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?afl Ultrasonic ~~chnique for Detection of

‘I~~ Onset of Fatigue Damage

1~ bert B. Green, Jr., and 1~ bert B. Pond, Sr.

Mechanics and Materials Science DeparthEnt

Jtthns lbpkins University

Baltinore, Maryland 21218

AB&~RACT

This report is a su~mary of research activities performed

under Air Force Office of Scientific Research Contract l~b.

F44620—7 1—0062 for’the period March 1, 1971 through February 28, 1976.

1~~ primary purpose of tI~ research was to deve]op an opth~un

ultrasonic technique for the early detect on of fatigue damage. As

a result of t~~ research conducted it is concluded that the ptiimJn

ultrasonic technique for early detection of fatigue damage is a

technique which permits sinniltaneous ineasuremants of acoustic ea~ission

activity and ultrasonic attenuation changes.

I.
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~~imlaxy of Research Ac~xmpiisIinents

txiring the past several years, under the sponsorship of the

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

the current investigators have studied various mat1~ ds of detecting

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

A syst~~~tic aiparison between body wave reflection, surface wave

reflection, ultrasonic attenuation, and acoustic ~ nissicn shc~ed 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

acx~istic emission can detect nxwement of dislocations prior to micro-

crack formation.

~oth ultrasonic attenuation and acoustic emission techniques

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

amtinirus r~rote umitoring. Acoustic emission can detect crack

formation and ncv~~~nt which is not directly in the normal soix~d field

of the sensor . Ultrasonic attenuation neasureaents can only detect

defects created within the sound field of the transducer. Acoustic

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

while ultrasonic attenuation can detect static flaws as well as dynamic

flawl!. For this reason, acoustic emission nust be ix,nitored continuously

in order not to miss any defect creation or nDtic,i. Intermittent
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ultrasonic attenuation neasur~nents permit detection of defect creation

or rearrangenent between neasur~nents. Acoustic emission is capable of

detecting dislocation breakaway fran pinning points. Ultrasonic attenua-

tion can detect vibration of dislocation icops between pinning points as

well as breakaway. Acoustic emission flaw detection systems of current

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

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

ducer arrange~tents coupled with logic circuits and xit~uters have

circ~rnvented this problem in sane cases , but the noise prthlem remains a

major one. Ultrasonic attenuation systems normally operate in the

frequency range above 1. ?2~z where background noise is usually negligible.

The general waveform of an acoustic emission signal cannot be specified

and is extremely difficult to separate fran noise sources having the sane

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 knc~ n intervals in thne and noise

signals arrive at irregular intervals.

Ultrasonic attenuation measureaents made siziultaneously with

fatigue tests on altznirnia specimens gave warning of crack initiation and

eminent fracture much earlier than conventional ultrasonic methods. This

was fc*2nd to be true for metal bars which were initially defect free and

for metal bars which initially antained induced latent defects. The

remarkable su~~~ss 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) .

A1thoi.~ h the ultrasonic attenuation technique is superior to

the acoustic emission technique in many respects , aie ixportant advantage

of the acoustic emission technique is the r~~~te 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 e~cploited as a fatigue n~~iitoring technique. A detailed

