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Ultrasonic Detection of Fatigue Damage

in Aircraft Carponents

Robert E. Green, Jr., and Robert B. Pond , Sr.
Mechanics and Materials Science Department

The Johns !i~pkins University
Baltimore, Maryland 21218

ABSTR~~P

The purpose of the present research being conducted under

AFC~ R Contract No. F44620-76-C-0081, is to extend and apply the ultra-

sonic techniques developed under AFOSR Contract No. F44620-7l-C-0062

to the detection of fatigue damage in test specimens which are made

fran materials and possess gecrnetries typical of actual aircraft

cx~~onents. Ultrasonic attenuation rreasur~nents made suiultaneously

with fatigue tests on alt~ninixn alloy bars gave warning of crack

formation and eminent fracture much earlier than conventional ultra-

sonic rnetl-cds. Similar tests are currently being run on aLzninun

alloys possessing geanetries typical of actual aircraft cx I1!~onents.

Analysis of acoustic emission measur~ nents made sirriu ltaneously with

the ultrasonic attenuation measur~-nents during fatigue testing have

run into difficulty because of the lack of a proper acoustic emission

characterization system which s’A uld permit o~timiin separation of the

defect created acoustic emission signals fran the background noise.
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Introduction

L~iring the past several years, under the sponsorship of the

Air Force Office of Scientific Research Contract No.. F44620-71--C-0062,

the current investigators have studied various metFods of detecting

the onset of fatigue damage in metals by use of ultrasonic techniques .

A systematic canparison between body wave reflection, surface wave

reflection, ultrasonic attenuation, and acoustic emission si-owed that

body wave reflection and surface wave reflection techniques are inferior

to ultrasonic attenuation and acoustic emission techniques for the early

detection of fatigue damage. This is because both reflection techniques

require that an appreciable fraction of the available ultrasonic energy

be reflected fran a crack of sufficient size and correct orientation in

order to be detected. To the contrary, both ultrasonic attenuation and

aca.istic emission can detect nov~nent of dislocations prior to micro-

crack formation .

Both ultrasonic attenuation and acoustic emission techniques

for the detection of fatigue damage ~ ploy fixed sensors and permit

cont uDus r~rote monitoring. Acoustic emission can detect crack

formation and movai~nt which is not directly in the normal sound field

of the sensor . Ultrasonic attenuation measurements can only detect

defects created within the sound field of the transducer. Acoustic

emission can only detect creation or growth of flaws in a material,

while ultrasonic attenuation can detect static flaws as well as dynamic

flaws. For this reason, acoustic emission must be monitored continuously

in order not to miss any defect creation or motion. Intermittent

,
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ultrasonic attenuation measur~~ents permit detection of defect creation

or rearrang~tent between measura~~nts . Acoustic emission is capable of

detecting dislocation breakaway fran pinning points. Ultrasonic attenua-

tion can detect vibration of dislocation loops between pinning points as

well as breakaway. Acoustic emission flaw detection systems of current

design normally operate in the frequency range fran 20 kHz to 1 MHz and

in this range background noise is intense . Filtering and special trans-

ducer arrang~~~nts coupled with logic circuits and airputers have

circunvented this problem in sate cases , but the noise problem remains a

major one. Ultrasonic attenuation systems normally operate in the

frequency range above 1 MHz where background noise is usually negligible.

The general waveform of an acoustic emission signal cannot be specified

and is extre~tely dif f icult to separate fran noise sources having the same

frequency distribution since both occur in a near randan fashion. The

waveform of an ultrasonic pulse is easily determined and it is a sinpie

matter to electrically separate the signal fran noise in the ultrasonic

attenuation technique even if the noise is of the sane frequency since

the ultrasonic signals occur at regular known intervals in time and noise

signals Arrive at irregular intervals .

Ultrasonic attenuation measur~ tents made simultaneously with

fatigue tests on alumintin specimens gave warning of crack initiation and

eminent fracture much earlier than conventional ultrasonic rretbods. This

was found to be true for metal bars which were initially defect free and

for metal. bars which initially axitair~ d induced latent defects . The

remarkable success of the ultrasonic attenuation netbod of detecting
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fatigue damage as developed in this program is clearly evident in the

previous publications (1-5).

Althot~ h the ultrasonic attenuation technique is superior to

the acoustic emission technique in many respects , one iirportant advantage

of the acoustic emission technique is the r~ rote sensing capability it

provides . Due to the potential offered by the acoustic emission technique

in this regard , work was initiated to determine if acoustic emission could

be successfully exploited as a fatigue monitoring technique . A detailed

survey of the acoustic emission literature revealed that aitbough several

previc*is investigators had monitored acoustic emission during fatigue

testing (6-18) , considerable additional work was required before acoustic

emission can be reliably used as a continucus monitor during fatigue

cycling to predict crack formation and fracture . The main problem

associated with fatigue failure prediction by acoustic emission monitoring

is the difficulty of separating the acoustic emission signals associated

with defect creation and nov~tent fran background noise. Since the

anplitude , frequency ontent, and propagatiorial characteristics associated

with elastic waves emitted fran various structural defects are unknown, it

is evidently clear that acoustic emission monitoring will not be optimally

suited for in-service fatigue damage detection unti l much more work is

cbne to elucidate the basic causes of the emissions th~~~elves as well as

the particular features of the emissions directly attributable to the

underlying defects .

~ e current practice for evaluating structural damage by acoustic

emission monitoring is to count the signals emitted during deformation of

the material and to plot the results as total counts or count rate as a 

——.--- __________
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function of sate i~easure of the deformation such as stress, strain , or
the number of fatigue cycles . A niirber of probl~~~ are associated with

this sinplistic approach including a lack of knowledge of the influence

of test specimen geatetry on the received signals , of the effect of the

medium coupling the ax~.zs tic emission transducer to the workpiece, and

the amplitude and frequency response of the transducer itself. !~~reover ,

the signals are normally passed through a filter , discriminator, and gate

circuit wherein an incx ining signal above a set threshold voltage will

produce a shaped output signal which is fed into a count rate or count

totalizer circuit. In order to make reliable asses~ tent of such data ,

it is normally assumed that all events producing acoustic emissions of

sufficient anplitude to be counted are equally damaging to the structure,

that all damaging events will produce acoustic emissions of sufficient

arrplittxie to be counted, and that each event will cause an acoustic

emission which will be counted only once and not overlap with other

signals . ‘lb make such assumptions is improper since there is more than

one type of event which can generate acoustic emission, sate of which

are damaging and sate not, and there is very little docutentation in the
literature which permits discrimination between different events by acoustic

emission techniques. A given high amplitude acoustic emission signal may

be produced by a single event Which causes damage to the structure or by
• the simultaneous occurrence of a number of small events which cause no

structural damage but whose net effect is to produce the large a xxistic
emission signal. A structurally damaging event may occur but the

emissions associated with it may be too weak , propagate away fran the
detecting transducer, or be of the wrong frequency to be detected . A

I
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single event may take place with several emissions of sufficient

~tplit~~e that the detector records several counts for one event or a

single event may be such that the direct signal and multiply reflected

signals arrive at the detecting transducer at different times thus

resulting again in multiple counts f ran a single event.

Slip , twinning, crack initiation, crack growth , and fracture are

all events which produce structural changes in various metals and alloys

including aluminum, titanium, and steel which are of primary importance

in aircraft construction. All of these events produce acoustic emissions,

and quite probably di f ferent acoustic emissions, since they have been well

doctirented to produce different structural alterations. r~t reover , in many

alloys subject to fatigue cycling , several of these deformation mechanisms

occur siin.iltaneously and hence several sources of acoustic emission are

simultaneously active . Therefore, it is extremely difficult if not im-

possible to assess the state of structural damage during fatigue testing

fran acxxistic emission data unless the specific emission characteristics

associated with each deformation-emission mechanism is individually

determined beforehand.

With this p.irpose in mind , a detailed study has been initiated

to determine the characteristics associated with various deformation

mechanisms in metal single crystals and polycrystalline aggregates .

E,perimants on twinning (19 ,20) sh~~~d that a correspondence exists

between the duration of the acoustic emission signal and the vohme of

twinned material as determined by cinematographic observation of the

generation and growth of twin bands . It was also found that the

direction of the stress, tensile or a~tpressive, induced in the body of

- - ___ -
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the crystal due to twinning can be determined fran the polarity of the

elastic wave emitted by the twin as detected by the transducer. This

last result points out an important prcl lem associated with acoustic

emission testing not noted by prior investigators. Since elastic

waves emitted by various defects can have different polarities depend-

ing on the type of internal stress which generates the waves, it is

possible for signal cancellation to occur at the detecting transducer.

Thus, if t~~ relatively large sources of acoustic emission generate

waves of opposite polarity Which arrive at the detecting transducer

simultaneously, the destructive superposition of these t~~ signals

s~~uld yield no net signal at the transducer, while the initiating events

themselves could conceivably play an inportant role in destroying the

structural integrity of the test piece. Z~ nittedly, it is highly

iznprcbable that airplete signal cancellation ~~uld occur in actual

practice, but partial cancellation and signal modification due to mutual

interference of simultaneously arrivinq acoustic emission signals is

highly prcbable.

