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ACOQUSTIC EMISSION TECHNIQUES IN MATERIALS RESEARCIT™

by
R. G. Liptai, D. O. Harris, R. B. Engle, and C. A, Tatro

Lawrence Radiation Laboratory, University of California
Livermore, California 94550

ABSTRACT

A review of the application of emission analysis to evaluate
materials properties and defect structure is presented. Topics
discussed include fracture toughness and crack propagation, fatigue,
plastic deformation, and creep processes in metals, composites, and
rock materials. The status of emission techniques as applied to the
evaluation of structural integrity is reported. A complete discussion
of experimental techniques and data acquisition and processing systems
is given. We conclude that acoustic emission techniques have wide i
applicability to experimental studies in materials research and to
evaluation analysis of structural integrity. Directions of future
developments and applications are discussed.

—_—
Work performed under the auspices of the U.S. Atomic Energy

Commission.
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NOTATION

flaw size

sheared area

incremental areva swept out by a crack
cohsta.nt

propoftionality constants

constant \

modulus of elastiéity

elastic rnodulus of a fiber

shear miodulus

summation ;bf‘amplitudes of acoustic emission pulses
stress intensity factor

grain diameter

one-half mass of grain

constant ‘
number of fatigue cycles to the working stress

acoustic emission count rate

total number of acoustic emission counts observed during a proof

test

lumrﬁation of acoustic emission counts
distance grain slipped

time

sound velocity

uniaxial tensile strain

tensile strain in fiber

applied tensile stress

tensile stress in fiber



proof stress

driving stress

working stress

energy change accompanying slip

percentage of broken fibers as a function of strain
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1. INTRODUCTION

1.1 General

Acoustic emission may be défined as the pressure or stress waves
generated during dynamic processes in matefials. In the laboratory,
acoustic emission techniques have been used cn materials as disparate
as single-crystal aluminum and wooden beams; applications have been
found as diverse as studying earthquake models, testing large missile
casings, and evaluating bridge integrity. Most of the published work
has been directed to plastic deformation and initiation and propagation
of cracks. Also, considerable work has been accomplished in rock
mechanics.

Regardless of the phenomenon studied, material used, or the
application, one point beéomes obvious; acoustic emission analysis is
very sensitive to local transient instabilities. A materials system
will proceed towards its lowest energy state, and (in most situations)
.will develop unstable conditions locally well before the whole mass
becomes unstable. These conditions result in local dynamic movements,
- such as formation of é slip-band or platelet of martensite, propagation
of a crack or Luders line, sudden reorientation of a grain boundary,
bubble formation during boiling, or earth fault movement during an
earthquake. In many materials systems, local instabilities frequently
cause cata.strophic failurés. For example, the stressee in a metallic
struciure may be generally weli within the elastic design limit; however,

the region near a flaw or crack may undergo plastic deformation from
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localized high stresses (stress intensity). In this situation the flaw is
a generator or source of acoustic emission activity.

This communication discusses the basic principles of the experi-
mental design and techniques of acoustic emission analysis., The
historical background is presented, use of the techniques for materials
research is reviewed and evaluated for various types of materials, and
application of emission analysis in evaluating the structural integrity
is reported. Comments about future developments are contained in a

final section.

1.2 Bacground

Historically, the earliest use of "acoustic'" emission analysis
occurred in the study of seismology. Analysis of the elastic waves
produced by an earthquake was used to characterize fault movement
in terms of energy released, location, and depth. The possibility of
detecting rockbursts in“ coal mines was appreciated at an early date.
In 1923, Hodgson'!) proposed use of subaudible noises to predict
rockbursts and earthquakes.

Early obeervations of acoustic emissions in metals were madé by
tinemiths who noted ''Tin cry" or twinning ,dﬁring deformation of tin,
(Twinning deformations in general are active generators ‘of 5cqustic
emissiona) Audible sounds or "clicks" noted during heat treatment of
steels were later related to the martensitic transformation. Later

tudiel(z) showed that martensitic transformations in general are cop’ioul (

emitters of acoustic emissions, .Crussard et al. 3 reported sounds from metall _

just prior totheir failuu. ‘Mason etal, 4) luggested that dislocations ina fine
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structure produce high frequency vibrations. Other investigators have
““also reported acoustic vibrations 137
The first clearly documented serious investigation of acoustic

(8) in 1950. He reported that all metals

emission was made by Kaiser
examined (zinc, 7 steel, aluminum, copper, and lead) exhibited the
emission phenomenon. Working with:pbiycrystalline specimens, Kaiser
concluded that acoustic vibrations originate in grain boundary interfaces.
Emissions were believed to be associated with the interaction induced
between inierfaces by applied stress.“ He noted that, for a given
materiai, characteristic spectra of fifequency and amplitude: existed

and were related to the stress vlevel.

In 1955, Schofield!®11) initiated an extensive investigation of
acoustic emission phenomena. He found that the emissions dlid not
originate entirely from grain boundﬁrieq,' "as single crystals also
emitted. Also, characteristic lpqétra of frequency and amplitd&g were
not found, from which Schofield concluded that frequency and amplitude
were not the correct fundamental quantities to characterize the emission
process, ,

Tatrouz) became interested in acoustic emission in 1956“ and
explored the possibility of detecting slip in metals with sonic techniques.

(13) reported

From studies on single-crystal aluminum, Tatro and Liptai
that emission activity was related tol pileup and breakaway of dislocations.
Anodic surface layers applied to the aluminum crystals changed the
emission spectra and acted as effec‘t‘ive'barriers to dislocation and slip
band formation at the surface. v

Most early studies of acoustic emissions were associated with

plastic deformation or crack propagation in metals.” The frequency
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range used in most investigations was below 60 kHz. A significant
advance in experimental technique was the extension of experiments‘
into the 100 kHz and 1 MHz ranges, first reported by Dunegan, Tatro,
and Harris.(u) This eliminated the need for elaborate sound-proof
facilities by eliminating the effects of extraneous laboratory noise,
thereby enabling extension of emission analysis to' practical applicatiobs.
Since the middle 1960's, applications of acoustic emiss;ic‘m‘
techniques to materials research, material .evaluatiop, nondesfructi.ire
testihg, and structural evaluation have increased rapidly, In addition, ‘
emission techniques have been found for sueh uses as boiling and

cavitation detection in fluid systems.
2. EXPERIMENTAL DESIGN

2.1 Essential Principles:

The principal eenstraints on acoustic efnission systems design ax':e" -
imposed by the magnitude and time duration of the signal from the
acoustic emission source. ' | '

So that the nature of this source can be better underefoed fex; the -
system design arguments that:follow, a model ey”eht’w,iil «,bé desc'x",ibed‘in
some detail. The event is hypothetical but conceptually pbs'si)bie, and it
gives rise to energies, time durations, and frequencies consisfent with
most (perhaps all) of the acoustic emission records taken to the present

Conuder one grain of a polycrystallme material, surrounded by lta
grain boundary. Auume that the grain is roughly sphencal w1th a

-3

diameter £ = $ X 10 * in, During straining, the :,upper half of the‘ nggin




" slips over the lower half by a distance s = 1 X 10-3 in, A shear modulus

G-=-4X los.psi is assumed. The Stress driving the deformation is taken

to be Gg = %g .(15) The energy change accompanying the slip is then
estimated as
o-GAs? o a2 W
2 ‘ m.

where A is the sheared area.
_Assume that the slip event is sudden, progressing at half the shear

(

wave velocity of sound in the material. 16) An estimation of the time

duration of the primary event is

t=vz-:'7.z-zz><1o'8 gec ' (2)

Now consider the initial event as an impulse which sets the grain
in resonant vibration, with the upper half shearing over the lower half.

An estimation of the frequency of such a vibration is

w = ,,31‘;12 = 1,25 X 107 rad/sec = 2MHz : (3)

where m is half the mass of the grain (assumed to be aluminum).

Other estimations lead to somewhat higher frequencies. If the
grain is considered a bubble, a frequency f ~ 50 MHz results. If one
considers a pulse reverberating in the grain, with reflection and mode
conversion at each boundary, the freguency of the longitudinal component
is £~ 25 MHz.

Such estimations vary with the size and density of the model grain,

with the dislocation-connected event assumed, and with the material.
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This estimation, however, serves to establish a freqguency in 'the
range of 1 - 50 MHz as plausible for acoustic emission events.

It can be assumed that the g‘rairl boundary will have a damping
influence on the self-excited vibration described above. A reasonable

form from the primary acoustic emission event is

k

f(t) = Fy e t sin wyt (4)

where F0 is initial amplitude, k is a damping factor, and Wy is a
frequency as estimated above. It is likely that such an event will give
rise to a pulse train of a somewhat lower frequency at the surface of a

specimen.“”) The arguments which follow do not depend on Eq. (4)

being correct in form. Any fast pulse with similar time duration will

suffice.

(17) which can'be translated

Armstrong has presented arguments
to consideration of acoustic emission from stably growing cracks in a
test specimen. The frequency range containing the preponderance of
energy will be roughly': the same, perhaps somewhat lower. However,
the energy content of the pulse could be greater by an order of
magnitude or more.

The transient pulse train described in Eq, (4) is capable of éxcit_ipgr
either a spéciinen resonance or a resonance in a transducer crystal
attached to the specimen. Most investigators Have used one of these
resonances to detect an acoustic emission event. ’

The transducer type most used to detect acoustic emission events
has been the piezo-electric crystal. Sevéral piezo-eleciric crystal .
elements have been used by the investigators, but the most popular

crystal element st present is lead zirconate titanate (PZT-5), While
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the g-constants of 45° Y-cut Rochelle salt appear more favorable,
there are several disadvantages to its use, one of which ig unavailability.
Since the signals to be detectéd have very low amplitudes, both noise
‘output and sensitivity of a crystal trangducer must be considered. The
PZT-5 element is preferred Because of its low impedance.