survey of the acoustic emission literature revealed that aitbough several

previous investigators had nu~itored a~~~stic emission during fatigue

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

emission can be reliably used as a o~~tintr us nxx~itor during fatigue

cycling to predict crack formation and fracture . The main probl em

associated with fatigue failure prediction by acoustic emission nonitoring

is the difficulty of separating the acoustic emission signals associated

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

an~)1itud e, frequency ~~~tent, and propagational characteristi ce associated

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

is evidently clear that acoustic emission nonitoring will not be optimally

suited for in-service fatigue damage detection until much nx re work is

to elucidate the basic causes of the emissions theneelves as well as

the particular features of the emissions directly attributable to the

underlying defects .

~~~ current practice for evaluating structural damage by acoustic

emission nonitoring 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 sane measure of the deformation such as stress , strain , or

the nunber of fatigue cycles . A ntirber of problems are associated with

this sinplistic approach including a lack of knowledge of the influence

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

medium cc*ipling the acoustic emission transducer to the workpiecE, and

the anplitude and frequency response of the transducer itself. !~breover,

the signals are normally passed throt gh a filter, discriminator , and gate

circuit wherein an incxzning 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 m ake reliable assesenent of such data ,

it is normally ass~red that all events producing acoustic emissions of

sufficient atp1i~~de to be counted are equally damaging to the structure ,

that all damaging events will produce acoustic emissions of sufficient

a~çlit~x~e to be counted , and that each event will cause an acoustic

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

signals. ~~ make such assunptiais is iit~ roper since there is nore than

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

are damaging and sate not, and there is very little docunentation in the

literature which permits discrimination between different events by acoustic

emission techniques. A given high a~p1itude acoustic emission signal may

be produced by a single event which causes damage to the structure or by

the sinpaltaneous occurrence of a nunber of email events which cause no

structural damage bat whose net effect is to produce the large acoustic

emission signal. A structurally damaging event may occur but the

emissions associated with it may be too weak, propagate aaay fran the

detecting traned~x~er, or be of the wrutg fr~~mency to be detected. A
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single event may take place with several emissions of sufficient

amplitude that the detector records several counts for one event or a

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

signals arrive at the detecting transducer at different tiites thus

resulting again in nimltipie counts frau 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 inportance

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

and quite probably different acoustic emissions, since they have been well

documented to produce different structural alterations. ~~reover, in many

alloys subject to fatigue cycling , several of these defonnaticn nechanisus

occur siimultaneously and hence several sources of acoustic emission are

simultanecusly active . Therefore, it is extrenely difficult if not im-

possible to assess the state of structural damage during fatigue testing

frati acoustic 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 polyctystalline aggregates .

Experiments on twinning (19 ,20) slx*ied that a correspondence exists

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

twinned material as determined by cinsmatogra~~ic observation of the

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

direction of the stress , tensile or cxzupressive, 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 inportant problem 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

siunmi taneously, the destructive superposition of these two signals
would yield no net signal at the transducer , while the initiating events

themselves a~~ld conceivably play an iimportant role in destroying the
structural integrity of the test piece . ~\dmitt edly , it is highly

inprobable that c~irplete signal cancellation would occur in actual

practi ce, but partia l cancellation and signal xtodificat ion due to mutual

interference of simultaneously arrivinq acoustic emission signals is

highly probable.

Acoustic emission neasur~uents made on a series of lead- tin binary

alloys of differen t c~~mpositions during constant-s train -rate tensile

tests (20 ,21) sl~*~red that different alloy ca~positions possessed different

mnicrostructures which , in turn , caused different structure sensitive

acoustic emission signals . Ininediate reloading of a number of the test
specimens which had been previ ously loaded and unloaded showed that

although the acoustic emission activity was reduce d on the second loading,

emissions camenced at the beginning of reload ing at load levels much

lcMer than the maximum level reached on the first loading. These results
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give direct experimental evidence against the often qix~ted “Kaiser

Effect.” This work sIx~wed that for the alloys tested , chemical

cx~mposition, microstructure, degree of deformation, and prior

mechanical history all affect the acoustic emission to a marked

degree. Therefore, the deformation mechanisms active in these

alloys cannot be sinply characterized by analysis of the acoustic

emission counts alone.

*ile the pherxinenon of mechanical twinning is usually

sufficiently gross with rrost material s that simple macroscopic

inspection reveals the twins, in other cases such as slip and

microcrack formation a nore sophisticated observation is necessary in

order to reveal the surface displacements associated with the defor-

mation process . )& reover, since the amplitude of the acoustic emission

signal associated with slip is much lc~ er than that associated with

twinning or cracking, much greater anplification is required in order .

to detect the acoustic emission signals in the slip generated case.

This increase in amplification necessitates a corresponding decrease

in the extraneous noise sources associated with the various canponents

of the test system. ~brk is currently in progress in which acoustic

emission associated with slip in polycrystalline aluuiiun alloys as

used in aircraft construction is correlated with simultaneous ‘measure-

ments of ultrasonic attenuation.

During the course of the acoustic emission tests, it became
evident that the sensitivity and spectral response characteristics of
acoustic emission transducers are quite variable and often do not agree
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with the specifications quoted by the catmarcial manufacturers. It

has been determined that the origin of these difficulties can be

traced back to improper transducer design and lack of adequate trans-

