much of the detall of the signal is completely lost.



The stecel end cap 1is nounted on surfuce A of the
specimen with the same lilgh Vacuum Creasc. The stress
wave propagation across the aluminum-steel boundary must
be the same as if they were fused together. Only a thin

layer of greasc will approach this condition.

E. Effect of the Steel End Ceps

The theory for the steel end caps was glven in
part III I. Thelr main advantape was that they changed
the shape of the reflected wuve at tihe end of the specl-
men from a 8(t) stress wave to a wave having tne chape
in Figure 10. 92his wave has a lower amplitude and tends
to cancel 1Tsclf out by an initial rapld chonge of sign.
This reflected wave 1s expezted to exclte lecs ADP cryc-
tal response thon the &(t) refleceted wave.
This 15 verlified by the following eiperiaent:
1) A 130" long 1" dlancter alwninw: bar has a
Barlium Titanate 1Input probe located in the
"axial centerline poesition” at 43" from the 1" ADP
crysval end,
2) A &(t) type impulsive stress wave was intro-
duced into the bar 1In the saie nanner as des-
cribea 1n part II C.
3) The ADT output sigrnal was filtercd so that only
the first subhaimonic component was passed.

4) The sweep rate of the oscllloscope 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 siress waves.
Trhls experimental setup 1s similar to that shown in
Ficure 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 sicnals are reflections. In Figure
20 b), both of these reflected signals are essentially
climinated by placing a steel plate at the end of the
bar opposlite the ADP crystal. Thls steel plate may be
seen at the far end of the bar in Figure 3. This shows
that the reflected signal from the end of a bar having
a steel cap 1s changed 1n such a manner that 1t cannot
excilte an appreciable response in an ADP crystal.

It was observed 1n many of the cxperiments, that
the amplitude of the dlrcect stress wave was cut approxl-
mately 1In half wncn a stecel plate was used at the ADP
crystal end. Thls agreces with the thcory of part III I.

F. Dynamlc St. Venant Principle Used in Test Section

The acoustlc emission acts as a point cource at some
point in the test section. In part III C, 1t was predict-
ed that the stresses become a &(t) type of cxtensional

stress wave, which 1s uniform across the cross section,






- 07 =
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 RDarium Titan-
ate input probe to the ADP crystal end was changed fron
87" to 43" to 20" to 10" to 5".

The results snow that ADP crystal output caused by
the direct pulse wus esccentlally the scme in all cases.
Thus, a3 long as the acoustlc emlsslon occurs at least
5 bar dlameters from thc end of the tcst scctlon, the
resulting stress wave will be uniforn across the cross
section.

In part III B, it w.s assumed tihut the stress wave
originating at the acoustic emission source could be
idecallized a3 spherical, although 1t is probably cylin-
drical with hemisphericei end caps. £lso, in part III C,
1t was assumed that the stress wave rcoulting from an
acoustlc emission which is not locatcd on the centerline
of the speclmen would not be different then that resultin:g
from one on the centerline,

The validity of botli of these assurmptions can be
proved as follows. The simulated acouctlc emission
from the Barium Titanate input probe certainly 1s direc-
tional and not spherdcal. This simulates the non-spherlcal

character of the actual zcoustlic emission. Experiments
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werc performed vhich were ldentical to those used to
verify the dynamlc St. Venant principle, except that
the input probe was also moved radlally and turned as
mucn as 900. In eacih cuse, the resulcs show that the
PDP crystal outpul causcd by the direct pulse was
esgcentially the saue siape, bubt not ol the sanie anpli-

tude.

G. Stress Waves in the Transition Section

In part III D, it was predicted that the &(t) impul-
slve stress wave travels through the fransition section
at the bar velocity, Vi, . Its anmpllitucc varies as the
inverse ratio of the diometers.

An experiment was performed that verilfled this
behavior in the transltion sectlon, in addition to some
other stress wave propagotlon propertvies. 7The detalls of
tne experiment ana the ciperimental results are given in

part IV J beclow.