Other types of transducers have been used to detect acoustic

(18) ‘Results indicate that use of other than piezo-

emission signals.
electric transducers is justified only for special studies. One should
expect & great many additional instrumentation problems to resuit.
Because of the low signal levels encountered in acoustic emission
studies, the trmducrr must. be in contact with the part. Coupling
agents used with contact transducers in conventional flaw-detection work
are satisfactory, However, a method has been devised and describedue)
for testing acoustic emission on parts too small for contact transducers,
As the sonic signal received by a piezo-electric transducer from
an acoustic emiésion event is quite small, the electrical signal generated
by it is also quite small, and electronic amplification is required. The
basic requirements for sﬁch an amplifier are an input noise level, with
the crystal attached, on the order of 10 microvolts aﬁd a gain of about
1000. Cascaded amplifiers can be used for the necessary signal gain.
Acoustic emissions accompany changes of stress and temperature
in a specimen. Usually they have been studied as the specimen is
stressed, as acoustic emission is very great néar the yield point, Since
it occurs in very localized volumes, acoustic emission can be detected
below the gross yield in specimens contai.niné flaws (discussed later in
this paper). Design of mechanical load trains must be given serious -

consideration if meaningful acoustic emission teats are to be performed.
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Sonic signals similar to acoustic emission signals can be generated at
rubbing surfaces, screw threads, gear trains, hydraulic valves,
pinned joints, etc. Thus, acoustic isolation cf the acoustic emission
specimen from the loading mechanism is essential. As many such
signals have frequencies lower than those from acoustic emiasions,
both mechanical and electronic filtering are useful aids. Selection
of 2 piezo-transducer operating in a frequency band well above that

of most such extraneous noises is very helpful. Mechanical load
trains mast always be carefully studied and checked to make sure they

are not generating acoustic emission artifacts.(zs)

2.2 Instrumentation Systems

The basic information recordad in a typical acoustic emission
test is the rate at which acoustic emission events occur as a function
of changes of the load parameter or, alternatively, the total of events
that have occurred up to the current point in the test. One typically
does not acquire meaningful information about amplitude and time
distribution of energy in a single acoustic emission pulse, for reasons
that will be explained below.

Details of the acoustic emission event are not normally wanted.
However, an indication of when an event has occurred is, and electronic.
counting techniques may be used to acquire data. |

One works very close to the system noise level in the typical test,
Indeed, some acoustic emission events produce pulses smaller than the
largest electronic noise pulses. Proper biasing of the counting

equipment is therefore essential and must satisfy two primary
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requirements. The first is that the trigger of the counter can be set
to a bredetermined signal amplitude reliably and with small'jitter.
The level gelection feature must be reliable both for transient pulses
and‘for steady state sinusoids. The second requirement is that the
counter must contain a time interval gate, so that a rate of occurrence
for a:buitic emission events can be inferred. Many of the available
co-.t';iters hgve these tﬁo features. However, some do not,and it is
ge;lerally more econ;)mical to choose a counter with them built in than
to arrange for them exterﬁally.

Amplifiers with logarithmic outputs, with a satisfactorv range of
sampling timeé, and with frequency response in the range of maost of
the acoustic emission signals (as gseen at a point beyond the piezo-
electric crystal) are becoming available on the market. These instruments
are an alternative to the use of an electronic counter. Since the range
of rates of occurrence of acoustic emissions in a single test can be five
corders of magnitude, these systems have considerable appeal.

Two écceptable ways of processing acoustic emission data on-line
have been described éﬁove. On-line computers héve also been utilized for
extensive processing of acoustic emission data. Data have also been
recorded on parallel channels with suitable high-speed tape recorders
for off-line processing by a large computer or reprocessing the data
in a different way.. Many times, however, comparatively simple on-line
processing extracts the most important information.

A simple and economical method of processing data from the counter
systém is feeding it to a digital-to-analog converter having an output
voltage proportional tc count rate or total count, according to the choice

of the investigator. This output can then be displayed on one axis of an

-
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X-Y recorder, while the other axis displays a conventional engineering
parameter such as load or pressure. A histogram-like display results,
This method of display has proven very useful in developing acoustic
emission characterizations of materials for quality assurance tests.
Figure 1 is an example of such a record, The same procedure is
useful in basic studies of materials.(zo) When a logarithmic amplifier
i3 used in place of the electronic counter, the output data can be displayed
cirectly on an X-Y recorder, provided a suitable choice of sampling
time is made.

Elaborate methods of processing and displaying data from a
number of acoustic emission channels simultaneously have been devised
in recent years to aid in locating the position of acoustic emission
origin on large parts. Briefly, a method of triangulation is devised,
sometimes with several degrees of redundancy, based on first arrival
times of acoustic emission signals at various transducers in an array.
The arrival time data plﬁs knowledge of the speed of sound in the test
part permitAdetermination of the zone generating the signals. More
will be said about such tests later,

The location of the emission source can be located to within about
two inches at best. Post-processing of the record tapes by a computer
is necessary. The limit of distance discrimination is dictated by two
facets of the test: Finite rise time of the first arrival pulse; and skew

error of the magnetic tape as it crosses the recorder-playback heads.

2.3 Frequency Resronse and Detection Fidelity

Prospects are dim for devising a measuring system to detect and
record (with good fidelity) a true acoustic emission signal as it is
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- produced at the source. Some reasons for this and some of the design
problems that must be sclved before it can be done are discussed in
the following paragraphs,

The model source discussed above ied to the conciusion that
Eq. (4) was a reasonable form to expéct for the source signal. In
addition, twinning, _martensitic phase transforma!.ions.(zl) intermittent
progression of stable cracks, breakaway of dislocations from pinning
sites, collisions of rapidly moving dislocations with obétacles, and
interaction of dislocations with surfaces are known or thought to be
acoustic emission sources. They should all originate as impulse
phenomena and have time durations in the 0,01 to 1 microsecond band
already described.

Figure 2 contains plots of the Fourier integral transform phase
and amplitude of a signal described by Eq. (4),where W, i 6.28 X 108
radfsec and k corresponds to an attenuation of 10% per cycle (1.6 X 106
: sec-l). We note that the amplitude spectrum is essentially featureless
at frequenci;l well below the resonance frequency, which explains why
the frequency about which a classical acoustic emission system is
narrow banded is not critical. The piezo-electric detector crystal
simply responds to the portion of this spectrum at or near its resonant
frequency. If a specimen resonance rather than a crystal resonance
is excited, the same argument holds. The detection transducgr thus
acts as a filter in the initrumentation system,

Ideally, to detect and record the subject pulse with good fidelity,
a transducer with a flat frequency response from zero to perhaps
100 MH; should be used. Furtﬁer, all components of the system shduld

have a similar pass band. However, recall that the signal amplitude
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is expected to be very low and that an absolute restriction on the design
of electronic instrumentation is the product of gain and bandwidth,
Thus, we expect such a system to have a very high ncise level, It is
doubtful that a system could be designed with adegquate sensitivity to
record acoustic emission signals above the noise.

There are further difficulties of a mechanical nature connected
with the proposed task. The acoustic emission signal must run through
material to reach the transducer. This material and the specimen _shape
constitute another severe filter between the acoustic emission source
and the readout device. The model signal will have specimen resonances
Bliperimposed on it, These arise from through-the-thickness reverbera-
tions, end-to-end reverberations, and ordinary spring-mass phenomena.
The first two are subject to mode conversion as weil. The complexity
of such a filter for a simple tension specimen has been described in a
report that attempted to infer the nature of the acoustic emission source

(22) Unfortunately, equipment

with essentially classical instrumentation.
and signal processing limitations restricted accurate measurements to
frequencies below 100 kHz in this effort. ’

A method of measurement and analysis that could possibly yield
more meaningful information about the nature of the source acoustic
emission pulse will be described. It would only be adequate for
measurements of pulse samples, but even this could be us=eful from a
fundamental research standpoint, ‘ ‘

The proposed system would consist of at least two channels of
acoustic emission i.nlti;umenhtion, narrow-banded about two rather
widely separated frequencies and utilizing the resonant characteristics

of two transducers. The frequencies might be 100 kHz and 1.5 MHzs.
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. One would recordﬁ data on the two transducers from a single acoustic
: emission pulse. The data could then be analyzed according to the
method outlined in Ref. 22. Amplitude ratios of two portions of the
pulse Speqtmm should aid in the analysi;;. Digital equipment is
availé.ble which could possihij' ngstitute for the laborious measurements
from oscilloscope photographs ciescribed.

A few events which have been studied by acoustic emission '
techniqueé could possibly be fecorded with reasonable fidelity. Two of
.thele are breaking of strands in a filamentary composite and intermit-
tent progression of a stable crack. In both cases, one would expect
fbequencies of the source event to be one or two orders of magnitude
below that assumeq for the model source. One would be aided in this
case by the fact that the signal amplitude at the source would be larger

than that assumed in the above discussion.

2.4 Limitations

Some limitations inherent in acoustic emission design will be
summarized below. They are based on the low level of the source
signal, its high frequency, and mechanical and electrical interference.

The choice of transducer is essentially limited to a properly
chosen piezo-electric type. However, even with this type, it is difficult
to operate in any mode other than that which capitalizes on the enhanced
output of the transducer at resonance. If one seeks a high fidelity
recording of the source signal and_attempts to eliminate the filtering
effect of the specimen by making it thin, problems' of transducer

response occur. This is because an acoustic emission source has a
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small extension m space, If the transducer were placed essentially
in contact with it, the transducer would operate abnormally.

All published transducer sensitivities assume that the pressure
over the sensitive face of the transducer is uniform at a given time.
Mechanically, this implies that the transducer is excited in a one-
dimensional stress mode. However, if the transducer is excited
over only a small portion of its sensitive face, it will be operating
in a more complicated mode: approaching one-dimensional strain
for sufficiéntly short pulses. In such a case, its sensitivity
characteristic should be reexamined. Thus, a piezo-transducer
is non-ideal from both lack of flat frequency response and potential
size problems.