ducer test facilities by the manufacturers. Therefore, a system to

independently calibrate the spectral response characteristics of

acoustic emission transducers has been constructed and is currently

being used to calibrate all transducers. This system is similar in

design to that recently developed at the National &ireau of Standards

(22) and appears to be far superior to any system reported previously.

A detailed survey of previous theoretical analyses of

a~~~stic emission has been canpleted. Although a zuit~er of theoretical

studies have been carried out, none of these has succeeded in predicting

the amplitude or spectral characteristics associated with acoustic

emissions fran selected defects .

It has been well documented in the scientific literature that

the t~~ non-destructive testi ng techniques , acoustic emission and

ultrasonic attenuation , are extremely sensitive to the microstructural

alterations associated with the mechanical deformation of materials.

Both techniques have been extensively exploited in basic research experi-

ments concerned with obtaining information about the fundamental

mechanisms causing plastic deformation, microcrack formation , crack

growth, and fracture and in appli ed technical investigations concerned

with detection of defects causing failure in structural materials.

‘ft~eoretical treathents have also appeared in which the observed
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experimental results for both acoustic emission and ultrasonic

attenuation are attribited to similar deformation mechanisms. Yet,

despite the extensive investigation and similarity in description

of the fundanental mechanisms acting, only one brief study has

previously ~ iployed the t~~ techniques simultaneously (23) . Since

these t~~ techniques offer the best practical possibility of early

detection of fatigue damage, considerable effort has been devoted

to careful sin.iltaneous measurements of acoustic emission and

ultrasonic attenuation on a single test specimen subject to uniaxial

tensile elongation (24 ,25) .

C.*~e 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

10.16 an in length and diameters 1.27 and 1.02 an were used. The end

faces were machined flat and parallel. In general, the specimens were

given no further preparation since the examination of cxzimercial products

was the primary interest .

All of the specimens were subjected to uniaxial tensile loading

an Instron testing machine. In these studies crosshead rates of 0.05

and 0.02 a~/min were used. In order to ~~iple the grips to the load cell

different ~~ ip1ers were w~ployed to assure that no flexure of the speciien

occurred during deformation, since this wxald cause spurious ultrasonics

results. 1t~ gripe , which were specifically designed for this study, pro-

vided easy access to either end of the specimen for transducer placement ,

uniform uniaxial app lication of the load , and reasona ble acoustic
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isolation fran the loading machine. No influence of the mechanical
or electrical operation of the Instron on either the ultrasonic

attenuation or acoustic emission nonitoring was encountered.

O~ntinuais ultrasonic attenuation neasurements were made

using a Matec tbdel 6600 Pulse Nodulator and Receiver cxxipled with
a Matec ~~de1 2407A Attenuation Recorder. By subtracting the initial

attenuation value and dividing by the instantaneous specimen length ,

the change in attenuation per unit length 1dB/an) was obtained. In
conjunction with this nonitoring system a 0.5 in (1.27 an) diameter

Aerotecth 10 MHz Ganma transducer was operated in the pilse-ec1~ node

at a repetition rate of 200 per second. The transducer was directly

coupled to the upper specimen face with nona~ueous stopcock grease .

A 3 Kg weight was used to supply a constant load to the transducer ,

while a specially designed spacing ring was used to assure central

positioning, avoiding excessive reflections of the pulse fran the

lateral surfaces. Care was taken to insure that the anp].itude of

the ultrasonic driving pulse was well below that necessary to excite
the ac~~astic emission sensor . ~~~ ~~~~stic emission system used in

the present study consisted of a one inch diameter 100 JcHz Pananetrics

~~de1 5070 resonant sensor cx~p1ed directly to the lower end of the

specimen with non&jueous stopcock grease and held in place by a spring .

The signal fran the transducer was a~ Ufied and band pass filtered

fran 10 kHz to 300 kfiz by a Tektronix 1A7A High Gain k~~lifier . Further

filter ing by a Kzvnhite !‘bdel 3202 Filter fran 80 kHz to 120 kHz
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occurred before the signal was counted by a lbnsanto Nodel ll2A
Counter. In these studies threshold counting and rate counting

were both e’iployed in order to best discern the acoustic emission

behavior .

Load, ultrasonic attenuation, and acoustic emission were

m~~itored as a function of extension for the four altininun alloys .
For all alloys tested it was found that the acoustic emissions

occurred pre~~ninantly during the pre-yield region of the deformation .

In fact, in nost cases, alirost no acoustic emission was detected after

yield. The ultrasonic attenuation, however, was found to exhibit an

opposite behavior, in that the change in attenuation per unit length

prior to yield was essentia lly imper ceptible . Upon yielding the change

in attenuation increased in sane tests and decreased in others . In

addition, a local perturbation in attenuation change as a function of

elongation was observed , which was nost predaninant in the alloys with

high yield strengths, 2024 T3 and 7075 T651. In order to study these

perturbations nore 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 T65l specimens. airing these tests a
major part of the effort was devoted to xnakirzg certain that the perturba-
tions were only the result of the mechanical deformation of the test
material and not sane artifact introduced by the testing system. In
this series of tests the specimen size and heat treat~nent were varied

as well as the gripping arran~~nent and elongation rate. In every test
the local perturbations were observed, with the nost significant changes
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in behavior occurring in those specimens which had been heat treated.

i~~ particularly significant findings arose out of this series of

exper iments . First , duri ng the testi ng of a specimen which had

received a T6 heat treathent at a gain increased to 85 dB lower level

emissions , of about the sane an~ lithde level as that associated with

the background, were detected . The rate of emission exhibited a

maxizTun around 3% strain, although the previously pronounced emissions

observed before yield were indistinguishable fran the other emissions

at this gain setting. The second significant finding was observed

with another 7075 T65l specimen which was subjected to repeated loading

and unloading to 393 ~~a; emission was again nonitored at 80 dB gain.

airing the first loading the characteristic pr e-yield emission occurred

but on inmediate reloading and upon reloading after 72 hours no emission

was observed . }bwever , on loading after allowing the specimen to re-

cover for 80 hours at 130°F , acoustic emission activity similar to that

observed during the firs t loading was observed .

