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ACOUSTIC EMISSION TECHNIQUES IN MATERIALS RESEARCH* 

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 
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 

a flaw size 

A sheared area 

AA incremental area swept out by a crack 

B constant 

C,C proportionality constants 

D constant 

E modulus of elasticity 

Ef elastic modulus of a fiber 

G shear modulus 

Sg summation of amplitudes of acoustic emission pulses 

K stress intensity factor 

i grain diameter 

m one-half mass of grain 

If constant 

n number of fatigue cycles to the working stress 

N acoustic emission count rate 

N t total number of acoustic emission counts observed during a proof 

test 

£N summation of acoustic emission counts 

s distance grain slipped 

t time 

V a sound velocity 

e uniaxial tensile strain 

e. tensile strain in fiber 

a applied tensile stress 

oe tensile stress in fiber 
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a proof stress 

a driving stress 

a working stress 

u energy change accompanying slip 

u(e) percentage of broken fibers as a function of strain 
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1. INTRODUCTION 

1.1 General 

Acoustic emission may be defined as the pressure or s t res s waves 

generated during dynamic processes in materials. In the laboratory, 

acoustic emission techniques have been used en materials as disparate 

as single-crystal aluminum and wooden beams; applications have been 

found as diverse as studying earthquake models, testing large miss i le 

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 becomes 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) 

wil l develop unstable conditions locally well before the whole mass 

becomes unstable. These conditions result in local dynamic movements, 

such as formation of a 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 catastrophic failures. For example, the s tresses in a metallic 

structure may be generally well 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 Background 

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 observations of acoustic emissions in metals were made by 

tinsmiths who noted "Tin cry" or twinning during deformation of tin. 

(Twinning deformations in general are active generators of acoustic 

emissions^ Audible sounds or "clicks" noted during heat treatment of 

steels were later related to the martensitic transformation. Later 
(2) studies showed that martensitic transformations in general are copious 

(31 emitters of acoustic emissions. .Crussard et al. reported sounds from metals 

just prior to their failure. Mason et al. suggested that dislocations in a fine 
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structure produce high frequency vibrations. Other investigators have 
(5-7) also reported acoustic vibrations. 

The first clearly documented serious investigation of acoustic 

emission was made by Kaiser in 1950. He reported that all metals 

examined (cine, steel, aluminum, copper, and lead) exhibited the 

emission phenomenon. Working with polycrystalline specimens, Kaiser 

concluded that acoustic vibrations originate in grain boundary interfaces. 

Emissions were believed to be associated with the interaction induced 

between interfaces by applied stress. He noted that, for a given 

material, characteristic spectra of frequency and amplitude existed 

and were related to the stress level. 

In 1955, Schofield ~ initiated an extensive investigation of 

acoustic emission phenomena. He found that the emissions did not 

originate entirely from grain boundaries, as single crystals also 

emitted. Also, characteristic spectra of frequency and amplitude were 

not found, from which Schofield concluded that frequency and amplitude 

were not the correct fundamental quantities to characterize the emission 

process. 
(12) Tatro became interested in acoustic emission in 1956 and 

explored the possibility of detecting slip in metals with sonic techniques. 
(13) From studies on single-crystal aluminum, Tatro and Liptai reported 

that emission activity was related to pileup and breakaway of dislocations. 

Anodic surface layers applied to the aluminum crystals changed the 

emission spectra and acted as effective barriers to dislocation and slip 

band formation at the surface. 

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. 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 applications. 

Since the middle 1960's, applications of acoustic emission 

techniques to materials research, material evaluation, nondestructive 

testing, and structural evaluation have increased rapidly. In addition, 

emission techniques have been found for such uses as boiling and 

cavitation detection in fluid systems. 

2. EXPERIMENTAL DESIGN 

2.1 Essential Principles 

The principal constraints on acoustic emission systems design are 

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 understood for the 

system design arguments that follow, a model event will be described in 

some detail. The event is hypothetical but conceptually possible, and it 

gives rise to energies, time durations, and frequencies consistent with 

most (perhaps all) of the acoustic emission records taken to the present. 

Consider one grain of a polycrystalline material, surrounded by its 

grain boundary. Assume that the grain is roughly spherical with a 

diameter i - 5 X 10 in. During straining, the upper half of the grain 
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_3 
s l ips over the lower half by a distance a - 1 X 10 in. A shear modulus 

6' 

G = 4 X 10 ps i is assumed. The s t r e s s driving the deformation is taken 

to be o_ = -T- . The energy change accompanying the sl ip is then 

estimated as 
2 

u = ° 2 ^ - a 1 0 " 1 2 in.- lb (1) 

where A is the sheared a r e a . 

Assume that the s l ip event is sudden, p rogress ing at half the shea r 
(16) wave velocity of sound in the m a t e r i a l . An est imation of the t ime 

duration of the p r i m a r y event is 

t = ^Ag- s 2 X 10 " s e e (2) 

Now consider the initial event a s an impulse which se t s the grain 

in resonant vibration, with the upper half shear ing over the lower half. 

An estimation of the frequency of such a vibration is 

u = yJ^jZ- = 1.25 X 10 7 r ad / sec ~ 2MHz (3) 

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

Other es t imat ions lead to somewhat higher frequencies. If the 

grain is considered a bubble, a frequency f ~ 50 MHz r e s u l t s . If one 

considers a pulse reverbera t ing in the grain, with reflection and mode 

conversion a t each boundary, the frequency of the longitudinal component 

i s f - 25 MHz. 

Such est imations vary with the s ize and density of the model grain, 

with the dislocation-connected event assumed, and with the ma te r i a l . 
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This estimation, however, serves to establish a frequency in the 

range of 1 - 50 MHz as plausible for acoustic emission events. 