The principal limitation for the rest of the electronic portion of
the system is signal-to-noise ratio. This is the major consideration
in selec;ting the first :1mpiifier stage following the iransducer. Fortunately,
the state-of-the-art has largely caught up with this problem.

Important secondary considerations for a first-stage amplifier
are ability to recover quickly from overloads and protection from
burnout. The amplifier must be able to record signals at a 10-
microvolt or so level. However, -it could easily receive a signal of
a hundred volts or more from a piezo-electric transducer coupled to
it. Such a signal can ruin a field-effect transistor which is
inadequately protected.

Acoustic emission éystems must be operated near large loading
mechanisms, which frequently leads to electrical interference problems.
A testing machine, because of its size and because it is an electrical

conductor, becomes an unwanted receptor of stray radio-frequency
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signals. Adequate shielding of the sensitive portion of the electronic
system is difficult to achieve. Unfortunately, no panacea can be
offered. Some skill, some luck, and intuition gained from experience
must Be combined with good cabling practice to overcome such
difficulties as thefrappear.

The most common method of inducing acous-?.ié emission in a
specimen is mechanical loading. Frequently, the mechanical loader
must produce large forces. Dbemountable connections must be designed
to get the test specimen into and out of the machine. Great care must
be taken to ensure that artifact signals are not produced in grips, other
accessories, or the machine itself. For example, one of the most
modern servo-hydraulic testing machines available is almost unusable
as a loader for acoustic emission tests. The source of the noise in this
machine is in the cavitating hydraulic fluid in the narrow channels of
the load piston and cylinder, and the high frequency content is rather
intimately coupled to the specimen. -

While the limitations discussed above are by noc means exhaustive
in their scope, they should serve as a warning to the uninitiated that
degigning an accustic emission system-contains many subtle pitfalls.
Failure to cbserve proper precautions will lead to instant acquistion of

data—all fallacious.

3. MATERIAL EVALUATION .
3.1 Metals

Acoustic emission from metals is generally associated with

dislocation motion accompanying plastic deformation. Several

(20,23,24)

investigators have obtained correlations between number of
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acoustic emission events and strain. These corxjelations indicate that
the smallest detectable event involves collective movement of 5-150
dislocations. Hence, acoustic emission analysis is applicable to studies
of plastic deformation processes in metals which involve the n_';ption
of sufficient dislocations to provide pulses of detectable magnitude.
Generally speaking, more acoustic emission is observed from
high-strength brittle n;aterials, ‘which is consistent with the higher
energy levels associated with dislocation pileup and breakaway in
these materials. Another aspect of the relationship between plastic
deformation and accustic emission is their common irreversibility.
That is, if a material is loaded to a given stress level and unloaded,
no emission will be observed during subsequent loading until this level
has been exceeded. This phenomenon, known as the Kaiser effect,(a)
has been observed by numerous investigators,
The irreversibility has important practical implications since it>
can be used to detect subc‘riticél crack growth, as will be discussed
later. It can also be used to develop passive peak pressure and

acceleration i:ransducerts.(2 5)

Unflawed Specimens. Acoustic emission from initially flaw-free

metal specimens generally consists of two components:
(1) Low-level continuous - This component of the acoustic emission
usually occurs continuously. On an oscilloscope, it apbears very
.much like background electrical noise. It is associated with
plastic deformation occurring at relatively small plastic strain.
This component increases in ampl'i!':ude as the load is applied

during a rising load tensile test, and appears as a growth of
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noise, This component decreases with increasing strain after

yielding occurs, and is replaced by the second component near

failure.

{2) High-level burst - This component. does not occur

continuously, but in bursts. It is usually of higher amplitude

than the continuous emission component, and is associéted with
the twinning and micro-crack formaiion that occur ai large

.plastic strains.

Results from # metal tensile specimen are presented
in Fig. 1, which shows the acoustic emission -ount rate as a function
of strain on the tensile specﬁnen. The peak in the count rate at strains
near yielding is typical of the results obtained from métals,(24’26'27)
and is consistent with the observation noted above that the continuous
emission component decreases as straining is continued beyond yielding
This figure also shows a fit of Gilman's equatiop(zs) for mobile dis-
location density as a function of plastic strain. The excellent fit of
Gilman's equation to the acoustic emission results is further evidence
of the close asgociation between acoustic emission and the dislocation
movement accompanying plastic deformation in metals.

Time-dependent creep deformations have been characterized with
acoustic emission techniques. Tertiary creep processes were studied
in "'40-60" solder wire, and it was reported that acoustic emission
activity continuously increased from the time the constant load was
applied until failure, 13

"Delayed"” acoustic emissions (emissions generated at constant

(29)

stress) were studied by Adame et al. Generally, only primary

creep processes are operative at T/"I‘m ratios of 0.25 or less. In
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hexagonal close-packed metals, most low-temperature creep is
controlled by dislocation interactions. These mechaniams predict
log-time and exponential stress laws to characterize the creep
behavior. From expérimental studies of beryllium at room tempera-
ture (T/T  ~0.20), the acoustic emission rate N at constant stress

was reported to be’

. M Bo (5)

where D, B, and M are constants, t is time, vand o is the applied
tensile stress. At stresses near yield, emission activity sometimes
continued for hours and appeared to decay to a steady-state valﬁe. The
results indicate that emission rate is proportional to the creep strain-
rate and that summation of emission activity is proportional to creep
strain.

Results similar to those for beryllium were noted in

(30) However, in addition to

studies of zinc at room temperature.
primary creep processes, seconda_ry or .steady-state creep mechanisms
were operative. The eniissiori rate at constant load decayed to a
constant level which was reached when the cfeep strain-rate decreased
to a steady-state value.

~ Acoustic emissicns have been noted during the three stages of
creep: Primary; steady-state; and tertiary. Although only limited work
has been z.ccomplished m this area, it appears that characterization"'of
creep behavior by acoustic emission techniques can be of considerable
value,

The relaxation of residual stresses under no external lqad is

accompanied by dislocation motion, so acoustic emission analysis should
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also be applicable to studies in this area. Some preliminary studies
conduc_ted at Lawrence Radiation Laboratory on freshly machined
beryllium resulted in essentially no acoustic emission being detected.

‘ Thié does not preclude the applicability of acoustic emission techniques
to such studies, however, and emission should be observed when
enough energy is released by the relaxation processes in a sufficiently
short time period.

Flawed Specimens. Acoustic emission has proved especially

useful for detecting cracks and other flaws. Flaws act as stress con-
centrators to cause localized plastic deformation at nominal stress
levels well below general yielding. As acoustic emission is associated
with plastic deformation, it can be used to detect such flaws and to

~ provide information on the integrity of enginegringi's&uq_tures. Basic
studies on cracked specimens will now be diécﬁsééd; éctuail'applications
to structural integrity evaluation will be covered in a later section,

v The acoqstic emiséion from a cracked specimen during a rising
load test has been extensively studied, (26,31-33) and fracture mechanics
cbncepts have been used to analyze the results.

The stresses near the tip of a crack in an elastic solid are
completély controlled by the stress intensity factor K.(34) If plastic
deformation is highly localized near the crack tip, the plastic zone
size will also be controlled by K.(35) Hence, the acoustic emission
will also be K-dependent.

A model to predict the relation between the acoustic emission

from a flawed specimen and the stress intensity factor for the crack has

. been proposed.(zq) This model predicts that the summation of acoustic
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emission is proportional to the fourth power of the stress intensity

factor (for through cracks in plates):

=N« K* ‘ ©(6)

This shows that it is possible to relate the number of acoustic emission
counts for a given load directly to the stress intensity factor for the
crack at that load. This is very important since it is actually the
stress intensity factor, rather than the flaw size itself, that contro}lsy
the onset of rapid crack propagatien.(36’37)

The strong dependence of acoustic emission on K in the above
equation indicates that, vwhe.n more than one flaw is present, the flaw
with the largest K will contribute the majority of the emission, and
less severe flaws will have only a secondary effect. The acoustic
emission from surface and embedded flaws cannot be directly related
to K, but must be referred to the flaw size or stress level.(33)

In actual situations, the rexponent in the’ acoustic emission-stress
intensity factor relation has usually not been 4, It varies from 4 for
some 7075-T6 specimens(33) to about 8 for beryllium.'(ze) Figures 3
and 4 show acoustic emission results from four 1.5-in, iride,_
0.10-in. thick single-edge-ﬁotch fracttire toughness speéimens of
7075-T6 aluminum with fatigue cracks of various lengths. These
curves show that the stress intensity factor is the parameter controlling
acoustic emission, as expected. The exponent for this material and
thickness was 4, the value predicted from the model.

Tests were also c;mducted on 0.40-in,. thick, 2.25-in, wide
707 5-T6"specirhens containing fatigue cracks in various locations.

These tests were performed to determine the effects of multiple flaws
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and geometries other than single-edge-notch on emigsion, The results
are presented in Figg. 5 and 8, which show that K is again the
controlling parameter and that emission was not appreciably altered
by the presence of multiple flaws. The expénent in the N-K relation
was found to be 5.4 for this material and thickness.

The disagreement between the theoretically predicted exponent
of 4 a.nd the results of actual tests could be caused by several factors.
Some poséible causes are th’é presence of twinning (which occurred
near the crack tl.pm beryllium) and the microcrack formation and
crack tunneling (p;)p—in) which occurred in aluminum. These factors
would tend to give a higher exponent than that predicted because they
occilr in addition to the plastic deformation considered in the model.