Acoustic enission measurements trade on a series of lead-ti-n binary

alloys of different oinpositions during constant—strain-rate tensile

tests (20 ,21) showed that dif ferent alloy canpositions possessed different

microstructures which, in turu , caused different structure sensitive

acoustic emission signals . Inirediate reloading of a number of the test

specimens which had been previously loaded and unloaded showed that

although the acoustic emission activity was reduced on the second loading ,

emissions urnenced at the beginning of reloading at load levels much

lower than the maximum level reached on the first loading. These results
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gave direct experimental evidence against the often qixited “Kaiser

Effect. ” !4oreover, this ~~rk showed that for the alloys tested ,

chemical crinposition, micros tructure, ther mal histo ry , and ariount

of mechanical defor ma tion all affect the d served acoustic emission

to a marked degree .

The phenat~na of fracture of - fibers in cr~tposite materials ,

brittle fracture of ceramics , glass and other mat erials , and mechani cal

twin foi:mation are usua lly sufficiently gros s that simple macrosapic

inspection reveals the acoustic emission sources and the amplitudes

of the acoustic emission signals are sufficiently large so that the

signals can easily be detected above normal background noise levels .

}h~~ever , in other important practi cal cases , such as plastic deforma-

tion by slip and microerack formation during fatigue cycling of

ductile materials , a more sophisticated technique is required in order

to reveal the defect emitt ing the acoustic emission signals . tbreover,

since the amplitudes of the acoustic emission signals are much lower

than those associated with fracture and twinning , much greater ~np1ifica-

tion is required in orde r to detect the acoustic emission signals. This

increase in artpl ification necessitates either a corresponding decreas e

in the background noise sources including those associated with the

various crmiponents of the test system or a more sophisticated detection

system which can disting uish the acoustic emission signals in spite of

the poor signal to noise ratio.

I
,

- * — ___________________
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Resear ch Progress Simmary

The purpose of the present research being conducted under P~FOSR

ContraLt No. F44620-76-C-008l, is to extend and apply the ultrasonic

techniques developed under P~ )SR Contract No. F44620—7l-C-0062 to the

detection of fatigue damage in test specimens which are made frem

materials and possess gecinetries typical of actual aircraft crrrponents .

It has been well doctirented in the technical literature that the

two nondestructive testing techniques , acoustic emission and ultras onic

attenuation , are extr emely sensitive to the microstructural alterations

associated with the mechanical deformation of materials . Both

techniques have been extensively exploited in basic research experiments

concerned with obtaining information about the fundairental mechani~~s

causing plastic deformation , microcrack formation , crack growth , and

fracture and in applied technical investigations concerned with detec-

tion of defects causing failure in structura l materials . Theoretica l

treatments have also appeared iii which the observed experimental resu lts

for both acoustic emission and ultrasonic attenua t ion are attributed to

similar deformation nechani~ ns. Yet , despite the extensive investigation

and similarity in description of these rrechanistr~ , on ly one bri ef study

has previous ly erployed the two techniques simultaneously, and this was

restricted to copper single crystals (22 ) .

In order to cxxrpare the merits of acoustic emission monitoring

with ultrasonic attenuation monitoring as indicators of rnicrostructural

alterations during mechanical deformation of structurally iirç~wtant

materials , both acoustic emission and ultrasonic attenuation rreasuresents

I

— —--
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were made simultaneously dur ing tensile elongation of test specimens

made fmn 1100—H , 606l—T6 , 2024-’r3 , and 7075—T65l aluninun alloys

(23 , 24) . A photograph showing the experimental apparatus used in

making these measurciients is shown in Fig. 1. A paper based on these

tests is attached as Appendix A and a Mas ter ’s Essay which pre sents

the test method and results in more detail is attached as Appendix B.

C~ all specimens tested , the acoustic emission activi ty occurred pre-

dcininantly during the pr e-yield reg ion , while no perceptible change

in ultrasonic attenuation was detected prior to yield . Following yield ,

ultrasonic attenuation increased in sane tests and decreased in others .

Superimposed on these gross changes were local perturbations which were

sore pronounced for the high yield strength alloys and which were very

sensitive to alterations in heat trea thent . The results of this work

indicate that , for the aluninun alloys investigated , the deforma tion

nechanisrns causing acoustic emission activity and ultrasonic attenuation

changes are different and , therefore , simultaneous monitoring by both

techniques constitute a cxrnplimentary test method which yields more

information about the deformation mechanisms than either technique

alone .

In order to fully understand and the reby utilize the acoustic

emission phenanenon an additiona l series of tests was perfo rire d on a

series of 7075 aluminum alloys . Part of the motivation for selection

of this particular alloy was due to previous ly published opinions of

other investigators as to the orig in of the observed acoustic emissiOn

signals .
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• Figure 1. Expe r imental sv?tem for simultaneous rrt~asurernents of
• acoustic ~ 1i ~3sion and ultrasonic attenuation dur i nc

tensile elongation ~ f alui~in~ ii alloys . -Left :  acoustic imission signal processing and
recording

Cente r: tensile test and sensinc tr ansdu c~r~Ri ght : ultrasonic att enuation monitoring inJ r ~~ r~i i
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It should be noted that 7075 , and all othe r age -harden ing

aluninun alloys , are found to contain three types of particles :

(1) Iro n , copper, and silicon rich primary inclusions

ranging in size fran 0.1 to 10 urn in diameter .

(2) Chr anium, manganese , or zinc rich intermediate

particles ranging fran 0.05 to 0.5 pm in diameter ,

deliberately added to control recrystallization and

grain growth . -

(3 )  Precipitate particles rang ing f ran 0.01 to 0.5 pm in

diameter , which strengthen the matrix.

Aa~.istic emission monitoring of the test specimens was conducted

simultaneously with tensile deformation of the test specimens using

the experimental arrangement shown in Fig. 2. An examination was made

of the burst type of emission observed prior to macroscopic yield of

7075 aluminum alloys in the T6 heat-treated condition . The results of

these experiments indicated that in keeping with the “Kaiser Effect ” no

acoustic emission activity was cbserved upon inirediate reload ing of the

test specimen at load levels not in excess of those applied on the first

loading . Fk~~~ver , when the test specimen was allowed to sit at rcxir

t~ rperatu re for three days between first loading and reload ing , the

burst type emissions were once aqa in observed . This result appears to

contradict any explanation which att ributes the burst type emissions tc

particle crack ing .

An additional series of tests wen re~formed in which low level

acoustic emission activi ty was nonitnred hv re-t~~r dinq the tru .

I

S - - -  —
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root-Irean-square ~o1tage output fran the detection system . As received

material was found to behave in such a manner that this low level

activi ty peaked in the reg ion of 3 - 5% strain. A typical set of

test results is shown in Fig . 3. Burst type emission is evident prior

to and during yield with the low level emission rea ching a maximum at

4.5% strain . Overal l examination of the acoustic emission detected

during the deformation of 7075 - T651 aluminum suggests the possible

utilization of this type monitoring for dete cting the onset of plastic

deformation . This may be successfully accarplished by noting the sharp

decrease in burst type emission and the gradual increase of low level

activity.

In order to determine the role played by the precipitate particles

In the acoustic emission activi ty , simi lar tests were performed on

solution treated specimens . Marked differences were observed as shown

by the results of a typical test depicted in Fig . 4. Whereas a small

almost iinpereeptible peak in the low-level emission occurred near yield

in the as-received material (Fig . 3 ) ,  an extremely large sharp peak is

observed at yield in the solution-treated samples (Fi g. 4 ) .  In these

latter specimens , litt le burst type emission is observed . A peak in

the low—level emission is again observed at approximately 5 or 6% strain ,

but the maxist~im is not well defined . Additional elongation of the

solution-treated samples led to a region of discontinuous yielding with

corresponding fluctuations in the acoustic emiss ion behavior .

Since extensive rnetallographic observation indicated essentially

no difference between the rnicrostnicture of the as-received and
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solution-treated materials as regards particle types 1 and 2 , if

precipitates contribute appreciably to the observed aoous tic emission

they must be of type 3 and too small to be resolved optically.

Electron microscopic and niicroprobe ana lyzer experiments are

currently being conducted in order to detect these smaller particles

and to correlate their appearance with the acoustic emission signals .

In assessing the acoustic emission behavior of a material

detailed knowledge of the active deformation mechanisms is essent ial .

‘l\~~ards this end three microt ensile test machines were constructed to

permi t simultaneous dynamic optical microscopic observation of the

surface topography of tensile specimens and acoustic emission monitoring

during tensile elongation . The initial design was based on a hydraulic

device which was mounted on the specimen stage of a metallographic unit;

this device had been successfully used previously to make motion picture

records of slip line formation on the surface of metal crystals during

tensile deformation . H~~~ver , the fluid f lowing through various portions

of this device as ~~ll as the notion of several meta llic cx:*rpon ents

created such a high level of noise that the acoustic emission signals

fran the test specimen could not be discriminated . A second device was

designed and const ructed which used t~~ mechanically driven crossheads

to permit a~ stant elongation rate exper iments . Figure 5 shows this

device mounted on the stage of a metallographic unit in such a manner

that an instantaneous image of the surface of the test specimen may be

displayed on a television monitor during tensile elongation. Figure 6

shows a close-up view of the mechanical drive microtensile test device.
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In this instnm~ nt a variable speed electric motor-gear reduction

drive cxv~bin~tion, coupled to the tensile machine by two universal

joints and a solid shaft , was used to turn a single gear which meshed

with similar gears coupled to drive screws on eithe r side . This con-

figuration served to move the two crossheads equal amounts in opposite

directions and thus maintained any desired portion of the test specimen

in a fixed position with resp ect to the metal lograph optical system .