Ve Stress Wave Propazation in the Cylindrical Oyter Scct-
ilon

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

silve etress wave travels through the cylindrical outer
section at the bar velocity, Vi . Neglecting dispersion,
there 1s no change in the stress wave. It was also pre=-

dicted in item Q) of part III G that a stress wave, which



woos traveling 1n thic ccction towara the tronsition
section, would be portly rcflected when Lt reached plane
C.

Both of tliese predictlons were verifiea by the
followlng experiiient. Losentlally thce swie experimentol
cctup, as descrlbed in part IV E above, was used. iow-
ever, 1n thlgs cxperliienv the second component from the
elont in Filoure 4 vas nechanically positioned on the ond
of the 1" dtameter bar. High Vacuum Grease was uscd in
the Jjoint. A 1C" lonz 2-1/2" diametcr a2lwiinun bar was
rnechanically posltionea on the end of the shaped conpon-
ent, usling High Vacuw: Grease. See Fijure 21 for a

s.zctech of the opecinen geometlly. Flpuee 22 shows

ADP Crystal SPla.ne C /Input Probe
s ' 2
e___.lo " ,(.{;:;H ‘+_,_. 2.637 it
13c"
Floure 21, Test Zotun for Cylincrlcuel Cuter
weetlon

the results of the experiment. The small inltial pulse
in Figures 22 a) and b) 1s electrical plckup and should
be ignored. 1In Figure 22 a), the AD? crystal output




for {the setup shown in Yigure 21 1s piven. Then the 10"

long: sectlion was rernoved and the ADP crystal was rnounted

on the shaped componcnt. The ADP crystal output for this

setup 1s shown 1n Flgurc 22 b).

™o conclusions rniey be drawn from the cxperimentel

results showvn in Ficure 22.

1)

Reflectlons do occur at plane C. In Flgurce

22 a),the first response, wailch is duc to the
direcct strecc wave, mey be cecn cleorly. 1t

1s followed Ly a snmaller but sinilar respense
roughly 150 mic.osecconds lotier, which is tne time
requircd for the wave to travel from the ADP crys-
tal end to plane C and baci to the fADP crysteol

at the bar veloclty, v The lcever small res-

b*
ponses arc cuc o multipde reoflecilons between
the end and plene C. In Pijure 22 b), the
reflected wave follows the dirccti wove by only

05 microscconds. It arrives boex at the ADP
crystal before the crystal rcsponse from the
direct pulse has ended and there is a reinforcing
effect.

Tne stress wave cdoes travel Threcusn the cylin-
drical outer scction without any appreciable
dispercion. Thls may be secn by couparing the
ADP crystal output at the cnd of the cylindriccal

outer scclion cue to the dircct stress wvave,
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vhalen is the £f20sl response of Tlouoe 20 a)

~

wlth the ADD crystal outnut ‘ust Leiore 1t
enters iLue trunsition sectiovin, which 15 zhown
in Ficuwve 20 ).

This ecterliciies the fac

t

that oolflcoclions do occuw
at plane C of the cnecinen. As stated iu paret IIT ©
10 rclflectlons ¢o occus 2t plane C, ithon the climlination
of thie cylindrical outer sectlon could lead o a better
specimen design. Thils will be Investligated corperimentally

in part IV XK.

I. Stress Waves in the rnd 3cction

“a

In part 1IT ¥, it vos predicted that 2o "o (t) heod",
vaici: Is an Iimpulcive ctress wave coved - on arca of
cloaneter, Dm’ would travel into the onc cecllion al @
veloclty, Vi This roculres that, excont fo. some small
effeccts from reflccied spnerlcal cilevotliondl waves, the
ADT croystal on suslace 4 of the specinen wlll only Le
cxelted within'a cilrcurar areca of diwicter, Dm.