Acoustic emission has also been utilized in the detection of
"pop‘-in"(as’s?) during a‘.risi.ng load fracture toughness test. In fact,
the earliest studies of acoustic emission from flawed materials were

(44,45) which only requires

concerned with detection of this phenomenon,
Vyrelair:ively insensitive equipment as pop-in is usually quite noisy.
Typical results of an acoustically monitored fracture toughness test
'aécdmpanied by pop-in are presented in Fig. 7, which shows the
acougtic emigsion and notch-opening displacement measurements on

a fatigue cracked single-edge-notched fracture toughness specimen

of 7075-T6 aluminum, These curves show that the beginning of acoustic
emission is associated with the slighti change in slope of the load-
displacement curve that occurs at a load of about 5000 pounds. A

rapid jump in displacement occurréd at about 7000 pounds, and was
accompanied by considerable acoustic emission. Thg corresponding

K, value of 30.6 l:li-(i.n.)l'/2 agrees well with the results of numerous
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other investigators. This result shows that acoustic emission techniques
are well suited for detecting pop-in.

Gerberich and Hartbower(sa-“n have related the acoustic emission
associated with pbp-in to the new'crack area developed as a result of
crack extension. They have found the following quantitative relation-

ship for a wide variety of materials.
aa « (zg)® EK® )

where AA is the incremental area swept out by the crack, Zg is the
sum of the stress wavé amplitudes associated with that increment of
growth, E is the elastic modulus, and K the applied stress intensity
factor. This relation has also been found to hold for subcritical crack
growth caused by stress corrosion cracking. Thus, we see that acoustic
emission can be used for quantitative measurements of crack growth
during rising and constant load tests.

The fatigue crack growth produced by fluctuating loads can be
detected by continuous monitoring of acoustic emission.

(1) have investigated the acoustic emission during

Hartbower et al
low cycle fatigue from DGAc steel with various heat treatments. Their
results are presented in Fig. 8, where Zg is the summation of the
amplitudes of the emission pulses. This figure shows that it is

possible to detect the growth of fatigue cracks by continuous monitoring,
and that the amount of crack growth per cycle can be directly determined
from the acoustic emission data. However, the amount of emission for
an increment of crack growth depends on both the material and its
previous history such as heat treatment. The curves of Fig. 8 indicate

that the amount of emission per cycle grutly decreases at low crack



growth rates, and that the crack growth rate associated with high
cycle fatigue (~1 u in./cycle) may be below the detection threshold of
the instrumentation. Continuously monitoring st~uctures subjected
to a large number of fatigue cycles is often inconvenient, so in most
cases it would be mor2 satisfactory to apply intermittent ov:rstressing
with simultaneous pjuonitoring for acoustic emission to detect growth
of fatigue cracks. This intermittent overstressing technigue will be
fully described in the section on evaluation of structural integrity.
Acoustic emission analysis has also been applied to detection of
l’i:bcritical crack growth, which is the extension of cracks at K levels
below that required for rapid crack propagation. In addition to fatigue,
subcritical growth can resuit from stress corrosion cracking and

(42) and is accompanied by elastic strain

hydrogen embrittlement,
energy release and plastic deformation. Acoustic emission analysis
has proven to be a very sensitive tool for detecting subcritical flaw
‘rowth, and its applicability to the detection of hydrogen-induced crack
growth and stress corrouion cracking has been thoroughly
demonstrated, (33,38,39 43)

Figure 9 presents the results of a stress corrosion test on a
fatigue pre-cracked uranium-0.3% titanium specimen in salt water(ss)
- which was conducted under nearly fixed-grip conditions. This figure
shows the emission observed as the load was being applied, the

nhtively little emission and stress mtenslty factor decrease before :
the salt water was added, and the greatly increased activity accompanying
crack extension immediately following‘f’ the addition of salt water. The ‘
stress intensity factor decreased as the crack grew, with resulti.ng; |

decreases in the crack growth rate and acoustic emission activity.
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Similar studies on the acoustic emission characteristics of hydrogen-
induced crack growth“s) have demounstrated the applicability of
acoustic emission techniques to prediction of impending failure, In
summary, it has been found that acoustic emission is a very sensitive
indicator of subcritical flaw growth. It provides a potentially powerful
tool for early detection of flaw growth, and should prove useful in

combatting this troublesome cause of numerous service failures.

3.2 Composite Materials

Applications. The renewed interest in composite materials
during the past decide is evident in the increasing number of papers,
articles, and reports written on the subject every year. Man'‘s desire
to design materials for various applications is perhaps nearly realized
in design of composite materials where predicted quantitative properties
result from knowledge of the intrinsic properties of the constituent
materials. ‘

The definition of a composite material givenby Krockand Broutman“” '
requires that the following criteria be met: The composite material mustbe
man-made; the composite material must be a combination of at least
two chemically distinct materials with a distinct interface separating
the coraponents; the separate materials forming the composite must be
combined three-dimensionally; and the composite material should be
created to obtain properties which would not be achieved by any of the
components aéting alone. ' '
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Composites can be classified into one of three categories, on the
basis of microstructure:

(1) Dispersioned-strengthened

(2) Particle-reinforced

(3) Fiber-reinforced
Quite different criteria are used to interpret their mechanical properties.

Acoustic emission from composite materials can be generated
in a variety of ways during the straining of a composite material:
Plastic deformation or fracture of the matrix; plastic deformation or
fracture of the second phase {nsually harder than the matrix); or
failure of the interface between the matrix and second phase.

The following sections will attempt to characterize composite
materials during straining by acoustic emission techniques. Each

claas of composite will be discussed individually.

The class of dispérlion-st:ﬂgghened composites is characterized
by a microstructure having #n elemental or alloy matrix within which
fine particles of 0.01- to 0.1-iin. diameter are uniformly dispersed in
a volume concentration of 1 to 15%. The matrix acts as the principle
load-bearing constituent. The dispersed phase impedes dislocation
motion (slip), thus work-hardening the matrix. The rate of work
hardening depends on particle size and shape. The prime variable
for determining dispersion effectiveness is the mean free path between
particles.

Boneycombcw” discusses. the. theories of work-hardening of
metals and of deformation of crystals containing a second phase in
terms of the interaction of dislocations with second phase particles.

v “These dislocations sither cut through the dispersed particles or take a



path around the obstacles. The stresses at the i..din. dislocation In
a pileup are reported to be bqual to th'cl stress times the number of
dislocations in the pileup. As Indicgted iz the section discussing
acoustic gmfuion from metals, when the dr’iving stress on the leading
dislocation (applied stress plus stress concentration due to pileup) is
large enough to cauu'brukuny and acceleration of part of the groﬁp, '
the loal strain mru relaxes rnpidly and excites httico vibrations |
or acoustic emissions. 4 o

" We conjecture that the emission activity generated during
ltrlﬁil;‘ of av“din‘pc_rlvlon'-‘itr'cﬁgﬂnincd compocii:o"v_vill'bc of a_continuous
low-level nature rather thnn burst-type. Results similar to those for
7075-T$, & precipitation-hardenible alloy of aluminum (Fig. 1) are
‘expected from duporlion compocim : -

Purt!.ch-ninforeod composites dtftcr from dilpeuion compoﬂtu
in thnt the p.rtielo size exceeds 1.0 u and thc eonccntration generally
exceeds 35%. In’ thll chu of eompocltu. mttrlx and dupornd
pu-ticlu lhlro tho lond and ltnngﬂunln] o¢curl inmnlly when the

'dhpornd‘ particles mechanically. restrain matrix deformation, ‘a very
complex reaction. The particle phase do_fo@ plgltiéaiily in dqctni
composites and provides lurdonlu in brittle _éompollbi. ‘

The acoustic emission response duéﬁgijt;&_tntng of a particle
composite probably depends on plastic deformation of the particles
themselves before {fracture. When the' pirfiélﬁ;do not dotﬁm plastically

before fracture, a situstion on emission response similar to that of a
dupouun oompolitc is uwllbnod It tho particles doform plastically,
tho poubmty of a double pesk of mlnhn lcttvuy o:uu, with one
puknhtodblhomtrumdﬂuoﬂur nhtodwlhopnuohphuu.

|
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The distinguishins microstructural feature of fiber-reinforced

com&ite's is the one long dimensic;n of their reinforcement. Hence,
the properties are a great deal more anisotropic than the two other
classes of ccmposite materials. Here the raa.. purposes of the
matrix are transmitting the load to the fibers and spacing the fibers.
The fibers are the principal load-bearing constituent and range in
size from a fracﬁon of . micron to several mils in diameter. Volume
coﬁcentrations range from a few percent to greater than 70%. Fiber
composites are used for tailor-made properties; applications
generally require a high strength-to-weight ratio. Fibgr materials
include whisl;ere, metals, glass, ceramic, and polymer materials,

Low-level ucoustiz emissions can be generated by the plastic
deformation of the matrix or thc Jitbers. However, burst-type emissions
are usually predominant during straining to failure. Sources of this
high-level activity are fioer failure, matrix cracking, and interface
failure orv;ifibver pullout. _

Téﬁsile Testg. Most theories of tensile failure of fiber-

reinforced epoxies"cdnsider only the strength properties of the
(48,

glass. 49) Expeﬁi.mental work by .Zweben(49) supports a cumulative
fracuirz-propagation concept. Figure 10 represents results of
experiments on specimens consisting of a planar array of glass fibers
embedded in an epoxy matrix. The theoretical prediction is
represented by a dashed line in Fig. 10. It was shown that scattered
fiber breaks occur at leés than 50% of the ultimate load. As the load

increase¢s, an increasing number of random breaks appeér throughout

th= specimens. Considering the statistical spread in fiber properties,
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- this is fairly good agreement between experimental and theoretical
predictions. \

Tests were conducted on filament-wound Naval Ordnance

" Laboratory (NOL) rings of ""S-type' fiberglass with an epoxy resin
matrix. The rings were loaded in tension by a split-ring assembly
and acoustic emissioh data obtai.ned. Fiber failure was the emission
generator in this case. Summation of emission as a function of load
for an NOL ring is shown in Fig. 11; the experimental evidence

"supports the cumulative-damage. theory. Compression. tests on 1-in,
cylinders of matted fiberglass-epoxy having the compression axis
perpendicular to the plane of the woven fiberglass showed very 'siniilar
resulta. The fractufe plane on these specimens was 45° to the
compression axis.