It can be assumed that the grain boundary will have a damping 

influence on the self-excited vibration described above. A reasonable 

form from the primary acoustic emission event is 

f(t) = F Q e ~ k t sin Ujt (4) 

where F Q i s initial amplitude, k is a damping factor, and u>. is a 

frequency as estimated above. It is likely that such an event will give 

r i se to a pulse train of a somewhat lower frequency at the surface of a 
'17) spec imen/ The arguments which follow do not depend on Eq. (4) 

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

suffice. 
(17) Armstrong has presented arguments which can be translated 

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 d escribed in Eq. (4) is capable of exciting 

either a specimen 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. Several piezo-electric crystal 

elements have been used by the investigators, but the most popular 

crystal element at present is lead zirconatetitanate (PZT-5). While 



-10-

the g-constants of 49 Y-cut Rochelle salt appear more favorable, 

there are several disadvantages to its use, one of which is unavailability. 

Since the signals to be detected have very low amplitudes, both noise 

output and sensitivity of a crystal transducer 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) emission signals. Results indicate that use of other than piezo­

electric transducers is justified only for special studies. One should 

expect a great many additional instrumentation problems to result. 

Because of the low signal levels encountered in acoustic emission 

studies, the transducer must, be in contact with the part. Coupling 

agents used with contact transducers in conventional flaw-detection work 
(19) are satisfactory. However, a method has been devised and described1 

for testing acoustic emission on parts too small for contact transducers. 

As the sonic signal received by a piezo-electric transducer from 

an acoustic emission event is quite small, the electrical signal generated 

by it is also quite small, and electronic amplification is required. The 

basic requirements for such an amplifier are an input noise level, with 

the crystal attached, on the order of 10 microvolts and 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 near the yield point. Since 

it occurs in very localized volumes, acoustic emission can be detected 

below the gross yield in specimens containing flaws (discussed later in 

this paper). Design of mechanical load trains must be given serious 

consideration if meaningful acoustic emission tests 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 of the acoustic emission 

specimen from the loading mechanism is essential. As many such 

signals have frequencies lower than those from acoustic emissions, 

both mechanical and electronic filtering are useful aids. Selection 

of- a piezo-transducer operating in a frequency band well above that 

of most such extraneous noises is very helpful. Mechanical load 

trains must always be carefully studied and checked to make sure they 
(26) are not generating acoustic emission artifacts. 

2.2 Instrumentation Systems 

The basic information recorded 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 predetermined signal amplitude reliably and with small jitter. 

The level selection 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 aioustic emission events can be inferred. Many of the available 

counters have these two features. However, some do not,and it is 

generally more economical to choose a counter with them built in than 

to arrange for them externally. 

Amplifiers with logarithmic outputs, with a satisfactory range of 

sampling times, and with frequency response in the range of most of 

the acoustic emission signals (as seen 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 

orders of magnitude, these systems have considerable appeal. 

Two acceptable ways of processing acoustic emission data on-line 

have been described above. On-line computers have 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 

system is feeding it to a digital-to-analog converter having an output 

voltage proportional to count rate or total count, according to the choice 

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



-13-

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 . When a logarithmic amplifier 

i s used in place of the electronic counter, the output data can be displayed 

directly 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 plus knowledge of the speed of sound in the test 

part permit determination 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 r i se time of the first arrival pulse; and skew 

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

2.3 Frequency Response 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 solved before it can be done are discussed in 

the following paragraphs. 

The model source discussed above led to the conclusion that 

Eq. (4) was a reasonable form to expect for the source signal. In 
(21) addition, twinning, martens itic phase transformations, intermittent 

progression of stable cracks, breakaway of dislocations from pinning 

sites, collisions of rapidly moving dislocations with obstacles, 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 
R and amplitude of a signal described by Eq. (4),where u>, is 6.28 X 10 

g 

rad/sec and k corresponds to an attenuation of 10% per cycle (1.6 X 10 

s e c - ). We note that the amplitude spectrum is essentially featureless 

at frequencies 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 transducer thus 

acts as a filter in the instrumentation system. 

Ideally, to detect and record the subject pulse with good fidelity, 

a transducer with a flat frequency response from zero to perhaps 

100 MHz should be used. Further, all components of the system should 

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 noise level. It is 

doubtful that a system could be designed with adequate 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 

superimposed 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 well. 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) with essentially classical instrumentation. Unfortunately, equipment 

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 acousiic 

emission pulse will be described. It would only be adequate for 

measurements of pulse samples, but even this could be useful from a 

fundamental research standpoint. 

The proposed system would consist of at least two channels of 

acoustic emission instrumentation, narrow-banded about two rather 

widely separated frequencies and utilising the resonant characteristics 

of two transducers. The frequencies might be 100 kHz and 1.5 MHz. 
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One would record 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 spectrum should aid in the analysis. Digital equipment is 

available which could possibly substitute for the laborious measurements 

from oscilloscope photographs described. 

A few events which have been studied by acoustic emission 

techniques could possibly be recorded with reasonable fidelity. Two of 

these are breaking of strands in a filamentary composite and intermit­

tent progression of a stable crack. In both cases , one would expect 

frequencies of the source event to be one or two orders of magnitude 

below that assumed 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 



- 1 7 -

small extension in 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 s t res s 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 sufficiently 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 

s i ze 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 selecting the first amplifier stage following the transducer. Fortunately, 

the state-of-the-art has largely caught up with this problem. 

Important secondary considerations for a firstrstage 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 systems must be operated near large loading 

mechanisms, which frequently leads to electrical interference problems. 

A testing machine, because of its s ize 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 intuit/on gained from experience 

must be combined with good cabling practice to overcome such 

difficulties as they appear. 

The most common method of inducing acoustic emission in a 

specimen is mechanical loading. Frequently, the mechanical loader 

must produce large forces. Demountable 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 no means exhaustive 

in their scope, they should serve as a warning to the uninitiated that 

designing an acoustic emission system contains many subtle pitfalls. 

Failure to observe 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 



-19 -

acoustic emission events and strain. These correlations 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 motion 

of sufficient'dislocations to provide pulses of detectable magnitude. 

Generally speaking, more acoustic emission is observed from 

high-strength brittle materials, 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 acoustic emission is their common irreversibility. 

That is, if a material is loaded to a given s tress level and unloaded, 

no emission will be observed during subsequent loading until this level 
(8) has been exceeded. This phenomenon, known as the Kaiser effect, 

has been observed by numerous investigators. 