This has been verilied in all ol tie ciperimonts

S | . -1 o~ . . - R4 B P 3 ‘,'\ b4 N ey E
usine the larpe specinwins (L1, L2, wind L3).  When th

(&)

entire erystal lics Zncice the circle of Clwicter, Dq,

4l
the responce 1s Indepeudent of 1ts elict pocition. IL
the crystal 1s ploced oo that It 1g ot o ¢io ce hdlfuay

belvicen the centerline cud the cdre o curioce L, thoe
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response 1s about one half os large because only 1/2 of
the ciprstal lieo inglde the circle. I8 the curystal is
placed near the eage ol surface A, the recponse con-
siols only of low cmplitude hiash beccouse the crystzl lles
oy

acieely outgslde of The circle,

J. =Reflections ot Critical Polnts ol the Speclmen

A1l of the reflectlonus of the stress waves in the
cpecimen occur 2t thiece nloces: surfaces A and B and
piancs C, Yhe rerlections at plunce © were Investigated
civerdmentally in pact IV I above. The rcflectlons at
curfeees B and A, wihleh are predicted in itcms %) and L)
ol part III G recspectively, arc verifica by the followling

experinent.

The experinentel sctup is identical to that used

in part IV B, cicept that the 2" long hardened steecl bar
is dropped onto the 1" diamcter end of the speclnen

chowvn in Pigure 22. Thls specimen 1s fabricated from

¢ ————— "n_
e %" Strain Gages A
Surface A—~\\* 1" Dia -
P U B -2
Q\\\- Strain Gares B !
l
Surface B !
f'%.”-’x‘———m——--—-»—- e OO M - >

,

Flpure 25 LReflection Test Specimen
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test specimen LI by reomoving onc end. Obviously, this
test was performed after all of the testing of the large
specimens L1, L2, and L> was completed.

Straln gages A and © are arranged in Wheatstone
bridges so that bending is cancelled. The alancter at
caces B 1s 1.7 times as large as at gages A

The output of gages A is shown in Figucee 24 a) ond
the output of gages B is shown on Fijure 24 L),

The first pulsc in Pigure 24 a) is the stress wave
traveling dovm the test scctlon. The sceend nulse 1o

the stress wave that vics reflected fron surface B with

.05 mv.(TYP)

(a) Output of Gaces & (b) Output of Gages B

Figure 24, Reflected Stresses in Specimen

no change of slign. liotice that 1t is slightly smaller
than the first pulse. Tiie third pulse is thc one that
was transmitted at surface B and then reflected baciz with
a change of sirn at surface A, Notlice that it has &z

rather small amplitude as was predicfted. The pulse width
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o0 Who third pules 1o coortened, beaoare o oo flection
I'rom the top ena of Ciie zpociren zrrives U cazen A
beifore thic pulse oo conpletely nucoru., This verlfies

the reflcetlon tiicories rfor curfaces o cad .

“he first pulve fn Dfguse 20b) 1 o cowinatlion

el

of the firct and cocond nulse of o). ey comblne to-

getier, beceouse thre Tlost pulce has Lecveled only 1.72

inches (o about 10 niciwseconde) belore the second pulse
arrives at gages D.  The mexinun anplibude ol the con-
binztion of the firci 1.d second pulse of o) is C.20
millivolts. Thic talies the 10 nicrceeconas difference

into account. Itsc crplitude in the {rancition scctlion
should te 1/1.7 = 0.G ac larce as in the tect scction,
because the amplitucde vorles as the Liaverce of the dlameter
ratio. Thus, theory »redlets that thlc pulsce chould have
en amplitude of 0.140, The amnlitude of this pulse is
found to te 2bout 0.12. The dlscrepuncy nav be attridbutec
to the fact that the suirlface of the troncition gectlon at
tie location of sopres L nalzes an angilce or 20 degrees with
the centerline ol the gwnecimen and to ciperiiental error.
The second pulse in ) i3 from the reflection with a changce

n sign at surfoce . The third pulse in b) ts the wvave

b

that 15 reflected vith « change of ¢l eom surface A,
reflected zg2in wilth: o cliange of sizn fron the rapid

decrease of cross sccetion at the transitic: cection (as
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~ was shown in part IV G),then reflected back 2galn with

a change of slgn at surface A. Thus, Figure 24 b) verifies
the reflection theories for surfaces A and B and plane C,
as well as verifylng the mode of stress wave propagation

through the transition section.