Acoustic emission techniques for assessing the extent of micro-
fracturing during straining of fiber composites have proven verykuseful.
They are easily adaptable to simple or very complex structures, are:
relatively inexpensive, and haveonly limited data acquisition tj.rne.
Analysis of data is helpful in establishing the mechanisms gbverning
the operative fracture modes. Acoustic emission can be readily used
to assess the structural integrity of fiber ‘composites which have been
strained in unusual ways to create complex s'tress distributions.v

Acoustic emission has beén monitored during tensile tests conducted

on whisker-reinforced metals. Flat tensile specimens of ‘unidirec-

tionally solidifiedAl-AlsNi eutectic alloy having whiskers aligned‘with
the tensile axis were pulled to failure while being simultaneously
monitored for acoustic emlasmn.(so) The results of. the *est are

i

presented in Fig. 12, 1\ hich shows that acoustic emission occurred ina
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sporadic manner, but tendedjto increase in a linear fashion with
strain., The acoustic emission from this material is thought to be
primarily caused by whisker breaking. It is possible to deveiop a
model relating emission to applied tensile strain.

The percentage of broken fibers as a function of the applied
tensile strain was measured optically(so) during tests conducted at
several different temperatures. Figure 13 presents the room
temperature results, which provided the first step in the model
development. An emiuion-strain relation can 5e obtained by assuming
that the whiskers are always elastic, that the strain in the whiskers
is equal to the strain in the matrix, that ail acoustic emission comes
from whisker breakage, and that the number of counts produced by a
break is proportional to the square of the whisker stress. If w(e) is
the percentage of broken whiskers (Fig. 13), the above assumptions

. give an incremental count of:

dN(e) & oZ dule) S ®
Introduéing the proportionality constant C',_and noting that o, = Ep €,
md.ef = € according to the above assumptions, this equation can be
rewritten as:

" dN(e) = C' E? €2 due) = ce? Q_sée_) de . (9)

where C - c' E;. This is an ordinary differential equatidn, which can
be integrated as follows.to give.the functional relationship between N
and €. '
N :
Nee) = [ an - CK x? delx) 4y (10)
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The function w(e) can be curve-fitted from the data of Fig. 13.
It can then be differentiated and inserted into Eq. (10) to provide an
ordinary first-order differential equation which can be solved for the
functional relationship between N and €. Thé results of such calculations
are presented in Fig. 12, where ti)e constant C was adjusted to force
the experimentai and theoretical results to agree at a strain of 1.5%.
The theoretiéal and experimental results agree fairly well, considering
that the abrupt jumps in the experimental data (such as observed at a
strain of 0.85%) cannot be predicted from the smooth variation of wwith €.

These results show that acoustic emission analysis is well
suited to the study of the deformation characteristics of metal composites,
ind that it is possible to correlate the emission behavior with indebendent
observations of the behavior of the material. Acbustic émission» provides
information on the bulk deformation properties of the material, which
are often more reliable and less tedious to obtain than is information
obtained from microscopic examination of the specimen surface.

Fatigue Tests. Poor resistance to cyélic mechanical faﬁgﬁe is
one factor limiting the usefulness of fiber-reinforced composites. In
glass-resin systems, degrading effects arise from initiation and
propagation of small cracks in the resin phase, where local high stress
concentrations produce small cohesive failures. As the microcracks”
multiply and grow in size, the structural integrity of the material is
reduced, stiffness and strength properties dimiinish, Poisson's ratio
declines, resistance to water and generai Chemical attack diminishes,
and optical and electrical behavior ulually deteriorate.

McGnrry(sl) reports that cracking increuel with applied stress
level and the number of cycles immleq. howcv.r, a disproportionate
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amount of damage occurs during the first cycle. The cracking results
primarily from a combination of resin brittleness, fiber-fiber contact or
proximity, and tensile stress components acting perpendicular to fiber
bundles.

Acoustic emission techniques are very sensitive to resin
cracking and fiber failure. NOL rings (fiberglass and epoxy resin)
were cycled at approximately one-half of their uliimate load and
intermittently proof-tested to three-fourths of their ultimate load.

" During the proof cycles, microfracturing activity was monitored by
acoustic emission techniques. The results, shown in Fig. 14, indicate
that microfracturing activity or acoustic emission activity increases
with number of fatigue‘ cycles. This type of analysis {(emission
monitoring during proof cycling) could be readily applied to complex
structures or to evaluation of composite material or part degradation

during service life,

3.3. Geologic Materials

Bieniawski‘sz'“) discusses the various mechanisms of brittle
fracture of rock in tension and compression and takes into account the
~ significant failure processes from initial load application to complete
failure. His approach describing the fracture mechanisms of rock iﬁ
shqwn in Fig. 15. Studies of the mechanical properties of geologic
materials are often complicated by the anisotropic and inhomogeneous
gualities of rocks. Because of the transient nature of the mechanistic
processes involved in deforming and fracturing rocks, studies of the

strain behavior by acoustic emission techniques are particularly
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appropriate, The deformation and fracture process (Fig. 15), from
the movement of cracks upon initial stress application to the final
rupture mechanism, is ideally suited to acoustic emission analysis.
Each involves a transient process which is a known generator of
emission activity.

In recent years, many studies of mechanical properties have
turned from homogeneous-igsotropic assumptions to a defect approach,
similar to the concepts of fracture toughness so successfully applied
to metals that fracture in a brittle manner. This approach appeabé
very reasonable since the defect density of most rocks is Ligh and
many types of defects are present. Examples of defects on a
macroscopic level are cracks, pores, impurities, multiphases, and
jointed and folded surfaces.

Elastic shock, elastic radiation, rock noise, microseismic
activity, and seismo-acoustical activity are terms that have been used
to describe the transient vibrations or acoustic emissions generated
during the straining of rocks. '

Rockbursts are sudden explosive failures of coal seams or mine
walls. The desirability of acoustic detection techniques was appreciated
at an early date; however, little progress has been made toward a
solution of the rockburst prediction problem, despite the accumulation
of a very large quantity of acoustic data. As .early as 1923,
Hodgson‘ss, proposed the use.of subaudibie noises in the
prediction of earthquakes and rockbursts. In Russia, great effort
has been directed to finding a reliable method of detecting imminent

rockbursts, primarily through seismo-acoustical studies of deep-level
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coal lelﬁli.(s,s) Similar investigations hav.e been made in the United
;States,(‘rﬂ'sg) Japan,(so) South Africa, (61) and Sweden.(GZ)

Knill, Franklin, and Malone(ss) discuss the results of previous
- investigations which are relevant to the study of rock mechanics.
They conclude that acoustic emission observation is a useful tool for
studying material behavior and that the technique has considerable
research potential in rock mechanics,

Investigators at Pennsylvania State University are conducting
extensive studies associated with emission activity and inelastic
behavior of geologic material. Brown and Singh(64) showed that the
main mechanism of emission activity in their tension tests of various
rocks was the propégation of small cracks through and between rock

(65-67) revealed

grains. Later experiments by Hardy and his associates
that the accumulated emicsion activity vs. time in most experiments fit
the generalized Burgers model for creep and that a linear relationship
existed between accumulated emission activity and axial creep strain,
The frequency spectrum of emission activity was not found to be a
fundamental parameter. It is concluded that inelastic strain during
rock deformation results from microfracturing within the rock.

The influence of microfracturing on the stress-strain behavior of
brittle rocks was studied by Scholz.‘ss-'m) A significant feature of the
experimental work was that the frequency range of 100 kHz to 1 MHz was
analyzed, Most other studies of emission activity in rock samples have
been limited to the audible range or much below. It was reported that
the time-independent inelastic stress-strain behavior of brittle rocks
could be compleiely accounted for by the strain released during

microfracturing, Also, it was indicated that rock deformation in
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laboratory experiments could be related to earthquakes according to
the Gutenberg-Richter rélation and that the rock type and the state of
stress could be reflected in the constants of the relation, lkegami's(")
studies of the magnitude-frequency relation of earthquakes during a
40-year period supported Scholz's work by noting that periods of
great seismic energy release correspond to periods during which one
of the éonstants in the Gutenberg-Richter relation is a minimum,

Mogi(72’73) demonstrated that thg stetistical behavior of micro-
fracturing activity observed in laboratory experiments is in many ways
similar to that observed for earthquakes. In addition to observing the
similarity of the frequency-magnitude relations, he showed that the
buildup of activity preceding fracture in laboratory tests is similar
to the earthquake foreshock sequence. He reproduced foreshock and
aftershock sequences in models by relating the stochastic process of
microfracturing to the degree of heterogeneity of rock saniples. He
noted that laboratory experimenté on fracture suggest the posasibility of
earthquake prediction by measurements of anomalous strain increases
and foreshocks.

Armstrong(u) explored .the hypothesis that animal agitation
just prior to earthquakes is caused by high-frequency sound
emission from preliminary fracturing. He discusses generation
of acoustic emission in earth materials and propagation and
detection of acoustic waves in various materials, and suggests
that, under certain conditions, high frequency emission may be
detected from highly strained regions prior to earthquakes.

To assess the usefulness of applying emission techniques to studies

of the strain and fracture characteristics of rocks, several preliminiry



experiments were conducted at Lawrence Radiation Laboratory. A
specimen of Sturdevant Quartzite was.strained in compression to failure at
a confining pressure of 3.5 kbar. Thg stress-strain curve for this material
is ﬁlontully linearfofailure atatmosphericpressure. Athigh confining
pressures, lgick-slip processes become operative. Figure 16 shows

that acoustic emission techniques are very sensitive to stick-slip processes.
The dita show that dissipative energy-release process operates

prior to all stick-slips. The stress-strain relation for the sample
shown in Fig. is would consist generally of linear elastic portions
followed by a stick-slip. The emission data demonstrate the operation
of‘ an energy-dissipating mechanism prior. to each stick-slip.