The irreversibility has important practical implications since it 

can be used to detect subcritical crack growth, as will be discussed 

later. It can also be used to develop passive peak pressure and 
(25) acceleration transducers. 

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 appears very 

much like background electrical noise. It is associated with 

plastic deformation occurring at relatively small plastic strain. 

This component increases in amplitude 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 associated with 

the twinning and micro-crack formation that occur at large 

plastic s trains. 

Results from a metal tensile specimen are presented 

in Fig. 1, which shows the acoustic emission count rate as a function 

of strain on the tensile specimen. The peak in the count rate at strains 

near yielding is typical of the results obtained from meta l s / * ' ' 

and is consistent with the observation noted above that the continuous 

emission component decreases as straining is continued beyond yielding 
(28) 

This figure also shows a fit of Gilman's equation 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 association 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 f a i l u r e / 1 3 ) 

"Delayed" acoustic emissions (emissions generated at constant 
(29) stress) were studied by Adams et al. Generally, only primary 

creep processes are operative at T/T 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 mechanisms predict 

log-time and exponential s tress laws to characterize the creep 

behavior. From experimental studies of beryllium at room tempera­

ture (T/T ~0.20), the acoustic emission rate ft at constant s t res s 

was reported to be 

N = Dt e (5) 

where D, B, and M are constants, t is time, and a is the applied 

tensile s t res s . At s tresses near yield, emission activity sometimes 

continued for hours and appeared to decay to a steady-state value. 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 

studies of zinc at room temperature. However, in addition to 

primary creep processes , secondary or steady-state creep mechanisms 

were operative. The emission rate at constant load decayed to a 

constant level which was reached when the creep strain-rate decreased 

to a steady-state value. 

Acoustic emissions have been noted during the three stages of 

creep: Primary; steady-state; and tertiary. Although only limited work 

has been accomplished in this area, it appears that characterization of 

creep behavior by acoustic emission techniques can be of considerable 

value. 

The relaxation of residual s tresses under no external load 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 

conducted at Lawrence Radiation Laboratory on freshly machined 

beryllium resulted in essentially no acoustic emission being detected. 

This 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 s t res s con­

centrators to cause localized plastic deformation at nominal s tress 

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 engineering structures. Basic 

studies on cracked specimens will now be discussed; actual applications 

to structural integrity evaluation will be covered in a later section. 

The acoustic emission from a cracked specimen during a rising 
/Oft O 1 _OQ \ 

load test has been extensively studied, ' and fracture mechanics 

concepts have been used to analyze the results . 

The s t res ses near the tip of a crack in an elastic solid are 
(34) completely controlled by the s tress intensity factor K. If plastic 

deformation is highly localized near the crack tip, the plastic zone 
(35) s i ze will also be controlled by K. 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 s tress intensity factor for the crack has 
(26) been proposed. ' This model predicts that the summation of acoustic 
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emission is proportional to the fourth power of the s tress intensity 

factor (for through cracks in plates): 

S N o c K 4 (6) 

This shows that it i s possible to relate the number of acoustic emission 

counts for a given load directly to the s tress intensity factor for the 

crack at that load. This is very important since it is actually the 

s tress intensity factor, rather than the flaw s ize itself, that controls 

the onset of rapid crack propagation. ' 

The strong dependence of acoustic emission on K in the above 

equation indicates that, when more than one flaw is present, the flaw 

with the largest K will contribute the majority of the emission, and 

l e s s severe flaws will have only a secondary effect. The acoustic 

emission from surface and embedded flaws cannot be directly related 
(33) to K, but must be referred to the flaw s ize or s t res s level. 

In actual situations, the exponent in the acoustic emiss ion-s tress 

intensity factor relation has usually not been 4 . It varies from 4 for 

some 7075-T6 specimens ' to about 8 for b e r y l l i u m / ' Figures 3 

and 4 show acoustic emission results from four 1.5-in. wide, 

0 .10-in. thick single-edge-notch fracture toughness specimens of 

7075-T6 aluminum with fatigue cracks of various lengths. These 

curves show that the s t res s 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 conducted on 0.40-in. thick, 2.25-in. wide 

7075-T6 specimens 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 emission. The results 

are presented in Figs. 5 and 6, which show that K is again the 

controlling parameter and that emission was not appreciably altered 

by the presence of multiple flaws. The exponent 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 and the results of actual tests could be caused by several factors. 

Some possible causes are the presence of twinning (which occurred 

near the crack tip in beryllium) and the microcrack formation and 

crack tunneling (pop-in) which occurred in aluminum. These factors 

would tend to give a higher exponent than that predicted because they 

occur in addition to the plastic deformation considered in the model. 

Acoustic emission has also been utilized in the detection of 
(36 37) "pop-in" ' during a rising load fracture toughness test. In fact, 

the earliest studies of acoustic emission from flawed materials were 
(44 45) concerned with detection of this phenomenon, * which only requires 

relatively insensitive equipment as pop-in is usually quite noisy. 

Typical results of an acoustically monitored fracture toughness test 

accompanied by pop-in are presented in Fig. 7, which shows the 

acoustic emission 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 slight change in slope of the load-

displacement curve that occurs at a load of about 5000 pounds. A 

rapid jump in displacement occurred at about 7000 pounds, and was 

accompanied by considerable acoustic emission. The corresponding 

K I c value of 30.6 ksi-(in.) ' 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. 
(38-40) Gerberich and Hartbower have related the acoustic emission 

associated with pop-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. 

A A a (Sg) 2 E/K2 (7) 

where AA is the incremental area swept out by the crack, Sg is the 

sum of the stress wave 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. 
(4t\ 

Hartbower et al have investigated the acoustic emission during 

low cycle fatigue from D6Ac steel with various heat treatments. Their 

results are presented in Fig. 8, where Sg 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 greatly decreases at low crack 
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growth rates, and that the crack growth rate associated with high 

cycle fatigue (~1 n in./cycle) may be below the detection threshold of 

the instrumentation. Continuously monitoring structures subjected 

to a large number of fatigue cycles is often inconvenient, so in most 

cases it would be mors satisfactory to apply intermittent ovirstressing 

with simultaneous monitoring for acoustic emission to detect growth 

of fatigue cracks. This intermittent overstressing technique will be 

fully described in the section on evaluation of structural integrity. 