When this microtensile machine is mounted on the metal lograph specimen

stage, no force other than the weight of the microtensile tester is

applied to the metallographic unit, and the tester is unaffected by

the translational and focusing motions of the stage. This configuration

permitted continuous monitoring of any area within the gage length of

the test specimen by means of a closed circuit television camera

mounted at the side viewing part of the metallographic unit. A video—

type recorder was used to make permanent records of the entire deformation

process. This instn~nent was used to study the strain rate dependent

behavior of a lead-tin alloy deforired under normal and superplastic

conditions . This particular materi al was selected because tin generates

mechanical twins with associated large air~ 1itude stress waves during

deformation while lead deforn~ by slip processes which are very quiet.

Since these alloys are soluble in each other for all airipositions, tests

on these materials can serve as a calibration of acoustic emission

detection syst~ ns. Although the mechanica l screw drive microtensi le

test machine was sufficiently quiet so that large airplitude stress wave

emission associated with twin formation could be readily separated fran

I

_ - - - - - - -5 - - - -5-
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the background noise, a quieter device capable of superior isolation

of the test specimen fran the loadirtq system was needed in order to

satisfactorily detect the l~~~r ~~plitude acoustic emission signals

associated with slip processes .

A nu~ich quieter device was constructed in the form of the dead

weight microtensile test machine depicted in Figs . 7 and 8. The

base of this machine is fixed to a laboratory table . One of the

specimen grips is fastened to the base while the other grip is

attached to a noveable crosshead which slides on Teflon runners .

A flexible cable fastened to the noveable crosshead passes through

a bole in the machine base and over a pulley to a bucket into which

water can be made to flow at a variety of rates. In addition to use

of the Teflon runners , the transmission of acoustic energy from the

loading system to the specimen was further reduced by isolation of

the grip plates fran the crosshead by Teflon washers . The surface

deformation of the test specimen was -observed with a traveling micro—

sx~ e mounted on a track and isolated fran the testing machine by

thick rubber mounts. Unlike the previous systems where the micro-

tensile machines were mounted on a noveable microscope stage in order

to permit focusing and specimen translation , these operations are

performed by moving the microscope on its track for translational

motion and on its rack and pinion mount for focusing . ‘I~~ videotape

recorders were used with this niicrotensile machine; one was used to

record the television images as seen through the microscope, while

the other was used to record the acoustic emission signals . The two

- -
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videotapes were synchronized by putting a single signal into both audio

channels . Preliminary results indicate that this loading system is

relatively quiet in the frequency range of interest for acoustic

emission test ing, 50 kHz to 1 MHz, for a variety of specimen geaT~ tries

and materials , tin , co~~er , 707 5—’r6 al~inin~in , and alpha-brass , as

sbown in Fig. 9.

In order to optimally distinguish between the acoustic emission

signals generated by various structural defects and the signals caused

by extraneous noise sources such as mechanical vibrations , rubbing,

cavitation , and airbourne sounds , the acoustic emission signals must

be characterized in detail. This characterization must include

determination of the acoustic emission waveforms and frequency spectrum

~znodi fied by the detecting transducer or by a video tape recorder . An

acousti c emission characterization system which is opt imally suited for

this purpose has been designed and a prop osal has been subnit ted to AFOSR

in orde r to obtain sufficient funds for its purchase . The math cxrponent

of this system is a transient recorder which will permit recording of the

acoustic emission signals in real time in digita l form and storage on

magnetic tape . In turn , the magnetic tape record will serve as input to

-
~ 

- an existing PDP -ll a~npu te r for signal processing including fast Fourier

tra nsfor ms for spectral analysis. The saim~ transient recorder will be

used with an existing transducer calibration system in order to separate

the transduce r characteristics f ran the acoustic ~nission signals. Use
S

of this system eliminates usage of the conventiona l video tape recorder

which has limited bandwidth , clips negative signals more than positive 

- - — - 
- -
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ones , and requi res use of a gate in order to r~ rove signal artifacts

due to internally generated synchronization pulses and alternation of

the video recording heads .

In addi t ion to the above acoustic emission werk a paper has

been written in which a detailed critical cx~ parison has been made

between theoretical treats~nts of the acoustic emission mechanisn~
and actual experimental observations (25) . A stxtmary of this paper

which will be presented and published in full in the Proceedings of

the Ultrasonics International 1977 Conference to be held in Brighton,

England , in June 1977 is attached as Appendix C.

Durinq the past year numerous atterrpts were made to conduct

acoustic emission and ultrasonic attenuation measurements simultaneously

during fatigue testing of specimens which were made fran materials and

possessed gecr~ tries typical of actual aircraft oinconents . The purpose

of these measur~ i~~ ts is to determine the ranc~ of app licability of

acoustic emission and ultrasonic attenuation monitoring to actual air-

craft xi~~onents . Due to the excessive background noise caused by the

fatigue test machine, the acoustic emission monitor ing has been

ten~oraril y suspended until the o~~~onents necessary to construct the

acoustic emission characterization system described above have been

purchased and the system assembled and perfected . Fk~ ever , the ultra-

sonic attenuation measurements have continued. Figure 10 sha~s the

experimental system used to make these measur~~~nts .

A large body of previ ous werk (1-5 , 23 , 24) has sl~~ n that

ultrasonic attenuation measur~~ents provide a reliable indicator of
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atte nua tion during fati gue testing of aluminum alloys .
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early fatigue failure at approximately 60% of the specimens fatigue

life . The major portion of the prior ~ork was perf ra ted on test

specimens in the form of rectangular bars 1 in. wide , 12 in. long ,

and 1/2 in. thick . Extension of these earlier measurements to test

specimens which possess different geanetries has been accanplished

with good results. Many geanetries have been ultrasonically investi-

gated although only twe series of fatigue tests have been run due to

the necessity of constructing different grips for the fatigue machine

for each gea~~try tested .

The first series of soecimens tested were made fran 7075—T6

aluminum alloy sheet 1/16 in. thick and were 1-5/8 in. wide by 16 in.

long . Ultrasonic pulses were introduced into the specimens by means

of an Aerotech Garrina Series Transducer with an active area 1/2 in.

by 1 in. and a resonance frequency of 2.25 MHz . Initially this longi-

tudinal wave transducer was coupled to an Aerotech 450 S node conversion

block , which permitted a shear wave to be introduced into the specimen

at an angle of 45° . Difficulty was experienced using this conversion

block in that the arrplitude of the pulse reflected f ran the far end of

the test specimen was so low that only one echo was received . Careful

investiga tion and theoretica l analysis revealed that the design of the

mode conversion block was a major problem. The specimen contact area

of the node conversion block was much larger than necessary and this

caused a decrease in the arrp litude of the tran~ nitted and received

signals. The block was redesigned so that the contact area was

reduced by approximately one half. This resulted in a marked increase

in the arr ~ litude of the tr anmni t ted pulse such that it was five times

3i
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that observed previously . A phetograph of this redesi gned node

conversion block with tr ansducer attached and both in place on an

aluminum alloy sheet of actual test configuration is shown in

Fig. 11. The results from a typical fatigue test using this

experimental techni que is s~~~n in Fig. 12 , where the change in

ultrasonic attenuation is plotted as a function of the logarithm

of the ntzrber of fatigue cycles. Again the ultraso nic attenuation

measur~ rents gave early warning of fatig ue failure much before

conventional ultrasonic monitoring could detect an addit ional pulse

reflected fran a crack . These re~u1ts represent the first reported -

use of this technique to give early warning of fatigue failure of

metal sheets and a paper is being prepared to report these resu lts

in detail in a technical journal (26) .

Currently, tests are being run on 7075—T6 aluminum alloy

sheets 1/16 in. thi ck , 1-5/8 in. wide , and 16 in. long riveted in

four places to a plate 1/4 in. by 1-1/4 in. by 3-1/4 in. as sbown

in the pbotoqr aph of Fig . 13. Using the redesigned node conversion

block it is possth le to monitor reflected pulses from the rivets as

~~11 as from the far end of the sheet specimen . As these experiments

proceed successfull y,  it is planned to continue with additional

specimen configurations which simulate as closely as possible actual

airc raft cxxnpenents.

12
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Figure 13. Expe r imental arranqii~nt for ne ~in aluminum
alloy sheet riveted to an aluminun ~l1~1t~~.
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SIMU LTANEOUS ACOUSTIC EMISSION AND ULTRASONIC
ATTENUATION MONITORING OF THE

ME CHAN ICAL DEFORMATION OF ALUM INUM

John C. Duke , Jr., and Robert E. Green , Jr.
Department of Mechanics and Materials Science

The Johns Hopkins University
Balt imore, Maryland 21218

INTRODUCT ION

It has been well documented in the scientific literature
that the two non—destructive testing techniques , acous tic
emission and ultrasonic attenuation , are extreme ly sensitiv e
to the microstructural alterations associated with the me-
chanical deformation of materials. Both techniques have been
extens ive ly exp loi ted in basic r esear ch experiments concerned
with obtaining information about the fundamental mechanisms
causing plastic deformation , microcrack formation , crack
growth , and fracture and in app lied technical investigations
concerned with detection of defects causing failure in
structural materials. Theoretical treatments have also
appeared in which the observed experimental results for both
acoustic emission and ultrasonic attenuation are attributed
to similar deformation mechanisms . Yet , despite the exten-
sive investigat ion and similari ty in description of the
fundamental mechanisms acting, only one brief study has
previously emp loyed the two techniques simultaneously (1).
Effor t has been devoted here to comparing the results ob-
tained utilizing these two methods in light of earlier
findings . Such a comparison yields more information about
the mechanisms responsible for the mechanical deformation of
metals than is obtained by either technique alone. In
addi tion, previousl y unreported details of the behavior ,
evident from examining the information from the two techniques
individually, are discussed (2).