Ke Optlimum Desipn of Specimen

It was predicted in part III H that the elimlnation
of the c¢ylindrical outer section would procduce an.opti-
mum specimen design., The Improvement in design was pre-
dicated because of the ehanges in the reflectlons that
occur at plane C of the specimen. These reflections,
which were shown to exist in part IV i, tend to “hash up"
the signal.

Specimens L1, L2, and L3 were tested to determine
whether shortening the cylindrical outer sections would
produce a cleaner slignal as predicted. The experimental
setup 1s 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 end opposite the ADP crystal only.

The experimental results are shown in Figure 25,

The results for specimens L1, L2, and L3, are given
in Pigures 25 a), b), and ¢) respectively, DNotice that
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tiie fivst lorvge puloe 1o peliltlively uncliocood bobuoon
spoecimeas. e small Initiol dlsiulbwaces wec cacccorical
piciiup wad chould be Lonwoved.  The nunsoo Shioe Tfollov
arce relflections Lo tuce enove o Lhe soccliicn.  Thic
rcflecced pulses wee siialler 25 the Lensli of tae
cylindrical ouater sectiiod 15 decreascu.  Duc AL crvotal
responsce {or cpecimen Lo coniaing o ravicye clourly deitlned

-

large oulse or relatively chore durstvion, ifolloview by
smoller nulses. Thic Lo en acceptoblic cioncl for veourntic
emigsslon researcn.

Thig denonctrates thav the complcecte elininztion of
the cylindrlcazl outer cocilon, such as in cneclnen L7,

represents en optimwn cpecinen desighe

L. Gcale Effccto,

A half-scele version of the opoliawt coccinion wosi o
L7, wihlch 1g calied speclinen b, wW2s wCsvle w0 delemine
vinetier the reoulis oviurinew in tacoe cancelents ore
scnolilve to tihce Siie ol Lhe specinci.

The experinental sceoup wus ldentical vl tiuwt usced for
gpccinen L3 cbove. Whe ceoulbts ace shovn Lo Jdouse 2.
The inltial puloe lun i urce o 1o elcectelcal plcuup and
snould be 1gnoreds A comparlcon of Fijuce «o with IMigure
25 ¢) schows that the &P cumrobel out»)huts wie cosentlally

the oo

3

e Tor tect cpecimens L) and 1l procpeciuively. In
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botnh casecs, there 1s a relatively large initial pulse
followed by smaller pulses,
Thus, thc use of very large specimens (types L) to
accommndate a Bariwa Titanate input probe, which cimulates

the acoustic emissions, 1ls a valid experimental technique.

e Optimum Design of Instrumentation aund Experimental
Techinlgues

The optimunm specimen design was determined in part
IV K. Next, conslder the question of whether the signal
could be improved by changlng the lis trumentatlon or by
the use of steel end caps.

Uslng the medlum slze optimum specimen design M1

and the experimental setup of part IV K, the following
variations in instrumentution and expecrimental technlques
werce triled.

1) Steel end caps were used at both ends and only
the first subhurmonic frequency was otserved.
The rcsults are shown in Figure 27 a).

2) A steel cnd cop was used only at the end opposite
the ADP crystal end the natural frequency com-
ponent of the ADP crystal output was flltered
off. The results are shown 1n Figure 27 b).

3) Steel end caps were used at both ends and the
ratural frequency component of the ADP crystal
was flltered ofr. The results are shown 1n

Figure 27 c).
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A1) of thece nelhods vroduce & cingle rather large
amlitude short duration pulse followved by hash signals
at a lower cmplitude. ALl of them are acceptable sig-

nals for acoustic emission rescarche.