Acoustic emission analysis has also been applied to detection of 

. jbcritical 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 result from stress corrosion cracking and 
(42) hydrogen embrittlement, and is accompanied by elastic strain 

energy release and plastic deformation. Acoustic emission analysis 

has proven to be a very sensitive tool for detecting subcritical flaw 

growth, and its applicability to the detection of hydrogen-induced crack 

growth and stress corrosion cracking has been thoroughly 

d e m o n . t r . t e d / 3 3 ' 3 8 ' 3 9 ' 4 3 > 

Figure 9 presents the results of a stress corrosion test on a 
(33) fatigue pre-cracked uranium-0.3% titanium specimen in salt water 

which was conducted under nearly fixed-grip conditions. This figure 

shows the emission observed as the load was being applied, the 

relatively little emission and stress intensity factor decrease before 

the salt water was added, and the greatly increased activity accompanying 

crack extension immediately following the addition of salt water. The 

stress intensity factor decreased as the crack grew, with resulting 

decreases in the crack growth rate and acoustic emission activity. 

http://demon.tr.ted/33'38'39'43
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Similar studies on the acoustic emission characteristics of hydrogen-
(43) induced crack growth have demonstrated 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 decade is evident in the increasing number ox 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 given by Krock and Broutmair 

requires that the following criteria be met: The compos ite material must be 

man-made; the composite material must be a combination of at least 

two chemically distinct materials with a distinct interface separating 

the components; the separate materials forming the composite must be 

combined three-dim ens ionally; and the composite material should be 

created to obtain properties which would not be achieved by any of the 

components acting 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 (usually 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 

class of composite will be discussed individually. 

The class of dispersion-strengthened composites is characterized 

by a microstructure having an 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. 
(47) Honeycombe 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. 

These dislocations either cut through the dispersed particles or take a 
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path around the obataclaa. The stresses at the leading dislocation in 
a pileup are reported to be equal to the stress times the number of 
dislocations in the pileup. Aa indicated in the section discussing 
acoustic emission from metals, when the driving stress on the leading 
dislocation (applied stress plus stress concentration due to pileup) is 
large enough to cause breakaway and acceleration of part of the group, 
the local strain energy relaxes rapidly and excites lattice vibrations 
or acoustic emissions. 

We conjecture that the emission activity generated during 
atraining of a dispersion-strengthened composite will be of a continuous 
low-level nature rather than burst-type. Results similar to those for 
707S-TS, a precipitation-hardenable alloy of aluminum (Fig. 1) are 
expected from dispersion composites. 

Particle-reinforced composites differ from dispersion composites 
in that the particle aise exceeds 1.0 JI and the concentration generally 
exceeda lift. In thia claaa of compoaitaa, matrix and diaperaed 
particlaa ahare the load and strengthening occurs initially whan the 
diaparaad particlaa mechanically restrain matrix deformation, a very 
complex reaction. The particle phaae deforms plastically in ductile 
compoaitea and providaa hardening in brittle compoaitea. 

The acouatic amiaaion reaponae during atraining of a particle 
eompoelte probably dependa on plaatie deformation of the particlaa 
tbemaelvee before fracture. When the particlaa do not deform plastically 
before fracture, a situation on amiaaion reaponae aimilar to that of a 
diaparaion oompoalte la •nvtaloned. If the particlaa deform plaatlcally, 
the poaafellity of a double peak of amiaaion activity exiata, with one 
peak related to the matrix and the other rattled to the particle phaaa. 
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The distinguishing microstructural feature of fiber-reinforced 

compoaites is the one long dimension of their reinforcement. Hence, 

the properties are a great deal more anisotropic than the two other 

classes of composite materials. Here the maul 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 fraction of i~ micron to several mils in diameter. Volume 

concentrations 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. Fiber materials 

include whiskers, metals, glass, ceramic, and polymer materials. 

Low-level ^cousti: emissions can be generated by the plastic 

deformation of the matrix or the fibers. However, burst-type emissions 

are usually predominant during straining to failure. Sources of this 

high-level activity are fiber failure, matrix cracking, and interface 

failure or fiber pullout. 

Tensile Tests. Most theories of tensile failure of fiber-

reinforced epoxies consider only the strength properties of the 

glass. * Experimental work by Zweben'4 ' supports a cumulative 

fracvura-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 less than 50% of the ultimate load. As the load 

increases, an increasing number of random breaks appear throughout 

tire 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 emission data obtained. 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 similar 

results . The fracture plane on these specimens was 45° to the 

compression axis . 

Acoustic emission techniques for assess ing the extent of micro-

fracturing during straining of fiber composites have proven very useful. 

They are easi ly adaptable to simple or very complex structures, are 

relatively inexpensive, and have only limited data acquisition time. 

Analysis of data is helpful in establishing the mechanisms governing 

the operative fracture modes. Acoustic emission can be readily used 

to a s s e s s the structural integrity of fiber composites which have been 

strained in unusual ways to create complex s tress distributions. 

Acoustic emission has been monitored during tensile tests conducted 

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

tionally solidifiedAl-AUNi eutectic alloy having whiskers aligned with 

the tensile axis were pulled to failure while being simultaneously 

monitored for acoustic emission. The results of. the test are... 

presented in Fig. 12, V-hich shows that acoustic emission occurred in a 
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sporadic manner, but tended to increase in a linear fashion with 

•train. The acoustic emission from this material is thought to be 

primarily caused by whisker breaking. It is possible to develop a 

model relating emission to applied tensile strain. 

The percentage of broken fibers as a function of the applied 

tensile strain was measured optically during tests conducted at 

several different temperatures. Figure 13 presents the room 

temperature results, which provided the first step in the model 

development. An emission-strain relation can be obtained by assuming 

that the whiskers are always elastic, that the strain in the whiskers 

is equal to the strain in the matrix, that all acoustic emissxon comes 

from whisker breakage, and that the number of counts produced by a 

break is proportional to the square of the whisker stress. If u(e) is 

the percentage of broken whiskers (Fig. 13), the above assumptions 

give an incremental count of: 

dN<«) oc a2 du(e) (8) 

Introducing the proportionality constant c ' and noting that a. = E- e. 

and e , = e according to the above assumptions, this equation can be 

rewritten as: 

dN<€> = C' E 2 e2 du(c) = C e 2 ^ ^ de (9) 

where C = C Ej. This is an ordinary differential equation, which can 

be integrated as follows.to give, the functional relationship between N 

and e. 