The work has been limited to polycry stalline aggregates4 of aluminum alloys because of the technological importance of
such face centered cubic materials and because these materials
have played an important role in previous investi gations

a
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where either ultrasoni c attenuation or acoustic emission
monitoring was used.

EXPERIMENTAL PROCEDURE

One inch diameter rod stock of various aluminum alloys
(1100 H , 6061 T6 , 2024 T3 , 7075 T651) was machined to have a
reduced gauge section in a “dog bone” configuration. Gauge
sections of 5.08 and 16.16 cm in length and dIameters 1.27
and 1.02 cm were used. The end faces were machined flat and
parallel. In general , the specimens were given no further
preparation since the examination of commercial prod ucts was
the primary interest.

All of the specimens were
subjected to uniaxial tensile
loading by an Instron testing
machine . In these studies 

_____ _____

crosshead rates of 0.05 and
0.02 cm/win were used . In
order to couple the grips to
the load cell different couplers
were employed to assure that no
flexure of the specimen occurred
during deformation , since this _____ _____

would cause spurious ultrasonics
results. The grips , Fig . 1,
which were specifically designed
for this study , provided easy
access to either end of the
specimen for transducer place-
ment , unif orm uniaxial app lication 

_____ _____

of the load , and reasonable _____

acous t ic isola tion from the
loading machine . No influence
of the mechanical or e lec trical
operation of the Instron on
either the ultrasonic attenuation
or acoustic emission monitoring Fig . 1. Grip Configuration
was encountered .

Continuous ultrasonic attenuation measurement s were made
using a Matec Model 6600 Pulse Modulator and Receiver coupled
with a Matec Model 2407A Attenuation Recorder. By subtracting
the initial attenuation value and dividing by the instantaneous
specimen leng th , the change in attenuation per unit length
(dB/cm ) was obtained. In conjunction with this monitoring

I



system a 0.5 in (1.27 cm) diameter Aerotech tO MHz Gamma
transducer was operated In the pulse—echo mode at a repetition
rate of 200 per second . The transducer was directly coup led
to th~ upper specimen face with nonaqueou s stopcock grea se.
A 3 Kg weight was used to supply a constant load to the trans-
ducer , while a specia lly designed spacing ring was used to
assure central positioning, avoiding excessive reflections of
the pulse from the lateral surfaces . Care was taken to insure
tha t the amplitude of the ultrasonic driving pulse was well
below that necessary to excite the acoustic emission sensor.
The acoustic emission system used in the present study con-
sisted of a one inch diameter 100 kllz Panametrics Model 5070
resonant sensor coup led directly to the lower end of the
specimen with nonaqueous stopcock grease and held in p lace
by a spring. The signal from the transducer was amplified
and band pass filtered from 10 kHz to 300 kRz by a Tektronix
1A7A High Gain Amplifier. Further filtering by a Kronhite
Model 3202 Filte r from 80 kl-Iz to 120 kHz occurred before the
signal was counted by a Monsanto Model 112A Counter. In
these studies threshold counting and rate counting were both

~~p loyed in order to best discern the acoustic emission
behav ior.

RESULTS AND DISCUSSION

Load , ultrasonic attenuation , and acous tic emission were
monitored as a function of extension for the four aluminum
alloys. A typical grap h of the ex perimen tal resul ts is shown
in Fig . 2. For all alloys tested it was found that the
acoustic emissions occurred predominantly during the pre—
yield region of the deformation. In fact , in most cases ,
almost no acoustic emission was de tected after yield . The
ultrasonic attenuation , however , was found to exhibit an
opposi te behaviour , in that the change in attenuation per
unit length prior to yield was essentially imperceptible.
Upon yielding the change In attenuation Increased in some
tests and decreased in others . In addition , a local per tu rba-
tion In attenuation change as a function of elongation was
observed , which was most predominant in the alloys with high
yield strengths , 2024 T3 and 7075 T651. In order to study
these perturbations more fully , and to discern whether or not
there was any corresponding activity associated with the
acoustic emission a series of tests was performed on 7075 T651
specimens. During these tests a major part of the effort was
devoted to making certain that the perturbations were only
the result of the mechanical deformation of the test material

~Ic
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Fig . 2. Typical Plot: 6061 T6 Al. Crosshead Speed
0.05 cm/mm , Acc umulated Acoustic Emission Counts
for 15 sec Intervals Monitored at 80 dB Gain

and not some artifact Introduced by the testing system . In
this series of tests the specimen size and heat treatment
were varied as well as the gripp ing arrangement and elonga-
tion rate. In every test the local perturbations were
observed , with the most significant changes in behaviour
occurring In those specimens which had been heat treated .
Two particularly significant findings arose out of this
series of experiments. First , during the testing of a
specimen which had received a T6 heat treatment at a gain
increased to 85 dB lower level emissions , of about the same
amplitude level as that associated with the background , were
detected. The rate of emission exhibited a maximum around
3% strain , al though the previously pronounced emissions
observed before yield were indistinguishable from the other
emissions at this gain setting . The second significant
finding was observed with another 7075 T651 specimen which
was subjected to repeated loading and unloading to 393MPa;
emission was agai n mon itor ed a t 80 dB gain. During the first
load ing the characteristic pre—y leld emission occurred but on
immediate reloading and upon reloading after 72 hours no
emission was observed . However , on loading after allowing

I?’
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the specimen to recover for 80 hours at 130°F, acoustic emission
activity similar to that observed during the first loading was
observed .

CONCLUSIONS

During tensile elongat ion of 1100H , 6061 T6 , 2024 T3, and
7075 T651 aluminum alloys , the acoustic emission activity
occurred predominantly during the pre—yield region. On the
other hand , no perceptible change in ultrasonic attenuation
was de tected prior to yield. Following yield , ultrasonic
attenuation increased in some tests and decreased In others .
Superimposed on these gross changes were local perturbations
which were more pronounced for the high yield strength alloys
and which were very sensitive to alterations in heat treatment.
The results of the present work indicate that for the aluminum
alloys investigated the deformation mechanisms causing acoustic
emission activity and ultrasonic attenuation changes are
different and , ther efore , simultaneous monitoring by both
techniques constitute a complimentary test method which yields
more information about the deformation mechanisms than either
technique alone .
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ABSTRACT

Ul trasonic attenuation and acoustic emission monitoring have

been shown to be ex t remel y sensi tive to the mechanical deformation

of metals.  Theoretical t reatments  have also appeared in which both

phenomena are a ttributed to similar deformation mechanisms .

Resul ts are reported here of tests in which ultrasonic atten-

ua tion and acoustic emissions have been monitored simultaneously

during tensile deform a t ion of several ~lutni num alloys , llOOH ,

6061 T6 , 2024 T3 , 7075 T651. The res ults obtained are compared , in

ligh t of earlier findings , in order to further elucidate the funda-

men tal mechanisms involved in the mechanical deformation process.

Addi tional , previously unrepor ted details of the behavior , eviden t

from observing the information from the two techniques individuall y,

are discussed.

From the work reported here it has been concluded that:

(1) Acous tic emissions above the back ground level oc cur

almos t exclusive ly before  y ield in llOOH , 6061 T6 , 2024 T3

and 7075 T6S1 aluminum alloys .

(2) Acous tic emissions before y ield are recoverable and

differen t in nature from those lower in intensity

occurring aft er y ield in 7075 aluminum alloys .

(3) MonI toring of acoustic emissions of levels comparable to

back g round reveals a miximu in in such activit y around

3% st rain .

_________________ __________________
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(4) Ultrasonic attenuation changes were observed to occur

after y ield in 1100M , 6061 T6 , 2024 T3 and 7075 T651.

The regions of most rap id change were just after y ie ld

and at the beginning of load drop .

(5) Local variations in attenuation of as much as an order of

magnitude with an Increase in length of less than 0.01 cm

were seen to be superimposed on the average attenuation

changes in all of the alloys tested . The fluctuations

were most pronounced in the higher strength alloys and

were sensitive to elongation rate.

_________ 
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INTRODUCTION

Materials and the study of their physical properties have

fascinated mankind for thousands of years . Throughout history the

methods of investigation have changed and improvements have been

made in sensitivity so that at present it is possible to examine

in detail nearly every aspect of the mechanical deformation of

materials. Two techni ques which have been shown to be particularly

sensitive to microstructural alterations associated with deformation

are Ultrasonic Attenuation(l ) and Acoustic Emission Moni t oring(2) .

Ultrasonic Attenuation

Listening to the sound fade out from a bell that has been

struck might cause one to wonder as to the reason for this loss .f

energy . A similar attenuation in energy is also observed at higher ,

inaudible frequencies.

Various mechanisms can contribute to the energy loss experi-

enced by ultrasonic stress waves propagating in metals. Among

these are thermoelastic or heating effects , grain boundary

scattering, stress induced ordering, electronic damping , acoustic

diffraction , dislocation damping, ferroelectric and ferromagnetic

— 
domain damping, and scattering by point defects. However , the only

loss mechanism which is markedly altered by me chanical deformation

is dislocation damping . This mechanism has been considered from a

variety of viewpoints , theoretical and experimental.