In tilting plane experiments for determining the coefficient of
friction for an aluminum alloy, Tatro and Liptai reported(? 5) that.
acoustic emission activity builds to a maximum at an angle of five
degrees and then declines, whereas sliding occurs at slightly less than
fifteen degrees, These experiments suggest that acoustic emission
techniques can be applied to investigations of the mechanistic processes
of friction. Both current theories of friction, plastic deformation and
adhesion and brittle failure of asperities, are appropriate for acoustic
emission analysis. It seems reasonable that results of laboratory
studies may be extended to apply to seismic activity, particularly
micro-earthquake phenomena.

Acoustic emission monitoring was used on experiments designed

(16)

to establish the shear strength of rocks to 70 kbars. The apparatus

developed by Abey and Stromberg(n) to shear bulk materials under
very high pressure was used. Acoustic emission data provided clearer

understanding of the deformation mechanisms operative at high pressures.



Acoustic emission techniques have a very wide application in the
field of rock mechanics., Although only a limited amount of work has
been accomplished in this area, emission analysis holds great
promise as a research tool and as a technique for various practical

applications.
4. STRUCTURAL INTEGRITY EVALUATION

Assurance of structural integrity requires extensive nondestructive
testing ‘at various points in the fabrication process, up to
and including a final proof test. Such nondestructive inspection
techniques as radiography, visual inspection with penetrants, ultrasonics,
and eddy-current measurements are generally time consuming and '
expensive, and are often inadequate because of low resolution or
operator error.

Flaws that affectthe integrity of fabricated structure arise from
four basic sources: Flaws in the basic material; flaws introduced by
forming processes; flaws introduced by joining pro:esses; and flaws
that become critical as a result of slow crack growth due to fatigue,
stress corrosion, or embrittlement.

Catastrophic failure during proof test has so many ramifications
that nearly any technique of reducing the probability of such failures
(such as improved fabrication methods) or of detecting or locating
critical defects during proof testing (in time to terminate the test and
make appropriate repairs) will be economically desirable. Present
acoustic emission technology offers this capability.
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4,1 Joining Processes

Many critical flaws in structures arise from improper joining
techniques. If these are eliminated or prevented early in the
fabrication process, repair time required later in the fabricatioh
process will be saved.

Acoustic emission was first applied to welding technology by
Notvest in 1965.(78) He used detection apparatus which was
"gensitive enough to detect the austenite-to-martensite transformation
when in a quiet environment" to detect "acoustic waves originating
from crack events" in restrained joint cracking tests of welds in
DSAc steel. Notvest was able to establish a thermal treatment of
preaeat and postheat that produced no acoustic emission and that was
applied to the weld fabrication of Titan II 120-in; diameter rocket
motor cases with reduced in-process weld cracking and fabrication
costs, '

Day{"® and Jolty
in-process weld inspection. Haribower has successfully monitored

{80-83) report successful application to

weld joints in HY80 and HY150 steels to Jetect cracking during
cooling and delayed slow crack growth with agi.ng.‘“ ),
Acoustic emission was found to be a reliable indication of

k{85 ond Bea1.'86)

adhesive bond strength by Schmitz and Fran
Muenow reportl(a'” the utilization of acoustic emission to

detemhe the approximate location of regions of nonbond in large
laminated wood beams. Suspect areas are then examined radiographically
or with low frequency ultrasonics to ascertain the size of the nonbond

area. This technique eliminates the need for complete examination by
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radiographic or ultrasonic techniques, with a gignificant cost savings

as a result.

4.2 Probf Testing of Pressure Vessels

-The greatest effort expended has been in developing techniques
for applic#tion to the évaluation of pressure vessels during proof test.
The earliest study was made by Green et 81588,89) to evaluate the
integrity of filament-wounq chambers for Polaris in 1962-63. The
success of -this program led to a proposal to investigate the‘ applicability
of their STRESS-WAVE-ANALYSIS-TECHNIQUE. (SWAT) to prevent
failures during hydro-test of 260-in. diameter motor cases. This work
demonstrated:that the acoustic emission phenomenon provides. a practical

signal for terminating proof tests before citastrophic_ failure(go'gl)

and for locating the failure point by triangulation techniqueS.(gz)
Subsequent applications to proof tests of a Sa’turn II aft-LOX
bulkhead made of 2014-T6 welded aluminum alloy, ?3) LEM ascent

tanks of Ti-6Al-4V alloy, {*4:9%)

and a 260-in, diameter SL-2
cha.mber(gs) were made. They resulted in the suggestion by Hartbower
and Crimmins that application of acoustic emission techniques was
essential to preventing unexpected catastrophic failure of pressufe
vessels from slow crack growth during proof test. They cite'(gs)
five different vessels for a total of 19 failures that probably could have
been prevented with proper utilization of acc;ustic emission. The
situations are worth repeating.

(1) A catastrophic brittle failure during a routine air-leak test

of a large steel pressure vessel at 3200 psig after two successful
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7500 psig hydrostatic tests. The failure was probabl:} caused by
hydrogen embrittlement dhring processing between the last hydro-
test and the. leak test.‘97)

(2) Two 42-in. diameter rocket motor cases for the second
stage of Minuteman and fouf 52-iﬁ. diameter second stage |
Minuteman chambers made of 6Al-4V-titanium failed during hold
at proof pressure or in the case of one of the 42-in. diameter
cases during risi.ﬁg load after a few cycies to higher load,

(3) Six of ten Polaris chamber~ were investigated. It was
cbncluded that failure of four, and probably the other two as
well, was caused by stress corrosion cracking and temper
embrittlement. The material was AISK335 V Steel,(%5)

(4) A Saturn S-II liquid hydrogen tank (CBTT) made of 2014-T6
aluminum failed on December 1, 1966. The investigation'®®)
concluded that failure was due to either an unknown flaw that was
undetected or an unl;nown low-cycle high-stress life cycle limit
that was exceed:d. Slow crack growth as the result of stress
corrosion c¢racking in water is a;vanced by Hartbower and
Crimmins as a third possibility that was not discussed.

(5) A 2§0-in-. SL-1 motor -casve-made from air-melted grade

-250, 15% nickel maraging steel failed from an undetected ﬂaw.(gz)
This was critical at 56% of the anticipated proof pressuré. An
early SWAT System was on board for this test and was able to
locate the failure source by trié.ngulation after the test.
Subsequent tests on an SL-2 motur case were made to assist with
the evaluation of chambér integrity. This vessel was passed and

has withstood two successful test firings and a second hydro-test.“”



-43-

Acoustic ‘monitoring techniques have also been applied to

10-in, glass 'hemispheres and spheres under hydrostatic

compressi_on.(loo'ml)

Later applications to pressure vessel proof testing include a

suczessful feasibility study on testing propellant tankage in situ at

(102) and some preliminary exploration in

(103)

Kennedy Space Center
evaluating prestressed concrete vessels for Oak Ridge. ‘
In early 1966, Hutton.and Parry began to develop techniques
to apply acoustic emission analysis to the problems of nondeétructive

testing of assembled reactor pressure vessels and primary’pre‘ssure
system components in nuclgar power plan!;s. | Their common goal is 'fo
provide integrity anlalysis by detecting, locating, and describing
incipient faiiure conditions in opefati.ng plants.

Some early work consisted of investigations of pressui-e plpmg
with acoustic emission instrumentation to deterinine if known flaws could be
detected. This work has progressed to situations simulating more
difficult field problems sulch as acoustic emission crack detection in .
the presence of hydraulic no'ise(lo‘n and crack detection in the:presence
of simulated reactor ‘noise.(ws’ Other research has been directed to
characterizing emission from sources and matei'ials likely to be
encountered in reactor systems and to developing the technique of
separating acoustic.emission signals from those caused by cavitation,

boﬂing, and mechanical noise present in operating reactor systems.(me)
Hutton characterizes the state-of-the-art as being reliable for
. detecting and locating flaw growth in pfessure véssels uhderjoiné

hydrostatic test and for surveying local areas of known high poteyntial»"'y

for flaw growth (i.e., piping connections in the primai-y coolant systems ‘
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in an operating lyltemi; He indicates that the resolution attainable
in datecting navn appears to significantly exceed that of any

'convantional NUI' technique.

The task of applvzng detectlon techniques to complex nuclear

power lylteml was invutigated by Parry and Robinson, {108) They

have used multi-channel data acquisition with computer assistance to

triangulate emissica sources in large pressure vessels, Parry states

‘that the Incipient Flaw Detection System (IFDS) developed since 1966

has proven capable of ranidly detecting and locating flaws during
fiydroltatic acceptance and requalification /te‘sting of nuclear reactor

- pressure vessels. The system has been successfully used to locate
‘ loake in the large primary eystem of the nuclear power plant at

Elk River and to provide integrity analysis of several large pressure

5

< , The\present IFDS aystem is capable of locatmg emlssmn sources
to withi.n one wall thickneu with sensiti\nty adequate to detect any
limificant flaw during hydrostatic teating. . Attempts to detect emission
from unsuape_,cted sources during operatlon of nuclear power plants - )
with the present IFDS ;yltem indicate i‘mﬁ:ﬁ.;.:h refinement of signal
proceuing will be required if continuous in- service monitormg in the
pruence “of high ba(.kground noise m to be accomplmhed

o Hutton has boen lucculful in monitoring acoustlc emiuion

trom Imown flaws in the low MH: band in the presence oi' sirnulated
r-ctor noiu.u“) o L o

" The groups’ primarily tntereltod in applicatxona to pmsure V.ll.ll

"‘éwuwmdftmm“ much lmuo,rthan :those dstectable. by any
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Aerojet General usually couples its proof testing efforts with a
study of the relation between crack propagation and acoustic emission
~ of the material from which the vessel is made. Thisallows adjusiment
of the detéction level so that relatively few stress wave (acoustic)
emiasions are accepted for triangulation. This is necessary in order
to use a small computer with limited capacity for on-line real-time
location and display. Idaho Nuclear, on the other hand, uses a higher
detection gsensitivity and stores emission counts by arrival tlme
differerices until appreciable activity is noticed for the arrival time
sequence from a possible source. The lumped data are used for
triangulation. As a result, the IFDS system finds many more flaws
fhat‘are ingignificant to vessel integrity than does SWAT.
Idaho Nuclear has tested several large velqell and has Vfound
‘ enough flaws, which were confirmed by detailed inspection to be of‘ no
- ,conlequence to vessel integrity, to indicate that all- flaws which fnght
»- affect vessel intzgrity will be found. ;
Esso Research and Engineering Co. is devcloping a lyltom
of their own for detection and locatlon of defects in large pru.ure
vessels during hydro-tut. Their axperience with four large volccll :

teated for them by Parry has been tha.t about 75% of the. sources -
(107

indicated by the IFDS lystem have becn vcriﬂod to be non- critical

‘.'/

4;;1 Dctoction of Flaw Growth gglnnt HLLB&Lk‘ro_Lnd ERE

Goncral Dynamics bocamc actlw in neoultic emission in .
Sqmmbcr 1ua (109) Their: .ul was donlopmont ofa lyoh- mh
> gotdchctm‘huuttonaum'thdenﬂ hmmW‘i

5o
o - - ‘ . m
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structures during fatigue cycling. Riveted and bolted structures

obviously presented unique background noise problems and their

*eﬂfprts, once they determined that they could detect initiation and

growth of fatigue crach, have been concentrated on developing this

system to discriminate between normal friction emission from

- fasteners and that from fatigue cracks.