The cholce of whilcii of these gycteme ic optimunm
rests with the investicator, He must consider the instru-

nentation end egulipnient wvallavle. I[lowever, a rccormen-
dation for the optimum system, along with arguments to

Justify the choice, 2are ¢ilven In Sectinn V.
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It nay Ve conclnalow frons Lae resultec ol Cllls study
thaet 16 is possiuvle ©o ¢eoclyn on Znproved system for
aceoustic emiscilon reoocrei.s The o srouven uali cutput is

; e 4 e
o chueracteristle ol vl that may Lo fdenl o

Ted ac belng

. ~ A - . .o e s g - 0 N n . - P R . oy [aab PN re
coused Ly the ococurrence of onc acodusiic ¢rdsaion.,  Thlc

1 Wy e o - v s SRa Sy e ~ P -y - Al s
chiaructerdstlic sl o ncl conclots of a »relollvelyr large amp-

s 1o \ RN ) . - L I | DS
1itu’e short duration nulse, followae T v snaller "nesn

~

pulses.  The nwaber of ccoustle emicsions occeurring in

the specimen mey o detormined by counting thie number of
ch2racteristle pulses 1o the cystem ouatnut. Successive
acoustlec emlissions would have to occur al o very shooet
time interval to caouce Uie characteristic nulces to inter-
fere, because the wviath of se pulse ig about 50
nicrosccondse.

The optinw: cpecinyn design 1¢ cone whicn has no
cylindrical outer cectionse Specimen LI and M1 are
exwnples of this optimwr desigcne. Thoe liacorcetlcuel reasons
for its belng an optinmwi design are ¢Zven in part III il.
Experimental verificaticn 1o piven in part IV K.

Uslng an optinwi cecign tect specimen, there are four
possible variationg ol eiperimental teciinlgue and elec-
tronic instrumentaotion that yleld acceptable system outputs
for acoustic emicslion rosearch. They are:

- 79 -



1) Stecl end cin ot the cnd cppeclic the ADD erys-
tel., Ilonitor only the firct cubharmoenle freq-
ucncy ¢omponent of the [P cryctal cutput. See
Plcure 20.

2) OSteel end cans ot both endc. ITonitor only the

irst subncmwnic fregucensy componcenc of the

)

ADD cryctal cutput. Sce Figurce 27 o).

Z)  Steel end cop at the end opposite the ADP cryc-
tal., Flltce off only the wabtural freoguency com=-
poncnt ¢f the DI ciystal sutnput. OSce Flgurc
27 b).

LY Steel end capns at Loth ends. TFllter off only
the natural frcoucncy compenent of the AT
crystal outmub. Sec Pigure 27 c).

It is reccommenced that the method of 1) zbove be

uUsSCUe

ilethods 2) end &) can be rejected as being inferior
to 1) and %) respectively, becauce the sicncl output is
recduced by apnro:imately one hzlf. This 1o to bhe expect-
ca when 1 steel end can 1ls uscd at the ADP ciystal end.
The "hath"oart of the signal i reduced by usine the
ccl end cup av thie FLP crystal ong, but tic
not as important os the signal anmplituce,
It may be ccen that the signal of method 2) 15
cuncrlor to 1), because the anplituuc of the main pulce

"

is larger and thie "hasit” 1s snmaller relatlve to the main
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pulsc. 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 elininated. Method 1) involves in-
strumentation which passcs a very narrow band of freq-
uencies at the first subharmonic frequency component of
the ADP crystal output.

In the natural acoustlc emission research, the ADP
crystal output that results from the acoustic emission
i1s extremely small. 4t these slgnal levels, many éxtran-
eous signals can be of sufficient amplitude to interfere
wlth the main signzl. If a wlde band of frequencles 1s
passed by the inctrumentation, there 1s morc chance of
extraneous signal interfcrence. When only a very narrow
band of frequencles is passed by the instrumentation, the
chances of extrancous signal interference 1is very small.
Method 1) would probably eliminate the necesslty of
testing at night. Thug, the lower si;nal output of method
1) is counterbalanced by the advantages just mentioned.