I 
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The possible relationshi p of dislocations to damp ing losses in

metals was o’i ginaily suggested b y Read in 1937(3). Koehler(4) later

proposed and developed the idea that a dislocation line segment might

vibrate under the influence of an alternating stress field , analogous

to a vibrating string . Soon after , Granato and L~cke (5) framed in

further detail this “vibrating string ” model. Additional ideas have

been proposed by Nowick(6), Weertman (7) and others , howeve r , the

model of Granato and L~i
’cke remains most widely accepted and in closest

agreement with the results of experiments.

Althoug h studies have been made in various materials in an effort

to establish a theory, we shall be concerned only with those which

relate ultrasonic attenuation to the mechanical deformation of alumi-

num alloys because of their face centered cubic structure , widespread

practical application and role in previous investigations where either

ultrasonic attenuation or acoustic emission monitorin g was used .

In 1956 Hikata et al.(8) reported that in 2S and ilS Aluminum ,

the attenuation of a 5 MHz ultrasonic wave as a function of strain

resembled the load versus strain behavior; strains of less than 1.5% ,

only, were considered . Based on several studies in 2S aluminum

employing 5 and 10 MHz ultrasonic waves , Truell and Hikata(9 ,lO) in

1957 , indicated that attenuation was nonlinear and nonreversible

when the load was a linear function of strain. Furthermore , the
I

ultrasonic attenuation during plastic deformation was in agreement

with the predictions of dislocation damping theories.

- - - 
- - - - - - — 
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Holwech(ll) found in 1960 that in high purity aluminum the

ultrasonic attenuation is independent of frequency over the range

2.5 to 12 MHz. Following this , considerable work involving aluminum

single crystals was done to examine more fundamentally the ultrasonic

attenuation in terms of dislocation motion .

Increases in attenuation in the 10 to 13 MHz range , prior to

yield in tension of aluminum single crystals , were seen by Hikata

et al.(l2) in 1962 . In addition they indicated that attenuation

changes due to p lastic deformation (less than 1.5% strain) were

sensitive to crystallograp hic orientation . Swanson and Green (l3) ,

early in 1964, measured the ultrasonic attenuation of 10 MHz waves

in aluminum single crystals up to 6% strain. Their results in com-

pression were in good agreement with those In tension of early

workers. Examining the attenuation of both quasishear modes in

crystals oriented for single slip caused Sachse and Green (14) to

suggest that dislocation motion occurs on additional sli p systems

besides the primary one . In further studies on aluminum single

crystals Sachse and Green(l5) investi gated the effects of strain

rates rang ing from 2 x l O S  sec 1- to 20 sec~~~~. The attenuation data

exhibited marked strain rate effects in comparison with conventional

stress strain curves. Sachse and Hsu (16) expanded on this work ,

considering in more detail this “memory e f f e c t . ” Vincent et al.(l7)

in 1974 carried these investigations a step further , associating this

“memory effect ” with the interaction of point defects and dislocations .

I-
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From these studies it is clear that ultrasonic attenuation is

extremely sensitive to elastic and plastic deformation. This

yields promise that through a greater understanding of the

mechanisms associated with ultrasonic attenuation , a more comp lete

knowled ge of the fundamental nature of mechanical deformation might

be obtained.

Acoustic Emission

Anyone who has broken anything is aware that certain materials

when fractured emit sounds. Howeve r , the fact tha t this is true for

less severe deformation of materials and , in particular for metals ,

has until recently been unknown . An exception to this is “tin cry”

noise , characteristic of metal undergoing twin deformation . Not

surprising then is the knowled ge that the sounds which metals do

Indeed emit , when deformed , are of extremely small intensity and of

frequencies outside the audible range .

Acoustic emission in metals has been attributed to several

causes: twin formation , slip , raicrocracking , microvoid formation ,

the break away of p iled up dislocations , cr ack growth and propagation ,

and phase transformations . Most of these are directly related to the

mechanical deformation of metals and may be described in term s of

dislocation dynamics. Experimental and theoretical studies have

been performed in order to better understand the basic mechanisms

which are responsible for the emission .

- -  ~~~~~~~~~~~~~~~~~~~~~
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Several individuals have attempted to develop theories based

on dislocation processes which would add insight into the mechanisms

causing the acoustic emission(18 ,19,20). The most severe critique

of these attempts has been given by Gillis(2l) : “The ‘theory of

acoustic emission ’ referred to in the title is almost nonexistent

in the sense of quantified mathematical statements that describe a

particular circumstance .” It is the author ’s opinion that though the

efforts thus far are not as bad as Gillis describes , they are for

the most part in need of definitive experimental results on which

to build .

Even if one restricts attention to investigations involving

acoustic emission in aluminum alloys , a reasonable historical

development of the understanding of this phenomenon may be seen .

In 1953 Kaiser(22) reported extensive investigations on

aluminum and other materials in which he monitored the stress , or

acoustic wave s generated by materials undergoing mechanical

deformation . He concluded that the emissions were intimately

related to the deformation , but were irreversible in nature , being

to a large degree absent upon reloading of the samp les . This dis-

tinctive lack of emission on reloading , until the previous maximum

load level is surpassed whereupon acoustic emission activity resumes ,

has become known as the “Kaiser effect. ” The potential of this

study was eventually realized and many others began to actively

pursue investigations in this area. Among the earl y work was that

of Schofield(23) in the early 1960 ’s. He reported two distinct
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types of acoustic emission from aluminum , burst or individual

emission and continuous or nearly simultaneous occurrence of

many emissions. Tatro and Liptai (24 , 25) examined the influence

of load and surface removal on acoustic emission behavior of

aluminum copper alloys . They observed emission near yield and

a marked effect of the surface conditions on the emissions .

Schofield(26) continuing his work , reported in 1963 , that the

break away of dislocation p ileups seemed to be the primary source

of the emissions observed. Acoustic emission activity well before

yield of 7076—T6 aluminum was seen by Dunegan et a l (27)  in 1968.

Fur ther investigations in 7075—T6 aluminum by Engle and Dunegan (28)

suggested a correlation between emission rate and the mobile dis-

location density. Sankar et al(29) noticed that in aluminum alloys

displaying an appreciable Bauschinger effect the Kaiser effect was

absent. Interestingly , Hartman(30), early in 1974 , gave evidence

that acoustic emission activity occurred most frequently at strain

hardening transitions in fully annealed 1100 aluminum . At the same

time Ham atad and Mukhujee (31) considered the strain rate dependence
1

of 7075—T6 aluminum over the range 0.015 min~~ go 0.230 rain - They

found that the rate of acoustic emission increased almost linearly

with strain rate and peaked at about 3.5% strain at any one strain

rate . In 1975 Batano(32) reported that acoustic emission in

aluminum single crystals was effected by an increase in the number

of dislocations . Ono and Ucis ik(33) examined several alum inum

alloys and found their overall acoustic emission behavior to be
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similar.  About the same time Graha m (34) indicated that  the burst

type emission observed prior to yield in aluminum alloys was re—

lateci to the f rac ture  of intermetall ic  inclusions.  Furthe rmore ,

the ductile rupture of the aluminum matrix appeared to produce no

detectable acoustic emission . At present much effort is still

being spen t in order to categorize and explain the acoustic

emission of materials undergoing mechanical deformation.

Ultrasonic attenuation and acoustic emission monitoring have

been extensively exploited in basic research experiments concerned

with obtaining information about the microstru ctural changes causing

p lastic deformation , microcrack formation , crack growth , and

fracture and in app lied technical investigations concerned with

detection of defects causing failure in structural materials.

Theoretical treatments have also appeared in which observed experi-

mental results from both techni ques are attributed to similar

deformation mechanisms . Yet , only one brief study(35) previousl y

has employed the two techni ques simultaneously .

Effort has been devoted here to comparing the results obtained

utilizing these two methods , in light of earlier findings , in an

endeavor to further elucidate the fundamental mechanisms involved

in the inechani~a1 deformation process. In addition , pre ”!ously

unreported details of the behav i~ r , evijent from obser~r Lg the

Info rmation from the two tec l~tii qu ~s ind iv~Jua il y , ~r’~ liscussed.

_ ‘ _  - ‘ —%P~ ~~~-
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EXPERINENT&L CONSIDERAT IONS

Due to the extreme sensitivity of the two testing techniques

used in this study caution was necessary to avoid introducing

spurious effects. Several areas received special attention .

Ultrasonic Attenuation Monitoring

Fundamental to the application of the “pulse echo technique ”

to ultrasonic attenuation studies was the initial realization by

H unt ington (36), Mason and McSkim in (37) and R ot h(38) that it wa s

possible to generate a short ultrasonic pulse in a specimen in

the megacycle frequency range . Extensive use has been made of the

pulse echo technique in both basic research and Industrial app lica-

tions and was the method employed in the work reported here .

A transducer with a piezoelectric element whose crys tallo-

graphic orientation determines the type of wave transmitted ,

longitudInal or shear , is used as both pulser and receiver. The

transducer generates a pulse in the specimen which travels through

the material and is reflected from the opposite face . This

reflected pulse travels back through the specimen where a negligible

amount of the energy from the pulse may be converted into electrical

energy by the transducer , in the receiving mode , and disp layed on an

oscilloscope . Successive reflections or echoes of the same pulse

may be displayed and compared making apparent the attenuated ampli-

tude of the pulse . The early investi gators using the pulse—echo

ultrasonic techni que encountered numerous problems and by reference

_____ - —a—---— —.- 
-- - -
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t~ their repor ts(37 ,39) similar difficulties may be avoided .

In employing this method It is Imperative that the surfaces of

the specimen be flat and parallel , thus avoiding wed ge effects.