N ( « ) - j [ ^ N = C j f x 2 * j £ > d x (10) 
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The function u(c) 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 c. The results of such calculations 

are presented in Fig. 12, where the constant C was adjusted to force 

the experimental and theoretical results to agree at a strain of 1.5%. 

The theoretical 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 u with c. 

These results show that acoustic emission analysis is well 

suited to the study of the deformation characteristics of metal composites, 

and that it is possible to correlate the emission behavior with independent 

observations of the behavior of the material. Acoustic emission 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 cyclic mechanical fatigue 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 diminish, Poisson's ratio 

declines, resistance to water and general chemical attack diminishes, 

and optical and electrical behavior usually deteriorate. 
(51) McGarry reports that cracking increases with applied stress 

level and the number of cycles imposed; however, 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 ultimate 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 

(52-54) Bieniawski 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 is 

shown in Fig. 15. Studies of the mechanical properties of geologic 

materials are often complicated by the anisotropic and inhomogeneous 

qualities of rocks. Because of the transient nature of the mechanistic 

processes involved in deforming and fracturing rocks, studies of the 

•train behavior by acoustic emission techniques are particularly 



-35-

appropriate. The deformation and fracture process (Fig. IS), 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-isotropic 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 appears 

very reasonable since the defect density of most rocks is high 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*55' proposed the use.of subaudible 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 seams. Similar investigations have been made in the United 

S t a t e s / 5 7 " 5 9 ) Japan, ( 6 0 ) South Afr ica , ( 6 1 ) and Sweden. ( 6 2 ) 

(63) Knill, Franklin, and Malone 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 showed that the 

main mechanism of emission activity in their tension tests of various 

rocks was the propagation of small cracks through and between rock 

grains. Later experiments by Hardy and his associates revealed 

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 
(68—70) brittle rocks was studied by Scholz. 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 completely 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 relation and that the rock type and tne state of 
(71) 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 constants in the Gutenberg-Richter relation is a minimum. 

/70 73) 

Mogi ' demonstrated that the statistical 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 samples. He 
noted that laboratory experiments on fracture suggest the possibility of 
earthquake prediction by measurements of anomalous strain increases 
and foreshocks. 

(741 Armstrong 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 preliminary 
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experiments were conducted at Lawrence Radiation Laboratory. A 

specimen of Sturdevant Quartzite was strained in compression to failure at 

a confining pressure of 3 . S kbar. The s tress -strain curve for this material 

i s essentially linear to failure at atmospheric pressure. At high confining 

pressures, st ick-sl ip processes become operative. Figure 16 shows 

that acoustic emission techniques are very sensitive to st ick-sl ip processes . 

The data show that dissipative energy-release process operates 

prior to all s t ick-s l ips . The s tress-s train relation for the sample 

shown in Fig . 16 would consist generally of linear elastic portions 

followed by a s t ick-s l ip . The emission data demonstrate the operation 

of an energy-dissipating mechanism prior, to each st ick-s l ip . 

In tilting plane experiments for determining the coefficient of 
(75) friction for an aluminum alloy, Tatro and Liptai reported . that. 

acoustic emission activity builds to a maximum at an angle of five 

degrees and then declines, whereas sliding occurs at slightly l e s s 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 s eems reasonable that results of laboratory 

studies may be extended to apply to se ismic activity, particularly 

micro-earthquake phenomena. 

Acoustic emission monitoring was used on experiments designed 
(76) to establish the shear strength of rocks to 70 kbars. The apparatus 

(77) developed by Abey and Stromberg to shear bulk materials under 

very high pressure was used. Acoustic emission data provided clearer 

understanding of the deformation mechanisms operative at high pressures. 
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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 affect the integrity of fabricated structure arise from 

four basic sources: Flaws in the basic material; flaws introduced by 

forming processes; flaws introduced by joining processes; 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 fabrication 

process will be saved. 

Acoustic emission was first applied to welding technology by 
(78) Nptvest in 1965. . He used detection apparatus which was 

"sensitive enough to detect the austenite-to -martens ite transformation 

when in a quiet environment" to detect "acoustic waves originating 

from crack events" in restrained joint cracking tests of welds in 

D6Ac steel. Notvest was able to establish a thermal treatment of 

preheat and postheat that produced no acoustic emission and that was 

applied to the weld fabrication of Titan II 120-iiu diameter rocket 

motor cases with reduced in-process weld cracking and fabrication 

costs. 
(1Q\ (80-83) 

Day and Jolly* . ' report successful application to 

in-process weld inspection. Haribower has successfully monitored 

weld joints in HY80 and HY150 steels to detect cracking during 
(84) cooling and delayed slow crack growth with aging. . 

Acoustic emission was found to be a reliable indication of 

adhesive bond strength by Schmitz and Frank < 8 5 > and B e a l . ( 8 6 > 

(87) Muenow reports the utilization of acoustic emission to 

determine 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 significant cost savings 

as a result. 

4.2 Proof Testing of Pressure Vesse ls 

The greatest effort expended has been in developing techniques 

for application to the evaluation of pressure vesse l s during proof test . 

The earliest study was made by Green et al. ' to evaluate the 

integrity of filament-wound 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 26 0 - in. diameter motor cases . This work 

demonstrated:that.the acoustic emission phenomenon provides a practical 
(90 91) signal for terminating proof tests before catastrophic failure ' 

(92) and for locating the failure point by triangulation techniques. 