The amplitude of tie output of mcthod 1) can be
inmproved by increasing the galn of the amplifier. A
sharp narrow band amplifier also serves as its own fllter;
because 1t rejects all frequencles outside of its narrow
band. It 13 possible to construct a good narrow band
amplifiler for the appropriate frequency by slightly

altering a standard radioc circuit.
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If the simulated acoustlce enlssion iuput used in
tl:cse caperinents is a good mock-up of a natural acoustic
cuission, tlien the optinam system design suould be that
recormended avove,

The signzl soown in Floure 17 1o an cxwiple of the
slsncdl that would ve coutalned when ne optimleation of tae
systcm has been accowpllicshed., Obvioucly, 1L 1s virtually
useless for acoustic cmiosion researcite  Lie sicnzl in

e = . 1, . 7.8 , s . o .~ " - < 11 ..
Pilgure 2o shows how Chils sijnal may we clceaaco up o to

mave 1t uscble for ceoustidlce emdlsslon reccadCile
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1
L2 5.0 12,50 [1.0 |2.635(30.27 ! 3.,125!/3.75{11.250
L3 5.0 ]2.50 1.0 [ 2.635]|30627 § 3.125{0 18.750

Notes 1) All dimensions are inches.

2) All specimens cre fabricated from 2024 aluminum
bar.

3) 1In specimen designations: S = small, M = medium,
L = lacge,

4) In dimensions: D = diameter, R = radius, L, =
length of end sectlon, F = length of
transition scetion, L = specimen length,

M = lenzth of sectiun between the end section
and transition section, T = lencth of test
section.

Figure 1. Geonetry of the Test Specimens
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Fipgure o.

{
Experimental Setup for Frequency Response
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Figure 20.
ADP Crystal Output

for Specimen MI

(a) Method 1 (b) Method 2

o= 50 wsec.(TYP)
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APPENDIX A

Propacation of &(t) Type of Impulsive

Stress Wave throuch a Transition Section

The transltion sectlon, taken as a separate component,

is shown in Figure Al. 7+

( o
l*'““‘““ Flgure Al. Geometry of the Transition Section

Assume that the stress 1s purcly extenslonal and 1s

uniform across the cross cectlon. Let

¢ = x/F (1)
A frce body dilagram of a differenticl length, Fag, of the
trancsition section 1s shovn in Figure A2, An equilibrium
ecuation for the ¢ directlon 1s obtalned from the free
body diagram of Figure AZ,

-9l -



dA co _ QEE "
Oa-€+A6-€—pAFat2 (c.)
dA
o <€ _—’o+g-%d§

|
ot

Filgure A2, Frce Dody Dlagrom of an Elcment of the
Transltion cectlon

The stress 1s given in terms of u as

E
c-n3-F R (3)

Substitute (3) into (2).

3% . 1 dA du _ pF° 3%
TIYE @ s E L (4)
38 dt
The solution of equation (4) 1s complicated by the
fact that the coefficlent of g% ls in cenerzl a function
of 8. However, 1f the transition section has the form

of an exponential horn,

A=Ace (5)

then
1l da (6)
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and cquation (4) becomes

62u ou F¢ 3%
-Y 3F < — (7)
SEE oF EFT' 362

.Equation (7) is much simpler than equation (4). The
shape of the exponenticl horn 1s shown cdotted in Fizure
Al. The analysis of the exponential horn will vbe consid-
ered to be valid for the actual transition section, because
of the similarlty of the shapes.

The stress wave introduced into the trensltlon
section 18 a 8(t) type of inpulsive stress wave, traveling
at veloclty, vy, . Asocume that the stress wave remains
Impulslive and travels throucsh the trangsition section ot
the bar veloclty, Vs but chanzes amplitude. This 1c

represented by the folloving displacenent function

u(e,t) = U(g)s(t - %; ) (8)
Equation (&) is substitutecd into cquation (7).
- 2 2
é—;}a ] ] ' E__ e W [} 0 _F_Z ' - =Ty — I‘ o It
vbusT o Us" 4+ U + L Ue yu's EE-Uo (9)
vy, D

The second term on tho left cancels wwith the term on the
2

rllie hand sice, wcecauo. vb

= % e ..inG SuiChvis tne neces-
sity of tThe ascuwantion tiiat the strcss wuave travels
through the trangitio. ccetlon at voiocliy, Vi Equation
(2) now becones

F_ 2U'-7U
Vi, -yu!