This l_ysfem, which hﬂl.b een developed considerably in the
last yeﬁr and a half, presently has the following limitations:

(l;;) Noise sources (i.e., rubbing components) close to regions

of interest can completely mask the desired emission signal.

(2) One array roverl only about 1 cubic foot, and only 10

arrays can be handled.

(3) llutor,.leql_orl must be skillfully mounted cloge (within

1 foot) to suspect locations.

| {4) No universal niethod_l is yet available for predicting
_ catulfrpphic failure, o .

General Dymmicr' system differs from SW:A'I.“ and IFDS because
of the large number of non-flaw emission sources ;‘iar'eser)t in riveted
andboltod ‘structures. Beclule of this phylical rehlity. they utilize a
fow master detectors loc.tod in the area of i.nterest and surrounded by

! rln‘ of slave transducers. Thcy uve for annlysil md locatlon only

tholc lipﬂl detected by all. ‘master tranlducerl before any slave

trl.n-ducor dotoctl the event. - Thil offectively shields qainlt emiuion ’

or nolce coming from other mu and has a rcjcction rntio of 30,000 -

“to %, Bo'mr, it roqui.rcl llrge ”numbcrl of trmducorl. .
Baldersion uses l(i”hn mlyatl to avaluate burh. dmnp

.lhinuuc oampouumrhﬂ.hgntuﬁnea. lloiuu.mﬁu

P
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there are frequency bands with sufficient contribution to the power
spectrum from acoustic emission to allow emission detection in the
presence of high background.(uo) This approach will require
extensive investigation and very narrow-band transducers. In
operating nuclear plants, boiling and cavitation will continue to produce
confusing signals since they seem to be a8 broad in their spectra as
are acoustic emiseion signals.

Anderson and Gate are working on acoustic boiling detecting

systems for reactor application. 111)

4.4 Integrity Evaluation by Periodic Overload

Techniques for detecting subéritical flaw growth afe of gréat
technological importance"’)for combatting this ‘al_ly-too-coz-nmon cau:se of
structural failure. The application 6f _acoustié emission to the detggtion
of subcritical growth (regardless of cause) by continuous mqnitorizii of
the structure has ,alreadﬂy been disctiued. Howevef, continuous '
monitoring is often impracticif because of expense ihvolved a.nd g
excessively high background noise durmg service.

A technique based on i.ntermittent momtormg duri.ng a. penodic JH

overload (proof telt) hll been xdeveloped which can overcome some of

the disadvantages ulociatod mth continuous momtoring (13- 11“

This tccllnque can be applied rop.rdleu of the mechanilm of crack

’ growth, but ‘only the case of fatigue has been conlidored in tuta
conducted to. dl.to. Th. extension of tho technique of othur mcchanilms

‘of crack growth t. nry lmiﬂorward Tho intcrmittont onrlo.d

n
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technique is based on the irreversibility of acoustic emission that was
digscussed earlier.

If a cracked structure is loaded to a particular value of K and
then unloaded, emission will not occur again until this previous K
value is exceeded. It is possible to take advantage of this irreversible
nature to determine whether or not a crack has grown during cyclic
loading at a stress O by periodically overstressing (proof testing)
the struct.ure at a stress cp (>aw) and monitoring for acoustic emission.
If flaws have grown at O since the previous overstress, the stress
intensity factor during proof testing (Kp = % (-ura)l/2 ) will have increased,
and emission will be observed during the proof test, Alternatively, if
no crack growth occurred at O Kp would remain the same as during
the previous proof test, and no new plasti- deformation (hence, no
acoustic emission) would occur,

A model to analytically predict the number of acoustic emission
counts N; observed during the proof test as a function of the number of
fatigue cycles n at the’ivorking stress has been presented(113’114) for a
" crack of known initial size in any geometry for which the relationship
'be_tween the stress intensity, lcads, and crack size is known. This
model makes use of three basic equations to obtain the relationbetween
Nt and n:

(1) Fatigue crack growl;h rate equation,

‘ (2) Acoustic emission-stress intensity factor equation, as

rsxpréssed in Eq. (7).

(3') The stress intensity factor, load, and crack length relation.

The acoustic gmisqion-fa‘tijue cycle relations are worked out in
-d.}‘u(uz,ua) for the simple case of a ﬂhrough crack in an infinite

f
1
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plate and for a wedge-opening-loading (WOL) fracture toughness
specimen.uls) The theoretical WOL results were compared
with experimental observations from trip lteel(us) and 7075-Té6
aluminum spécimens with good correlation. Figure 17 presents the
results from two algminum specimens cycled to 800 pounds, and
proofed to 1200 pour';ds every 3000 cycles. This figure shows the ’
good agreement between the theoretical and experimental results.
The amount of aroustic emission observed during the periodic proof
increased very rapidly several thousand cyclgs prior to cﬁtastrophic
failure, thereby providing early and ample warning of impending
failure,

Another indicator of imminent failure is the amount of emission
observed while holding at the proof load. If a crack is present with K
value close to critical, eﬁissim will be observed while hold'i.ng‘at
constant load. Hence, the presence of emiasion dubing a hold provides
another warning of impending failure.

The applicability of this téc'hniqueuto preisuré vessels has also

ed.u”)' Typical results for a weided cylindrical

been demonstrat

6061-T6 aluminum vessel will be presented. The vessel had a 4-in.

inner diameter, 1/4-1;1/ wall thickness, and welded end capai It was

initially pressurized to 2000 psi, unloaded, and reprenurued to

2000 psi. Figure 18 prelgfltl the acoustic emission test results of :

these first two runs, . 7 ‘ v
Very little emission {val observed duri.ng the feprcuurization;

in agreement with the 1rrenrﬂbility of the cmilni.on The vulol

then cycled to 1300 psi, and prootod to 2000 p.i mry 3000 cyelu

whilo being raonitored for omil.hn The l.ooutlc lmllllul PM

i
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of the proof tests are prenenf@ in Fig. 19, which shows that more

' emission was observed on each succeeding proof test (except for the
one after 3000 cycles). This indicates that a iﬁtigue crack was present
- and growing during the fatiguing at the working pressure. More emission
iu?oblerved while holding at the proof pressure for each succeeding
proof, which was further: evidence of a growing fatigue crack,

The number of counts observed while pressurizing to the proof
pressure and the counts while holding at this pressure are plotted as a
functionk of the number of fatigue cycles in Fig. 20. These resuits show
the characteristic marked increase in emission activity prior to failure,
Ample and early warning of impending failure was again obtaihed.
Figure 21 contains photographs of the failed vessel, and shows that
failure occurred because of fatigue crack propagation in the weld
holding one of the end caps on,

These test results. indichte that acoustic emission used in
conjunction ‘wi‘th a bperiodic overload is capable of providing early
warning of impending failure in engineering structures. It can
therefore pmvidé¥a powerful tool for the assessment of strictural
integrity. It is perhaps worth repeating that, although this has been
demonctrntod only tor tbe case of fatigue loading, this techmque is

, applicable rcgardlcu of the mechanmn' of the subcrltlcal flaw growth.

1

. 4.5 Civil Mcr@ucmres
Law Enginuring Testing Conmuny is applying acoustic eml.uion'
tcehniquu to a nrtoty ot civil mh‘&nrin‘ probleml.

o
"f": Ny \\
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To perform safety inspections on buildings, the building is water
loaded. Acoustic emission sensors are ﬁlaced under the load and on a
circle with center on the load line. They have successfully lqcated
weld prcblems m structural steel, deterioration in concrete, and
' areas of soft'wood. Ih one case, an area damaged by an unreported
: fix_-e was loéatéd.

Standirds specify sﬁfety ingpections of large cranes by complete
radiogi'aphy or uitrasoni_cs on a ' monthly basis. Acoustip emission
transducers attached to critical welds and pin bolts provide adequate
waining of a failure mode at much reduced cost.

Law has also monitored the release of prestressing strands in
concrete to determﬁe if the prestressing is adequate for critical
applications.

Efforts are being made to continuously survey buildings and
bridges. It is interesting to note that fhese applications are being
mede in the low kHz l;;ectral band, where experts in the field fgg}

to tread.