If the specimen is to be deformed care must be exercised to assure

that these conditions are maintained throughout the deformation.

Furthermore , it is necessary to realize that in polycrys ta l l ine

materia ls scattering due to the grains , inc lusions and absorbing

mecha nisms present  prior  to deformat ion hel p d i c t a t e  the f requency

of ultrasound used . This is because attenuation may initially be

so great that no echo pat tern  may be observed at certain frequen-

cies. To assure understanding, it should be pointed out that the

scat ter ing due to the grain s t ruc tu re  is the result of a variety

of factors. Not only are there reflections and mode conversions

because of the difference in crystallograp hic or ienta t ion  at the

grain boundaries but the direction of the energy flux vector

associated with the propagating stress wave depends on the parti-

cular elastic moduli of the material. The elastic behavior in

turn Is a function of the grain ’s crystallographic orientation

and is different for different grains(40). Through proper

selec t ion of frequency these problems may be minimized .

Coincident  with these res t r ic t ions  on f requency , imposed by

the material , are those required by geometry. Emp irically it has

been shown that the diameter of the specimen must be severa l wave—

lengths in size in order that excessive mode conversion not occur .

Overall specimen size is also a limitation in view of the fact that

I
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absolute attenuation increases with distance due to the factors

previously discussed.

Whereas the preceding restrictions are imposed by the material

and its geometry there are those which are related only to the

equipment. The p iezoelectric transducer , though the smallest

component in the system , is the object of greatest consternation .

This is due in part to the variability encountered in coupling the

transducer to the specimen . Several methods are used: epoxying

of the element directly Co the specime n , spring loading of the

transducer to the specimen (intermediate in this arrangement is

an impedance matching liquid couplant) or submersion of the

specimen in a liquid bath . However , the reproducibility attainable

in each case is poor considered in terms of the sensitivity of the

overall measurement , with the previously mentioned wedging effects

a constant annoyance here as well. The transducer , in addition ,

should empirically be several wavelengths across in order to

generate a clean pulse . Work has been progressing on development

of a transducer which avoids these problems as it need not be in

contact in order to operate , e.g. Kawashima and McClung(4 1).

• Nevertheles s , an absolute measurement of attenuation is difficult

and is avoided in this work by considering only changes in attenua—

tion .

A restriction due to the system is the pulse repetition rate.

This, along with the electronics of any “continuou8 ” monitoring

equipment used , determines the responsiveness of the system . Since

- -



_ _ _

11

no equipment responds immediately, each system averages the

a t t enua t ion over some small t ime in terval ;  a fact which must

be kept in mind when evaluating the measurements.  Instantaneous

attenuation measurements are possible by photograp hing individual

echo patterns , however , this is painstaking and discontinuous .

Bearing these restrictions and difficulties in mind , as long

as care is exercised , the full sensitivity of this techni que may

be realized.

Acoustic Emission Monitoring

Instrumental to Kaiser ’s discovery of acoustic emission was

the detection system he used . Since then a variety of systems

h.r.e been emp loyed , however , incorporated in each are several

basic features. These include a piezoelectric sensor coup led to

the material , from which any signals are then amplified , filtered

and anal yzed . The specifics of the system to a large extent de-

pends on the individual experimenter ’s intuitive comprehension of

the mechanisms causing the emission in the material under study.