(10)

SF
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vhere the primes on U refer to differontictlion with
respect to ¢. The prinec on & refers to differentlation
with respect to (t = %—I-: }, but it can also be interproted
2s meaning dlffer'entia?:ion with respect to t, because
d d
T v - B

Vb .

The quantity &/8' can be constructed by noting that
for e -. 0, we have & represcented by Ficure A3 and 8!

represented by Figure AL (AS 58).

o A &' A
;02
Yjem o
/e |[-=-----
|
! t+
| R RR S -2 N
| — e b >t
i
/) \
L_{)L SN I R ,
- L o+
e t+e /5
Figure A3. 3(t) Ficure Al., &' (t

Then the quantity 5/8' 1s given by Fisurc AY.



5/8' A

Obviously, as ¢ —.0, §/8' _.0.

Then equation (10) becomes

F our-
g =0 11
Thus 2U!' - yU = 0 (12)

The solution of (12) is

24

U = uoe c (13)

Substitute (13) into (3) and get

% ®
u(g,t) = ue = s(t - %) (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-
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tial ecquation, cquation (14) resulted. Ecuation (14)
is a solutlon of dilferential cquation (7), as nuy be
ciieclzed by dircct suvctitution. Thereflore, the assump-

ticngs, which led to cquabion (3), are valid.

From equatlons (3Z) and (14) we get

By 2% i} 51 (¢ - &)
o= g>e“o(c-8) Y- = (15)
o |© Yoos(t - 45
L D

Ltgoin, using 8/5' .0 as € —.0, equation (15) becomes

Eu 7 Z% F
o = -E%" e < 8t - %; ) (10)
Since e = o/E
it
u_y 2 .
e == c °o(t -85 (17)
= b

Denoting the conditions at ¢ = O by the subscript "o,

equatlons (1€) and (17) nay be writtcn as

S.=¢F“ (18)

(19)

m'm
i
o

It should be understood that equation (18) 1s the ratilo
of the amplitude of the stress wave as it passes throush
point ¢ dlvided by the amplltude of the stress wave when
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1t passed through point § = O, These arc not at the same

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

Since
-vE
A (5)
= e
LS
then, D _ . l% (20)
(@]
Substitution of (20) into{13) and (19) yilelds
D
o _ 0
T T (21)
(0]
D
e _ o
e - U (22)

Therefore, both the stress and straln vary as the
inverse of the diameter ratio. MNacon (IA 51) solved the
problem or the propagation of slnusoidal sftress waves
through an expohential norn and found the gume varilation

of stress and strain.



APPEIDIX B

Stress Wave Propagcatlon in a lialr-Space with

an Inpulsive &(t) Load on a Circular Arca of the Surface

llutn and Cole (iiU 24) have analyzcd the problem of
a half-space witih 2 unit-sten function type of impulsive
load, u(t), distributed uniformly over a circular area
of the surface. The load 1s zero for t < O and of unit
amplitude (pounds per square inch) for t > O,

The results of their analysis arec snhown In Figure Bl.

Reginn I 1s stress free. Reglon II has a uniform unit

Region IV

\ N

B e

\\ Reglon III1
N /

i
|
.’
/

Teee - e

Flgure Bl. Stress Waves due to a Unit-Step Function
Inpulslive Loading
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wiplitude extencslonal ctress. Reglon III Lhics a dlla-
tational spherlcal stress whose amplitude varles approxi-
mately Inversely proportional to the spherlcal radilus.
Reglon IV contains both dllatational and shear stress.
Since we are not interested in shear stress waves, be-
cause tﬁe ADP crystal rcacts to normal stresses only,
we will not be interested in the distinction between
recions III and IV.

Reglon II 1s the interesting part of thce stress wave
propagatlon.  futh and Cole call this rcgion the "head'.
From the geometry of Fiource Bl, 1t 15 seen that the
diometer of thc "head" is always D, which 1s the same
as the applied load cdilancter. Therciore, a "hcad" of
uniform extensional strecs of the sanc dlometer and anp-
litude as the applied load penetrates into tue half-space.
The helght, h, of the "hcad" varies inversely proportional
to the penetration distance squared, Thercfore, the "head"
bccomes thin with any appreciable penetration dlstaonce.