~~~~~~ results of these tests indicate that for the aluminum alloys

investigated the deformation mechanisms causing acous tic emission activity

and ultrasonic atten uation chang es are different and , therefor e, sinultaneous

nonitori ng by both techniques constitute a ~~ plhentary test method which

yields more information about the deformation ned*anisns than either

technique alone .
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Conclusions

The following conclusions have resulted fran the research

supported under this contract:

1. Conventional body wave and surface wave ultrasonic

methods are inferior to ultrasonic atten uation and

acoustic emission techniques for the early detection

of fatigue damage .

2. i~xxiustic emission has the advantage of rero te source

location , while ultrasonic attenuation has the

advantage of easily yielding reliable data in the

pres ence of background noise.

3. Acoustic emission monitoring will not be optimally

suited for in-~~rvioe fatigue damage detection until

much more ~~rk is done to elucidate the basic causes

and physical characteristics of the emissions directly

attributable to structural defects . This in turn will

permit optimum design of an acoustic emission monitoring

system which can operate in the presence of background
noise.

4 • Several observed features of acoustic emission testing

deserve special note.

(a) Partial cancellation and signal modification

due to mutual interference of sizmiltanec~isly

arriving acoustic emission signals is highly

probable.



16

(b) Acoustic emission signals are influenced by

chemical cxzt~osition, microstructure, degree

of defor~ation, and prior mechanical and

thermal history.

(c) Acoustic emission signals are str ongest for

fracture and crack propagation, fair ly strong

for twinning , and very weak for slip proc esses.

5. The sensitivity and spectral response characteristi cs of

cczmercial piezoelectri c transd ucers are quite variable

and often do not agree with the specifications qucted by

the manufacturers, because of improper transducer design

and lack of adequat e test facilities on the par t of the

manufacturers.

6. No theoretical treatment currently exists which can

predict the azt~ litude and spectral characteristics

associated with acoustic emissions fran selected defects .

7. Simultaneous monitoring of acoustic emission activity

and ultrasonic attenuation changes a~ stitute a ccrpli-

rrentary test method which yields more information about

the deformation mechani~~~ than either technique alone.

8. Optimization of an acoustic emission technique to

permit reliable measureenta in the presence of background

noise is a necessity for fatigue test monitoring.
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9. £~~• optimum ultrasonic technique for early detection of

fatigue damage is a techniq~~ which permits simultaneous
neasuraients of acoustic emission activity and ultrasonic

attenuation changes.

t I
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