Subsequent applications to proof tests of a Saturn II aft-LOX 
(93) bulkhead made of 2014-T6 welded aluminum a l l o y / 7 LEM ascent 

tanks of Ti-6A1-4V a l l o y / 9 4 ' 9 5 ' and a 260-in. .diameter SL-2 
(96) chamber ' 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 pressure 
(96) vesse l s from slow crack growth during proof test . They cite 

five different vesse l s for a total of 19 failures that probably could have 

been prevented with proper utilization of acoustic 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 probably caused by 

hydrogen embrittlement during processing between the last hydro-
(97) test and the leak test . 

(2) Two 42- in. diameter rocket motor cases for the second 

stage of Minuteman and four 52-in. diameter second stage 

Minuteman chambers made of 6A1-4 V-titanium failed during hold 

at proof pressure or in the case of one of the 42-in. diameter 

cases during rising load after a few cycles to higher load. 

(3) Six of ten Polaris chambers were investigated. It was 

concluded that failure of four, and probably the other two as 

well, was caused by s tress corrosion cracking and temper 

embrittlement. The material was AISI4335 V Steel. 8 ' 

(4) A Saturn S-II liquid hydrogen tank (CBTT) made of 2014-T6 
(99) aluminum failed on December 1, 1966. The investigation 

concluded that failure was due to either an unknown flaw that was 

undetected or an unknown low-cycle high-stress life cycle limit 

that was exceeded. Slow crack growth as the result of s tress 

corrosion cracking in water is advanced by Hartbower and 

Crimmins as a third possibility that was not discussed. 

(5) A 260-in>. SL-1 motor case made from air-melted grade 
(92) -250, 18% nickel maraging steel failed from an undetected flaw. 

This was critical at 56% of the anticipated proof pressure. An 

early SWAT System was on board for this test and was able to 

locate the failure source by triangulation after the test . 

Subsequent tests on an SL-2 motor case were made to ass is t with 

the evaluation of chamber integrity. This vessel was passed and 
(41) has withstood two successful test firings and a second hydro-test. 
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Acoustic monitoring techniques have also been applied to 

10-in. glass hemispheres and spheres' under hydrostatic 

c o m p r e s s i o n . ( 1 0 0 ' 1 0 1 ) 

Later applications to pressure vesse l proof testing include a 

successful feasibility study on testing propellant tankage in situ at 

sratioi 
(103) 

Kennedy Space Center and some preliminary exploration in 

evaluating prestressed concrete vesse l s for Oak Ridge. 

In early 1966, Huttori and Parry began to develop techniques 

to apply acoustic emission analysis to the problems of nondestructive 

testing of assembled reactor pressure vesse l s and primary pressure 

system components in nuclear power plants. Their common goal i s to 

provide integrity analysis by detecting, locating, and describing 

incipient failure conditions in operating plants. 

Some early work consisted of investigations of pressure piping 

with acoustic emission instrumentation to determine if known flaws could be 

detected. This work has progressed to situations simulating more 

difficult field problems such as acoustic emission crack detection in 

the presence of hydraulic noise and crack detection in the presence 

of simulated reactor noise. Other research has been directed to 

characterizing emission from sources and materials likely to be 

encountered in reactor systems and to developing the technique of 

separating acoustic emission signals from those caused by cavitation, 

boiling, and mechanical noise present in operating reactor sys tems . 

Hutton characterizes the state-of-the-art as being reliable for 

detecting and locating flaw growth in pressure vessels undergoing 

hydrostatic test and for surveying local areas of known high potential 

for flaw growth (i.e., piping connections in the primary coolant systems 
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in an operating system). He indicates that the resolution attainable 

in detecting flaws appears to significantly exceed that of any 

conventional NDT technique. 
'•"' " " s IS 

I The task of applying detection techniques to complex nuclear 
power systems was investigated by Parry and Robinson. They 

have used multi-channel data acquisition with computer assistance to 

triangulate emission sources in large pressure vessels. Parry states 

.that the Incipient Flaw Detection System (1FDS) developed since 1966 

has proven capable of rapidly detecting and locating flaws during 

hydrostatic acceptance and requalification testing of nuclear reactor 

pressure vessels. The system has been successfully used to locate 

leaks in the large primary system of the nuclear power plant at 

Elk River and to provide integrity analysis of several large pressure 

vessels. 

' The present IFDS system is capable of locating emission sources 

to within one wall thickness with sensitivity adequate to detect any 

significant flaw during hydrostatic testing. Attempts to detect emission 

from unsuspected sources during operation of nuclear power plants 

with the present IFDS system indicate that much refinement of signal 

processing will be required if continuous in-service monitoring in the 

presence of high background noise is to be accomplished. 

Button has been successful in monitoring acoustic emission 

aws in 
(106) 

from known flaws in the low MHz band in the presence of simulated 

reactor noise. 

The groups primarily interested in applications to pressure vessels 

• free that they can detect flaws much smaller than those detectable 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. This allows adjustment 

of the detection level so that relatively few stress wave (acoustic) 

emissions 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 sensitivity and stores emission counts by arrival time 

differences 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 

that are insignificant to vessel integrity than does SWAT. 

Idaho Nuclear has tested several large vessels and has found 

enough flaws, which were confirmed by detailed inspection to be of no 

consequence to vessel integrity, to indicate that all flaws which might 

affect vessel integrity will be found. 

Esso Research and Engineering Co. is developing a system 

of their own for detection and location] of defects in large pressure 

vessels during hydro-test. Their experience with four large vessels 

tested for them by Par ry has been that about 75% of the sources 

indicated by the IFDS system have been verified to be non-critical. ' 

4 .a Detection of Flaw Growth Against High Background */" 

. 6 '• • , 

General Dynamics became active in acoustic emission in 

September 1968. ' Their goal was development of a system oapacle 

, of detecting initiation and growth of erase* i» aircraft eamtkmmt* wtA 
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structures during fatigue cycling. Riveted and bolted structures 

obviously presented unique background noise problems and their 

efforts, once they determined that they could detect initiation and 

growth of fatigue cracks, have been concentrated on developing this 

system to discriminate between normal friction emission from 

fasteners and that from fatigue cracks. 

This system, which has been developed considerably in the 

last year and a half, presently has the following limitations: 

(1) Noise sources (i.e., rubbing components) close -to regions 

of;interest can completely mask the desired emission signal. 

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

arrays can be handled. 