Since the amplitude of the dilatatlonal stiress in
Reglon III-IV 1s approxinately inversely proportional to
The spherical radius, tie stresses in thls reglon becone
small with appreciable penctration distance.

Huth and Cole used a unit-step functlon type of im-
DPulsive load, u(t). iowever, the stress wove introcduced
into the end scection ol the specimen will Le very close to

the o(t) type of impulsive load.
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The following vrelotionshilp (A2 22) eiictic betuecn

&(t) and ul(t).

8(t) - uft) (1)

Since the impulsive load in the end section is the time
derivative of tlie Impulclilve load of Iluth ana Cole, then
the stress wave propagation in the end scction should be
the time derivative of tue stress wive propagation of lluth
and Cole., The question of the differcentliavillity of lluth
and Cole's sclution can be raised. Thils cuesclon will not
be answered analyiically. 7The agreement betiiecen experi-
mental results and thce taeoiwy wl1lll gscrve to estcblish
the valldity of this approach.

Neglecting the diffcrcnce betiieen Regions IXIT and
IV, it 1s seen that, during any small increment of time,
the only time varying paet of the stress wave propazation
of Huth and Cole occurs ut the "nead" and along the
spherical dilatation wuve front of Reglon IIT,

At any significant penetration cistance, the
strength of the spherical dilatation front 1s small.,
Therefore, as the front passes a point in the body, the
stress changes instantly from the zcro of Reglon I to
a owall value of Regisn III and remains constant. The
tine derivative of {he nessase of the spuerlcal dillatation

front throush a polnt corresponds to = wea: o(t) type of
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Inpulsive stress wave., This will be consldered to be
a second order cffect.

llow, congslder a point which s 1in the path of the
"head" as 1t penetrates into the body. The stress changes
instantly from the zcro of Reglon I to the unit amplitude
of the "head". The "head" 1s thin and, therefore, the
stress remains at unit emplitude for only the short
tine required for the "head"to pass by the point. Then
the stress drops to a small value in Region III and
renainsg constant. The time derivative of the passage of
the "head" throush a point 1s, therefore, a 8(t) type of
Impulsive stress weove. The amplituae of this stress wave
1s much larger than that of the wave acsoclated with
Region IIIfor any significant penetration distance.

Therefore, for & &(t) type of impulsive loading,
the stress wave propagation conslsts primarily of a largc
amplitude &(t) trpe of impulsive strcss wave, having the
same diameter as thc loud, travelling into the half-space

with a veloclty, v For brevity, this will be called the

d.
"5(t) head". Small amplitude &(t) type spherlcal wave

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

u}



APFEIDIX C

[}

List of Electronic Foulprient Uscd in this Investlcation

Reference Description of Equlipment

Code
A Low Frequency Function Generator, Model

2024, liewlett Packard Co., Palo Alto,Callf.

3 Pulse Gcnerator, Moael BY7, Lutherford Elec-
tronies Co., Culver City, talifornia.

c Unit Pulse Amplifier, Type No. 1219-4,
General Rradlo Co., Cambridge, Massachucsetts.

D Tuned /mplifier and Ilull Tetector, Type
12%2-A, General Radlo Co., Concord,
"assachusetts.

E Varliable Electronic IFilter, [odel 302,
Spencer-Kennedy Laboratories, Boston,
FHucsachusetts.

T Variable Electronic Fllter, ilodel 3081,
Spencer-Kennedy Laboratories, Inc.

G Tekxtronlix Oscilloscope, Type 532, Tek-
tronix Inc., Portland, Orcgon.

Gl Type 53/54D Plug-In Unit, Tektronix Inc.

G2 Type 53/5LE Plug-In Unilt, Tclktronilx Inc.

3! Oscillograph Record Camera, Type 2520,

Allen B, Du Mont Laboratories Inc.,
Clifton, N. J.

J Pulsed Osclllator, deslgned and assembled

for this project at lichigan State Univ-
erslty, See Section II G and Figure 1l.
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