Still , unlike ultrasonic techni ques which are active in their

investigation , acoustic emission monitoring is passive and inde-

pendent for the most part of the specimen geometry and material

with regard to sensitivity. However , the sensitivity Is cruciall y

dependent on several other factors. Depending on the load ing system

and laboratory environment considerable unwanted background noise may

be detected . Fortunately, the specimen can be well isolated by

modifLd gripp ing arrangements from the loading system , which , in

____________ — — • -. _
~~~~~~ •w,_ -
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turn , may be adapted to provide quiet loading . Some investigators

assume tha t original stressing of the loading and gripping system

to a level above the operating range will , because of the Kaiser

effect , insure quiet subsequent operation . Yet , as was suggested

by Duke and Kline(42) and later demonstrated by Kline(43) acoustic

emissivity may be restored due to recovery at room temperature ,

thus making this previous assumption at times erroneous . For

research purposes the aforementioned changes are feasible , but

they are in general unreasonable in most field applications .

Alternative measures which are possible because of the nature of

the frequency of the acoustic emission involve selective filtering

to eliminate both background and loading machine noise . With these

obvious interferences removed the sensitivity is limited only by

the electronic noise which is dependent on bandwidth and amplifica-

tion of the system. Intimately related to the bandwidth and system

gain select on is the choice of piezoelectric sensing transducer.

Difficult ies in coupling of the transducer to the specimen similar

to those encountered with ultrasonic techniques are prevalent.

Again , lack of reproducibility is a major problem , since at present

no standard method for generating acoustic emission signals exists

to even allow for comparison . This fact also makes absolute system

gain standardization from test to test difficult. As a result of

the absence of an artificial emission source no standard method for

transducer calibration is universally accepted and utilized by

manufacturers and researchers . A method deve loped at the National

I

— - -
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Bureau of Standards by Brecken rid ge et ai (44) seems to offer

promise for partiall y filling this void. Palme r and Green(45)

at the Johns Hop kins University, however , arc progressing on an

innovative technique which , thoug h in the very early stages of

development , should allow for absolute calibration. It will

allow for extreme ly sensitive contactless detection by making

use of an interferometric optical arrangement.

Certain limits are placed on the overall sensitivity by the

electronic components such as filter rolloff and attenuation ,

amplifier dc level drift and the overall system s dynamic range .

These problems are peculiar to individual instruments and shall

not be elaborated on here . However , considering the constant ly

advancing electronics field , improvements can be expected .

Nevertheless , with the fruition of these advances still in

the future , by paying heed to the aforementioned difficulties ,

good m~~surements may still be made .
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EXPERIMENTAL PROCEDURE

Specimen Preparation

One inch diameter rod stock of various commercial aluminum alloys

(1100 H , 5061 T6 , 2024 T3 , 7075 T651) was machined to have a reduced

gauge section in a “dog bone ” config uration . Several different

specimen sizes were employed and are listed in Table I which refers

to Fig . 1.

TABLE I

Type 1 Type 2 Type 3

a 0.625 in.(l.59 cm) 0.625 in.(l.59 cm) 1.0 In.( 2.54 cm)

b 2.0 in. (5.08 cm) 2.0 in .(5.08 cm) 4.0 in. (10.16 cm)

c O.b25 in.(l.59 cm) 0.625 in. (1.59 cm) 0.625 in. ( 1.59 cm)

d 0.5 In.(1.27 cm) 0.4 in.(l.02 cm) 0.4 in.( 1.02 cm)

e 3.25 in.(8.26 c~~ 3.25 in .(8.26 cm) 5.625 in.(14.29 cm)

For specimens of all three types the shoulder was machined to have a

small 0.094 in~ (0.24 cm) radius in order to avoid excessive stress

concentration in these areas while loading . The end faces were

machined flat and parallel.

Testing of a few specimens which had been annealed served to

provide the preliminary organizational procedure necessary due to the

number of simultaneous measurements which had to be made . Aside from
4

these specimens only two others were thermally treated. A type 3

specimen of 7075 T65l was given a T6 treatment (46) in order to judge
S

the effect , if any, of small variations in therma l history . Etching

fot 30 seconds in Keller ’s reagent(47) was sufficient to remove the

I

.., T . . . .- .. - 
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oxide formed during the treatment. To insure smoothness of the end

faces they were polished on No. 600 grit paper. A second 7075 T651

type 3 specimen (Test C4), was p laced in a furnace at 130°F (55 °C)

for 80 hours. Prior to this treatment the specimen had been loaded

and unloaded twice to 3250 Kg, then allowed to recover at room

temperature 72 hours and reloaded to 3250 Kg. In an effort to

accelerate recovery the temperature of 130°F, half of the precipita-

tion heat treatment temperature of 7075 T651, was chosen ; the time

span was arbitrarily selected . The other specimens were subjected

to no fur ther preparation since the examination of commercial products

was the primary interest .

Loading System

All of the specimens were subjected to uniaxia l tensile loading

by a Floor Model Instron Type TT—CM testing machine . Being a “hard ”

machine the Instron nominally extends specimens at a selectable ,

cons tan t elongation rate. In these studies rates of 0.05 cm/mm and

0.2 cm/mm were used . However , due to elastic comp liances in the

load cell monitoring unit , the gri ps , and other parts of the system ,p.
the actual extension of the specimen differs from that p lotted by

the Instron recording unit. These contributions can be determined

by directly loading the system without the specimen and then subtract—

ing the extension , which is a function of load , from the load ver8us

extension p lot obtained when the specime n is deformed . Furthermore ,

because of this elastic loading and the constant elongation , sudden
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specimen yielding is manifested as a load drop. The load cell , Inst ron

Model FM Tensile—Compression , operated in the least sensitive , maximum

~u p a c i t y  5000 Kg range was cor re la ted  to a cli p gauge response to

determine the adequacy of its sensitivity . Examination of the results

indicated that  the Ins t ron  load recording system was adequate  for  the

elongation rates used.

In order to coup le the grips to the load cell an universal ,

flexible coupler or rigid coupler was used; the crosshead coup ler

was ri gid in eve ry t es t .  The d i f f e r e n t  couplers we re emp loyed to

assure tha t no flexure of the specimen occurred during defo rmation ,

since this would cause spurious ultrasonic results.

It was necessary for the gri ps to be compatible with both

coup lers . This posed no real difficulty since the couplers were

similar and the grips , Fig. 2 , were specificall y designed for this

study . The major desi gn criteria were that easy access be provided

at either end of the specimen for transducer placement , uniform

uniaxial application of the load and reasonable acoustic isolation

from the loading machine. A cage—like desi gn of two 0.75 In (1.91 cm)

thick plates , one of which was slotted to accept the specimen ,

connected by four 0.75 in (1.91 cm) diameter rods of steel was chosen .

A split steel collar was used to accurately align the specimen as well

as distribute the load . Teflon washers were placed under the main

load supporting shafts to  provide acoustic isolation , however , due to

the band pass filtering employed they proved to be inconsequential.

I
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The actual  loadi ng procedure was that  characteris t ic  of any

Instron machine . A minimal preload of 20 Kg was used to assure

all slack was taken up, avoiding realignment of the specimen and

the noise associated with such movement. No influence of the

mechanical or electrical operation of the Instron on either the

ultrasonic attenuation or acoustic emission monitoring was

encountered .

Ultrasonic Attenuation Monitoring System

Cont inuous ultrasonic attenuation measurements were made by a

Matec Model 6600 Pulse Modulator and Receiver coupled with a Matec

Model 2407A Attenuation Recorder , Fig. 3. This system allows two

echoes to be selectively gated f or comparison by a logarithmic volt

meter. The first and second longitudinal wave echoes were used in

this study. Two and a half seconds was approximately the overall

system response time . System design features are provided for re-

corder offsets , making possible the use of a sensitivity selection

limited only by the magnitude of the attenuation change encountered

during a test. The attenuation recorder plots only the attenuation ,

as it varies in t ime , observed in the two selected echoes. By

subtracting out the initial attenuation value and dividing by the

Instantaneous specimen length , as determined from the load extension

data , the change in attenuation per unit length (dB/cm) is obtained .

In conjunction with this monitoring system a 0.5 in (1.27 cm)

diameter Aerotech 10 M1-Iz Gamma transducer was operated in the

pulse—echo mode at a repetition rate of 200 t imes a second . The

_______________ •
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transducer was directly coupled to the upper specimen face, Fig. 2,

with nonaqueous stopcock grease. A 3 Kg weight was used to supply

a constant load to the transducer. A specially designed spacing

ring was used to assure central positioning of it , avoiding ex-

cessive reflections of the pulse from the lateral surfaces. Care

was taken so that the amp litude of the driving pulse was well below

that necessary to excite the acoustic emission sensor.

Acous t ic Emission Monitoring System

Although several commercial acoustic emission monitoring systems

are available , they are somewhat inflexible for laboratory work .

Figure 4 depicts the system used in this study . An one inch diameter

100 kHz Panainetrics Model 5070 resonant sensor was coupled directly

to the lower end of the specimen , Fig . 2, with nonaqueous stopcock

grease; it was held in place by a spring . The signal from the trans-

ducer was amp lified and band pass filtered from 10 kHz to 300 kHz by

a Tektronix IA7A high Gain Amp lifier. Further filtering by a

Kronhite Model 3202 Filter from 80 kHz to 120 kHz occurred before

the signal was counted by a Monsanto Model ll2A Counter.

A high sensitivity transducer operating in a very narrow fre-

quency range about its resonance yields an output which is directly

related to the energy of the excitation pulse , when threshhold

counting is performed (48). However , because of the extreme low level

of some acoustic emission signals compared with the electronic noise ,

the only resort is rate counting , or root mean square voltage

monitoring .

_ _ _ _  -_ _ _ _ _ _



I 22

I 

Iii;i 
___

_ _ _  

L~ I
LIU

‘1

t-J.m.,L_ ~~~~~~~~ 
— . .. 

- 
- 

-

- - - _________________________



23

In the initial stages of deformation of aluminum alloys burs t

type emission , conducive to threshold counting, occurs but rate

counting must be used to quantify the continuous low intensity

emissions which appear during the latter stages of the deformation .

Visual evidence of the rate change may be seen by observing the

amplitude of the background signal on an oscilloscope or on playback

of a recording of the signal.

When recording of the signal by a Sony AV 3650 Video Tape

Recorder was done additional amplification of the Tektronix LA7A

output was provided by a Tektronix 1A1 Amp lifier. A video tape

recorder like the Sony AV 3650 which has rotating recording heads ,

making possib le a large effective tape speed , is necessary in order

to achieve the frequency response required to accuratel y record the

acoustic emission signals.

In these studies threshold counting and rate counting were both

employed in order to best discern the acoustic emission behavior.

Recording of the signals was performed during some tests but no

actual data came from analyzing these tapes . 

- - -—~~~~~~~~ - - - —  
- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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RESULTS AND DISCUSS ION

Data depicting the load (Kg), at tenuat ion  (dB/ cm) and acoust ic

emission (counts/time) ve rsus extension (cm) for  each test is plo t ted

separately , but in a similar forma t to allow for easy comparison , Figs .

5 — 18. For the tests displayed in Figs. 5 — 14 , and 16 — 18 the

emissions were monitored at  approximatel y 80 dB and as such only

emissions above the back ground noise level were detected b y the counter.

In each of these cases the accumulated acoustic emission counts per

15 second int ervals are plo t ted .  The crosshead sp~~ .-i was 0.05 cm/m m

for all tests except for that of Fig. 14 wh ich was 0.2 cm/m m .

Representative examples of simultaneous ultrasonic attenuation

and acoustic emission monitoring tes ts  during tensile deformation of

llOOH , 6061 T6 , 2024 T3 and 7075 T65l aluminum are shown in Fi gs. 5 —

8, respectively. As may be seen from examining the data , acoustic

emission activity is predominant in the pre—y ield reg ion with little

or no emission occurring after y ield.

Due to capacity limitations of the testing machine , smaller

specimen cross sections were necessary in order to plastically deform

the higher strength alloys. Because of this , the specimen of 2024 T3

for which the results are shown in Fi g. 7 was deformed to just beyond

yield .

The cross section of the 7075 T65l specimen (Type 2), disp layed

in Fi g. 8 was such to allow plastic deformaticn. A few acoustic

emissions were observed after yield in this case but they were in no

way comparable to those occurring before yield.
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I

The ultrasonic attenuation , on the other hand , displayed an

opposite behavior. For each of the alloys tested the change in

a t t e nuation per unit  length before yield was nearly imperceptible .

Upon y ielding the a t tenuat ion  was seen to change in every case. For

llOOH and 2024 T3 the attenuation decreased , while for 6061 T6 and

7075 T65l an increase was observed . In both 6061 T6 and 7075 T65l

the regions of most rap id change were at yield and at the onset of

load drop . Local variations in the attenuation as a function of

elongation were also apparent in these alloys. These fluctuations

were most pronounced in the higher strength alloys . For instance ,

as may be seen in Fig . 8, the fluctuations cause the change in