(3) Master, sensors must be skillfully mounted close (within 

1 foot) to suspect locations. 

(4) No universal method is yet available for predicting 

catastrophic failure. 

General Dynamics'system differs from SWAT and IFDS because 

of the large number of non-flaw emission sources present in riveted 

and bolted structures. Because of this physical reality, they utilize a 

few master detectors located in the area of interest and surrounded by 

a ring of slave transducers. They save for analysis and location only 

those sigaals detected by all master transducers before any slave 

transducer detects the event. This effectively shields against emission 

or note* coming from other areas and has a rejection ratio of 30,000 
. , : - . . . -- 0 • :, ' : ' . • • • • • 

to I, However, it requires large numbers of transducers. 
" 4 " '" • •- . •• •' " „ • r 

•aiderston use* signature analysis to evaluate bearing damage 
if ' „ , ":-. i • o , -•• 

«*i hriraulic eompoaeat wear hi rsnsjwigjet enginea. He suggests that 
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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. 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 as broad in their spectra as 

are acoustic emission signals. 

Anderson and Gate are working on acoustic boiling detecting 

systems for reactor application. 

4.4 Integrity Evaluation by Periodic Overload 

Techniques for detecting subcritical flaw growth are of great 

technological importance for combatting this all-too-common cause of 

structural failure. The application of acoustic emission to the detection 

of subcritical growth (regardless of cause) by continuous monitoring of 

the structure has already been discussed. However, continuous 

monitoring is often impractical, because of expense involved and 

excessively high background noise during service. 

A technique based on intermittent monitoring during a periodic 

overload (proof test) has been developed which can overcome some of 

the disadvantages associated with continuous monitoring. 

This technique can be applied regardless of the mechanism of crack 

growth, but only the case of fatigue has been considered in tests 

conducted to date. The extension of the technique of other mechanisms 

of crack growth is very straightforward. The intermittent overload 
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t&chnique is based on the i r revers ib i l i ty of acoustic emission that was 

discussed e a r l i e r . 

If a cracked s t ruc tu re is loaded to a par t i cu la r 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 i r r eve r s ib l e 

nature to determine whether o r not a c rack has grown during cyclic 

loading at a s t re s s a , by periodical ly ove r s t r e s s ing (proof testing) 

the structure at a s t res s a (>cr ) and monitoring for acoustic emission. 
P w 

If flaws have grown at a s ince the previous o v e r s t r e s s , the s t r e s s 
1/2 intensity factor during proof testing (K - a (*a) ' ) will have increased, 

and emission will be observed during the proof test . Alternatively, if 

no crack growth occurred at or , K would remain the s ame as during 

the previous proof test, and no new plastic deformation (hence, no 

acoustic emission) would occur . 

A model to analytically predic t the number of acoustic emission 

counts N t observed during the proof tes t as a function of the number of 

fatigue cycles n at the working s t r e s s has been presented * ' for a 

crack of known initial s i ze in any geometry for which the relat ionship 

between the s t re s s intensity, loads, and crack s ize is known. This 

model makes u se of th ree basic equations to obtain the relat ion between 

N t and n: 

(1) Fat igue c rack growth r a t e equation. 

(2) Acoustic e m i s s i o n - s t r e s s intensity factor equation, a s 

expressed in Eq. (7). 

(3) The s tress intensity factor, load, and crack length relat ion. 

The acoustic emission-fatigue cycle relat ions a r e worked out in 
(112 113) detail ' ' for the simple case of a through crack in an infinite 
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plate and for a wedge-opening-loading (WOL) fracture toughness 

specimen/ 1 5 ' The theoretical WOL results were compared 

with experimental observations from trip steel and 7075-T6 

aluminum specimens with good correlation. Figure 17 presents the 

results from two aluminum specimens cycled to 800 pounds, and 

proofed to 1200 pounds every 3000 cycles. This figure shows the 

good agreement between the theoretical and experimental results. 

The amount of acoustic emission observed during the periodic proof 

increased very rapidly several thousand cycles prior to catastrophic 

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, emission will be observed while holding at 

constant load. Hence, the presence of emission during a hold provides 

another warning of impending failure. 

The applicability of this technique to pressure vessels has also 

been demonstrated/ Typical results for a welded cylindrical 

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

inner diameter, 1/4-in. wall thickness, and welded end caps. It was 

initially pressurized to 2000 psi, unloaded, and repressurized to 

2000 psi. Figure 18 presents the acoustic emission test results of 

these first two runs. " 

Very little emission was observed during the repreasurlzation, 

in agreement with the irreversibility of the emission. The vessel was 

then cycled to 1300 psi, and proofed to 2000 psi every 3000 cycles 

while being Monitored for emission. The ftooaatic emiaoion 
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of the proof tests are presented in Fig. 19, which shows that more 

•mission was observed on each succeeding proof test (except for the 

one after 3000 cycles). This indicates that a fatigue crack was present 

and growing during the fatiguing at the working pressure. More emission 

was observed 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 

function of the number of fatigue cycles in Fig. 20. These results show 

the characteristic marked increase in emission activity prior to failure. 

Ample and early warning of impending failure was again obtained. 

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, indicate that acoustic emission used in 

conjunction with a periodic overload is capable of providing early 

warning of impending failure in engineering structures. It can 

therefore provide a powerful tool for the assessment of structural 

integrity. It is perhaps worth repeating that, although this has been 

demonstrated only for (fee case of fatigue loading, this technique is 

applicable regardless of the mechanisrr. of the subcritical flaw growth. 

4.5 Civil Engineering Structures 
" i 

Law Engineering Testing Company is applying acoustic emission 

techniques to a variety of civil engineering problems. 
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To perform safety inspections on buildings, the building is water 

loaded. Acoustic emission sensors are placed under the load and on a 

circle with center on the load line. They have successfully located 

weld problems in structural steel, deterioration in concrete, and 

areas of soft wood. In one case, an area damaged by an unreported 

fire was located. 

Standards specify safety inspections of large cranes by complete 

radiography or ultrasonics on a monthly basis. Acoustic emission 

transducers attached to critical welds and pin bolts provide adequate 

warning of a failure mode at much reduced cost. 