4.8 Geologic Structures

Application of acoustic techniques in the field lmG;Jbeen primarily
directed to studies of rockburst phenomena and lnnilar catutrophic
failure processes in u.ndcrground excavations. Extenlive ltl.ldi.l hnvc

_been conducted by Ruulan 1nveltlgator| to relatc uiamo -acoultical or
acoustic emission activity with rockburlt in mines.(36) Theresults of

' thuo.rltudiu have promphd the uu ol acontic tochnlqnu on a routine

basis for tomutmg sudden outbursts of coal and ges in nm-. =

bl

i
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Cadman and Goodman, using acoustical monitoring of real
landslides, have revealed the existence of subaudible noise activity
prior to failure, allowing a prediction of the depth of seat sliding.(l 18)
Smnlar techriques have been used in Swedish hydro-electric works
of copper mines. (119, 62) Hardy proposed the use of acoustic
techniques to assess the stability of storage areas and to develop
criteria for determining optimum pressures for underground storage
of natural g‘as.uw'ln)

Scholz,m” lp_ibgi,az) and Armltrong(") have noted the various

similarities between micro-seismic activity, rock fracturing, and

‘earthquake phemonena with hopes of clarifying some of the criteria in

earﬁhquake prediction..

Knill et al.conclude that acoustic emission studies are widely
(63)
A.pplicatién of acoustic emission techniques to supplement or support
other experimental techniques may well contribute to an understanding
of many rock engineering problems and provide a useful tool for studying

|

material behavior.
5. SUMMARY

' ~Acoustic omislion techniques have wide applic;i:ility to experimental

+ gtudies in material. rucarch and to evaluation analysis of structural

- integrity. The expcrimcntal tochnique is very sensitive to dynamic

transient processes in materials, such as .mechanistic processes
‘ozérative during plastic deformation and crack growth, cuck initiation

and propagation, fracture procqnn. a-d mmmc m&-tomnlul.

© o e e
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We have presented a brief historical sketch of emission studies. A
discussion of the experiméntal critieria was given, which included

a discussion of the essential principles of transducer design and
electronic and mechanical considerations, and the data acquisition,
processing, and display systems. Also, frequency response and
detection fitjelity were ahquzed and a discussion of the limitations of
"acoustic emission technigue was presented.

Emission behavior of metals during straining has been reviewed
for unflawed and fliwed-materials. Subcritical flaw growth during
pon-in, stress corrosion cracking, fatigue, and hydrogen embrittlement
results in the release of elastic strain energy, which gives rise to
acoustic emiuions{_‘gpd can be readily detected by acoustic emission
techniques, Quan.titati{ve information regarding the imminence of
failure can be obﬁmed from emission data. '

Criteria for the deformation and failure of composite materials
are complex. The discussion of these Processes in dispersion, 'parti:cle.
and fiber composites concluded that emission analysis was well suited
for establishing the mechanisms governing fracture modes and mmin‘
the structural integrity. Results of tensile tests and fatigu; studies
were presented. T o ~

Because of the transient mture of the mechani-tic processes '

\involnd in the deformation’ and Iracturing of rockl acoultic cmtubn \
analysis is pﬂrticuhrly appropr)htc. Each deformatlon and- fracturc ‘;'_\
process from the movement ol cracks on inlthl ltrou lppuo.tina fo .
the final ruptun mochnunc ii idully :nihd to omluion mlwni-.
M{hgolnn a transient process wblc“h_'h a knewn genereter of i/‘v

g . 5
ol M <
.
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" emission activity. Thus, emission techniques have a wide application
in laboratory and -field experiments in the field of rock echanics.
Reaults of labo'ratory studies indicate that acoustic emissions

) generated by plastic de'formation and crack initiation and propagation
are eamly detected Therefore, emission a.naly51s has been applied
in a variety of ways to evaluation of structural integrity. The results
of studies discuesed previously show that emission techniques can
readily assess the integrity of joining processes. Early indications
of flaw growth are signaled by emission activity in pressure vessels.

" Triangulation techniques are ueed to locate critical areas. Emission
monitoring during pei-iodic overload of structures in service provides
a direct means of ;ssessmg whether or not the service environment
h'as deteri.ornted ‘tlie structure in any way. Emission techniques have

g been applied with success to large complex 8structures such as brldges
airframex, and the earth itself.

" Future e.pplication of acoustic emission techniques to nroblems
of structurel integ‘nty is unli.m1ted Flaw detection senmtunty is
greeter than e,ny other known technique of nondestructwe testing.
‘Acouetic emiuion provides the opportumty to detect subcrltlcal
fllw growth in real time as no other method can. Emmsion is eully
detectable in noisy environmentl such as exist in productxon t‘acllltles.‘
Qunlity control inspections of critical or w;arrenty parte is pon:ble
wtth equipnent commercially auilable. puch teetu rcquu-e only

j ] 7 ftxtlu'h‘ to apply approprh.te p;-,,f loedl 'end nhould be mucn more '

. veliible than present inlpection W ‘

- Thene&odvt&noreoo-phuendeoetlydlhreducthn
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duﬁng hydro-test. Detection problems stiﬁ exist when cavitation

and boiling occur, as found in operating ~uclear poﬁ'er plants,

or ﬁhen friction noise is present as i . .seted or bolted frame
structures. Even in some of these high-noise situations, acoustic
emisgsion can be used te monitor known critical areas. The solution

to the noise problem'foxv- 1ocating developing flaws in unknown locations
requires imagih'ative application of available signal processing
techniques.

Acoustic emission is a very useful tool for material evaluation

 and structural integrity studies. Utilization of this téchnique is in its

. ‘early stages. Expenmental techniques and instrurmeniation -are now :

‘Tremendous potential exlsts in basm studles from the atomlc level to
gro-s phenomena Apphcatlons for acoustic emission analysm are
innumerable. The dnveruty of the technique is readily shown by notmg
that it is applied in studies of dislocation dynamlcs in materlals and
at the other extreme, is apphed ‘to earthquake studles and integmty

evaluation of le"ge misaile casings. - ;V

6. FUTUgE'DévémpuénT,_S P

The i.maginationi of engineerl and lcientintl will determlne the

‘ tedmhuu. _ ln the- immedinte fuwre. nverel areu eppeer rrel!:hl.
' ‘rnneducer deelp u oee Nﬂy ‘m of pieso-electric- crynah
. -ummmmmmmonadmm

] /)
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amplification (electro-acoustical amplification) is in early development

stages.(lzz)

Development of small crystals would extend the state-of-
the~art., Transducers for use at high temperatures would greatly
extend the applicability of emission analysis to high-temperature
processes.

Use of acoustic emission techniques in basic research studies of
material phenomena has been rather limited. It appears that the emission
activity associated with dislocation dynamics could be studied in a
fundamental manner with acoustic emission techniques.(lzs) Studies
of twinning, discontinnous-slip, breakaway of dislocations from obstacles,
creep processes, martensitic transformations, and magnetic domain
rearrangement are a few other possibilities.

In applied areas, material processes such as casting, rolling and
forging hold promise for analysis by acoustic emission techniques.
Quality assurance programs involving proof testing by periodic overload
before, during, and after service is perhaps the most promising area
of application in the immediate future. An "on-line" test for flaws

and cracks in production is another immediate application,
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FIGGRE CAPTIONS

Acoustic emission and stress vs. strain for a 7075-T6
aluminum tensile specimen. Dashed curve is a fit of
Gilman's theoretical expression for mobile dislacation
density vs. plastic strain.(az)

Fourier integral transform plots for model event.

(a) Phase, (b) Amplitude.

Summation acoustic emission as a function of load for four
SEN fracture toughness specimens of 7075-T6 aluminum
with varying crack lengths.(sz)

Summation acoustic emission as a function of stress intensity
factor for four single-edge-notch fracture specimens with
varying crack lengths. A best-fit fourth power curve was
drawn through the data points.(sz)

Summation counts vs, tensile load for muitiflawed
specimens.(az)
Summmation counts vs. stress intensity factor for multiflawed
specimens.(sz)
Acoustic emission and notch opening displacement as functions
of load for a single-edge-notched specimen of 7975-T6

aluminum.(zs)

Relationship between crack growth rate and st ~ss-wave

)
emission for two conditions of D6Ac steel.(41'

[Reproduced
from: C. E. Hartbower, W. W. Gerberich, and P. P, Crimmins,

"Monitoring Subcritical Crack Growth by Detection of Elastic

Stress Waves," Veld J. (New York) 47 (1), 55 (1968)].



Fig. 9. . Stress intensity factor and acoustic emission as a function of
time for a crack propagating in a uranium-0.3% titanium
alloy immersed in a 3% salt-water solution.(33)

Fig. 10. Number of breaks as a function of applied load, 49
[Reproduced from: C. Zweben, "Tensile Failure of Fiber
Composites,” AIAA J. 6 (12}, 2329 (1968)].

Fig. 11, Summation ef acoustic emissions as a functicn of applied load
on a filament-wound NOL ring,

Fig, 12, Stress and acoustic emission as a function of strain for
whisker-reinforced Al-AlaNi composite showing emission
curves predicted from model.

Fig. 13, Percentage of broken whiskers as a function of strain for
Al—A13Ni composite,

Fig. 14. Summation of acoustic emission as a function of applied load
on an NOL ring. Ring was cycled to 4000 pounds and
intermittently proofed to 6000 pounds.

Fig. 15. Bieniawski's scheme for considering rock fracture in

compression.(sm

Fig. 16, Acoustic emission rate as a function of strain on Sturdevant
Quartzite, confining pressure 3.5 kbar. After initial failure
(first drop in acoustic emission activity), further deformation
proceeds by stick-slip.

Fig. 17. Theoretical and experimental results of periodic proof tests
with acoustic emission from 7075-T6 WOL fracture toughness

< (113)
specimens.
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Surnmation of acoustic emiesion as a function of pressure for
jinitial pressurization and [irst re-pressurization of pressure
vessel.

Summation of acoustic emission as a function of pressure for
intermittently proofed cyclically loaded pressure vessel.
Numbers by curves are the number of fatigue cycles in
thousands of cycles.

Total acoustic emission observed during proof te 2000 psi

as a function of fatigue cycles to 1309 psi for intermittently
proofed cyclically loaded pressure vessel.

(a) Fziled pressure vessel. (b) Fracture surface and

fatigue crack growth markings.
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