attenuation to vary as much as an order of magnitude with an increase

in length of less than 0.01 cm. In order to examine these results

in greater detail three series of tests were performed .

First , in order to determine the repeatability of the behavior

of any one alloy, three fu r the r  tests on 6061 T6 were performed; the

results are displayed in Figs. 9 — 11. Acoustic emissions were

monitored only in the first two tests. The observed behavior was

identical , with nearly all of the acoustic emission occurring prior

• to yield. As before, the ultrasonic attenuation showed little change

prior to yield . In tests 82 and B3 the attenuation increased after

yield , however , in Test El the attenuation decreased after yield and

then increased when the load began to decrease . Again the regions of

most rapid change were at yield and after the load began to drop. In

all three cases the local variations were present and especially

1/
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prevalent in test Bl. Since the most pronounced behavior in this

regard was seen in the 7075 T65l alloy it was decided to make this

alloy the subject of a second series of tests to further investigate

these fluctuations .

The results of this series are reported graphically in Figs .

12 — 16. During these tests a major part of the effort was devoted

to making certain that the fluctuations were only the result of the

mechanical deformation of the test material and not some artifact

introduced by the testing system . No acoustic emissions were

monitored during some of these tests. Initially , two different

couplers were used — an universal , flexible coup ler or a rigid

coupler . The test depicted in Figs . 12, 13 and 15 emp loyed the

flexible coupler , while those of Figs . 14 and 16 used the rigid one .

It was felt that any flexural loading of the specimen would be changed

by interchanging the couplers . No effect of the change in couplers

was apparent in the tests conducted .

Tests Cl and C2 , Figs . 12 and 13, were performed in an identical

fashion; both specimens were type 2 and the crosshead speed was

0.05 cm/mm . Although in one test the attenuation increased and in

the other it decreased , the fluctuations were extremely similar being

superimposed on a net change which behaved as that previously des—

cribed in the case of 6061 T6. Since it was thought that perhaps the

shape of the specimen was somehow related to these variations, tests

C3 and C5 of Figs. 14 and 16 were performed . In test C3 a specimen of

type 3 was extended at a rate of 0 .2  cm/m m using the rigid coup ler .

-1
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The results indicated that although the frequency of the variations

as a funccion of extension were the same, the magnitude was greater

than those of tests Cl or C2. Test C5, Fig. 16, was performed on a

type 2 specimen of 2024 T3 A]. in order to determine the effect of the

reduced diameter of this type specimen; the rigid coupler was again

used . Variations of the change in attenuation did occur , but the

details of the fluctuation were markedly different both in amplitude

and frequency . One further detail which bears mentioning is the fact

that fluctuations without any average change in attenuation were seen

in both tests C3 and C5. In an effort to determine the effect of

small variations in tempering a type 3 specimen which had been subjected

to a T6 heat treatment was tested ; test C4, Fig. 15. The rate of

extension was 0.05 cm/mm and the acoustic emission activity was

monitored at a gain setting of 85 dB. Because of this increased gain

setting , acoustic emission activity of an amplitude about the same as

the background was detected; accumulated counts for 1 sec intervals

are plotted. The average change in attenuation (the value of change

in attenuation about which the fluctuations vary) was seen to decrease

at yield and then increase as the load began to drop. Fluctuations in

the attenuation similar in character to the other 7075 T65l specimens

were observed . Although no explanation is offered for these

fluctuations , it is felt that this series of tests provided strong

evidence that the fluctuations are, indeed , a result of the deforma-

tion of the material.
a

In addition , as a result of this modified fashion of acoustic

I
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emission detection , the previously pronounced emissions prior to

yield were indistinguishable, but a maximum in the rate of emissions

occurred around 3% strain (approximately 0.3 cm extension). To better

discern the nature of the pre—yleld emission, the third series of

experiments shown in Figs. 17 and 18 were conducted . All the tests

were performed on the same type 3 specimen of 7075 T651 Al and ex-

tended at a rate of 0.05 cm/mm . The specimen was initially loaded

to 3250 Kg, unloaded and then immediately reloaded to the same load

level and again unloaded. After 72 hours, the specimen was loaded

to 3250 Kg; ultrasonic attenuation and acoustic emission were

monitored during all three loadings. The results of this monitoring

are shown in Fig. 17. During the first loading the typical pre—yleld

emission activity was observed . On immediate reload, no emissions

as predicted by the Kaiser effect were observed. Furthermore, no

emission activity was observed after allowing 72 hours for room

temperature recovery to occur. The ultrasonic attenuation as in the

case of Figs. 14 and 16 was seen to fluctuate, however, unlike these

two previous tests, an average increase in attenuation was observed.

This average increase in the attenuation was noticeably smaller during

J the third loading. In an effort to speed any recovery , the apecimen

was placed in a furnace at 130°F for 80 hours , and then reloaded to

4 3250 Kg. After reloading and unloading, the specimen was loaded one

final time; during both loadings the ultrasonic attenuation and

acoustic emission were again monitored. Upon reloading of the

specimen after the thermal treatment acoustic emissions similar to

I
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those of the initial loading were observed . The results of the

initial loading are reproduced, along with those of the final two

loadings, on Fig. 18 for easy comparison.

No emissions were observed on reloading the final time, again

demonstrating the Kaiser effect. This recovery of acoustic

emissitivity in this region casts doubt on the contentions of other

workers that the source of these emissions is the fracture of

included particles.

The ultrasonic attenuation behavior, although similar during

both loadings subsequent to the thermal treatment, was different from

those of the prior loadings. Whereas, a fluctuating increase of

attenuation was observed previously, only the fluctuations were

present in the last two loadings.

Although correlation between the behavior of the acoustic emission

activity and the ultrasonic attenuation is not possible from the

results of this study, it appears that monitoring of lower level

emissions, which occur while the attenuation is changing, may offer

some means of relating the two phenomena. The results of this work

indicate tha t the significant information obtained from ultrasonic

attenuation and acoustic emission data pertains to different parts of

the deformation and, therefore , simultaneous monitoring by both

techniques constitutes a complimentary test method which yields more

information about the deformation mechanisms than either technique

alone.

I
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CONCLUS IONS

From the work reported here it has been concluded that:

(1) Acoustic emissions above the background level occur

almost exclusively before yield in llOOH, 6061 T6 ,

2024 T3 and 7075 T651 aluminum alloys.

(2) Acoustic emissions before yield are recoverable

and different in nature from those lower in

intensity occurring after yield in 7075

aluminum alloys.

(3) Monitoring of acoustic emissions of levels

comparable to background reveals a maximum

in such activity around 3% strain .

(4) Ultrasonic attenuation changes were observed

to occur after yield in llOOH , 6061 T6 , 2024 T3

and 7075 T65l. The regions of most rapid change

were just after yield and at the beginning of load

drop.

(5) Local variations in attenuation of as much as an

order of magnitude with an increase in length of

less than 0.01 cm were seen to be superimposed

on the average attenuation changes in all of the

alloys tested. The fluctuations were more pro-

nounced in the higher strength alloys and were

sensitive to elongation rate.

These results help to indicate the need for further expert—

meats in order to complete our understanding in these areas.

_ _ _ _ _ _ _ _  

____________________ ___________________ ______________
_ _ _ _ _ _  —
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Acoustic flnission: A Critical Carparison Bet~~en

Theory and E~cperin~nt

Robert E. Green , Jr.

t~ chanics and Materials Science Department

The Johns Hopkins University

Baltiirore , Maryland 21218 , U.S .A.

Introduction

The phena~enon of stress wave release frcm~ microstructural

alterations induced in solid materials , cannonly knc~ n as acoustic

~nission , has been the subject of an ever increasing number of

scientific investigations and technological applications for the

past 20 years . Nevertheless, acoustic emission n~~ itoring has not

optimally fulfilled its prcutise as a nondestructive testing technique

since the aiTplitudes, frequency spectra , and propagational character-

istics associated with specific defects r~nain unknown . The t~K major

reasons for this state of affairs are over si~~ listic and unrealistic

theoretical analyses and lack of careful independently verified experi-

mental xTeasur~~~nts .

It is the purpose of the present parer to present a detailed

cx:ziprehensive review of the published theoretical treatxr~nts of

acoustic ~nission and to critically ccinpare each treath~ent with the

results of experimental measurements . In addition , suggestions will

be rrade as to how iiiprov~~~nts can be made in both theoretical riodels

and experiii~ntal procedures.

I
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Theory

Figure 1(a) serves to illustrate the el~~~ntaxy manner in which

acoustic emission is usually treated. In this ~~monly used portrayal ,

the internal source emits a sr*~erica1 wave which propagates at ca~stant

speed in all directions with anplitude decreasing only because of the

expanding wavefront. The surface source also emits a spherical wave

with similar characteristics which radiates into the interior of the

solid and in addition emits a Rayleigh wave which propagates along

the surface in all directions away fran the source with constant

velocity and arrp1ibx~e decreasing only because of the expanding wave-

front

Figure 1(b) illustrates schematically a sa~ what sore realistic

view of acoustic emission, although even this portrayal is still over-

simplified. In the case sh~~n , the internal source emits a wave which

is i~ n-spherical initially because of the shape of the structural

defect whith causes the emission. After leaving the vicinity of the

defect , the profile of the wavefront continues to change because of

the directional variation in wave speeds associated with linear elastic

wave propagation in anisotropic solids . Moreover , the ~splitt~ e of the

wave decreases with increasing distance fran the source, both as a

result of the expanding wavefront and as a result of attenuation caused

by a nuther of nechani~ ns which are active in real materials. Asong
I

these methani~~~ are thernoelastic or heating eff ects , grain boundary

scattering, acoustic diffraction, dislocation damping , interaction with

ferrmagnetic danain walls, and scattering by point defects .

I
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Caiparison bet~~en Figs . 1(a) and 1(b) permits a number of

dif ferences bet~~en the acoustic emission signals detected in the

t~~ cases to be discerned. A review of the mechanistic theories

set forth by previous investigators caTpared with experimental

observations casts doubt on the general validity of these theories.

Experiment

The nost camonly used method for evaluating structural d~ nage

by acoustic emission nonitoring is to count the signals emitted

during mechanical deformation of the material and to plot the results

as total counts or count rate as a function of sare measure of the
• deformation such as stress , strain , or the n~.rnber of fatigue cycles .

A number of problems are associated with this simplistic approach

including a lack of knowledge of the influence of test specimen

gecmetry on the received signals , of the effect of the nedii.un coupling

the acoustic emission transducer to the ~~rk piece, and the amplitude

and frequency response of the transducer itself . In order to m ake

reliable asses~~~nt of such data , it is normally assumed that all

events producing acoustic emissions of sufficient amplitude to.be

counted are equally damaging to the structure , that all damaging events

will produce acoustic emissions of sufficient amplitude to be counted,

and that each event will cause an acoustic emission which will be

counted only once and not overlap with other signals. To make such

aas~ mptions is improper since a given high amplitude acoustic emission

signal may be produced by a single event which causes damage to 
theI
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structure or by the simultaneous occurrence of a m.zrber of ~nal1

events which cause no structural damage but whose net effect is

to produce the large acoustic emission signal . A structurally damaging

event may occur hit the emissions associated with it may be too weak ,

propagate away fran the detecting transducer , or be of the wrong

frequency to be detected . A single event may take place with several

emissions of sufficient amplitude that the detector records several

~~.ints for one event or a single event may be such that the direct

signal and rrultiply reflected signals arrive at the detecting trans-

ducer at different tines thus resulting again in multiple counts fran

a single event.

P~ review of the experimental literature reveals many experiments

where the detect.ton technique did not permit recording of the unaltered

acoustic emission siqnal characteristics of the structural defect . In

other experiments proper precautions were not taken to eliminate

signals caused by extraneous noise sources. In nost cases where the

observed acoustic emission signals were assi.med to be caused by a

given mnicrostructural alteration, no netallographic or other independent

evidence was presented to verify the assumption . Finally , the general

• inapplicability of the “Kaiser Effect” is pointed out and suggestions

are made as to how sore reliable experimental measure~ents can be made.
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