Law has also monitored the release of prestressing strands in 

concrete to determine if the prestressing is adequate for critical 

applications. 

Efforts are being made to continuously survey buildings and 

bridges. It is interesting to note that these applications are being 

made in the low kHz spectral band, where experts in the field fear 

to tread. 

4.6 Geologic Structures 

Application of acoustic techniques in the field have been primarily 

directed to studies of rockburst phenomena and similar catastrophic 

failure processes in underground excavations. Extensive studies have 

been conducted by Russian investigators to relate seismo-acoustical or 

acoustic emission activity with rockburst in mines / 5 *' The results of 

these studies have prompted tbe use of acoustic techniques on a routine 

basis for forecasting sudden outbursts of coal and gas In mines, " 
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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. 

Similar techniques have been used in Swedish hydro-electric works 
(119 62) of copper mines. ' Hardy proposed the use of acoustic 

techniques to a s s e s s the stability of storage areas and to develop 

criteria for determining optimum pressures for underground storage 

of natural g a s . < 1 2 0 ' 1 2 l ) 

(70) (72) (74) 

Scholz, ' Mogi, and Armstrong have noted the various 

similarit ies between micro-se i smic activity, rock fracturing, and 

earthquake phemonena with hopes of clarifying some of the criteria in 

earthquake prediction.. 

Knill et al.conclude that acoustic emission studies are widely 
(63) applicable to rock mechanics and provide an excellent review. 

Application 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 emission techniques have wide applicability to experimental 

studies in materials research and to evaluation analysis of structural 

integrity. The experimental technique is very sensitive to dynamic 

transient processes in materials, such as mechanistic processes 

operative during plastic deformation and crack growth, crack initiation 

acai propagation, fracture processes , and martensttlc transformatiaas. 
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We have presented a brief historical sketch of emission studies. A 

discussion of the experimental 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 fidelity were analyzed and a discussion of the limitations of 

acoustic emission technique was presented. 

Emission behavior of metals during straining has been reviewed 

for unflawed and flawed materials. Subcritical flaw growth during 

pop-in, stress corrosion cracking, fatigue, and hydrogen embrittlement 

results in the release of elastic strain energy, which gives rise to 

acoustic emissions and can be readily detected by acoustic emission 

techniques. Quantitative information regarding the imminence of 

failure can be obtained from emission data. 

Criteria for the deformation and failure of composite- materials 

are complex. The discussion of these processes in dispersion, particle, 

and fiber composites concluded that emission analysis was well suited 

for establishing the mechanisms governing fracture modes and assessing 

the structural integrity. Results of tensile tests and fatigue studies 

were presented. 

Because of the transient nature of the mechanistic processes 

involved in the deformation'and fracturing of rocks, acoustic emission 

analysis is particularly appropriate. Each deformation and fracture 

process from the movement of cracks on initial stress application to 

the final rapture mecheaiasas is ideally suited to emission analysis. 

Each involves a' transient pros—s which \m a known fsawrsear ef 0- • 
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emission activity. Thus, emission techniques have a wide application 

in laboratory and field experiments in the field of rock jnechanics. 

Results of laboratory studies indicate that acoustic emissions 

generated by plastic deformation and crack initiation and propagation 

are easily detected. Therefore, emission analysis has been applied 

in a variety of ways to evaluation of structural integrity. The results 

of studies discussed 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 used to locate critical a reas . Emission 

monitoring during periodic oyerload of structures in service provides 

a direct means of assessing whether or not the service environment 

has deteriorated the structure in any way. Emission techniques have 

bean applied with success to large complex structures such as bridges, 

airframes, and the earth itself. 

Future application of acoustic emission techniques to problems 

of structural integrity is unlimited. Flaw detection sensitivity is 

greater than any other known technique of nondestructive testing. 

Acoustic emission provides the opportunity to detect subcritical 

flaw growth in real time as no other method can. Emission is easily 

detectable in noisy environments such as exist in production facilities. 

Quality control inspections of critical or warranty parts is possible 
" . " ' o : ~ ' ' . \ , -••• 

with equipment commercially available. $uch tests require only 

fixturing to apply appropriate prc'^i loads,1 and nhould be much more 

reliable than present inspection techniques. 

The method wits more complex and costly data reduction 

emUpmeat has pspvsd. successful m 1 ifistmg flaws m pressure vessels ° = 
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during hydro-test. Detection problems still exist when cavitation 

and boiling occur, as found in operating "uclear power plants, 

or when friction noise is present as in . *<eted or bolted frame 

structures. Even in some of these high-noise situations, acoustic 

emission can be used to monitor known critical areas. The solution 

to the noise problem for locating developing flaws in unknown locations 

requires imaginative application of available signal processing 

techniques. 

Acoustic emission is a very useful tool for material evaluation 

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

early stages. Experimental techniques and instrumentation are now 

reasonably developed to the level where they can be immediately applied. 

Tremendous potential exists in basic studies from the atomic level to 

gross phenomena. Applications for acoustic emission analysis are 

innumerable. The diversity of the technique is readily shown by noting 

that it is applied in studies of dislocation dynamics in materials, and, 

at the other extreme, is applied to earthquake studies and integrity 

evaluation of large missile casings. 

6. FUTURE DEVE1X3PMEMTS ^ 

The imaginations of engineers and scientists will determine tht-

direction of future developments and applications of acoustic emission 

techniques. In the immediate future, several areas appear fruitful. 

Transducer design is one. New generations of pieso-electric crjwt&ls 
, ' ° ii , „ " V ) ••' ° 

witt greater sensitivity and lower noise woald b« adiwurts gsoui. 
. haprovsmeat of Axistfeat crystals by plaMnf wtlfc a wim\Mm*mtlm torn • 
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amplification (electro-acoustical amplification) is in early development 
(122) stages. 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 
(123) fundamental manner with acoustic emission techniques. Studies 

of twinning, discontinuous-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. 

ACKNOWLEDGMENTS 

We wish to thank our many colleages at Lawrence Radiation 

Laboratory for their encouragement and helpful discussions throughout 

our acoustic emission program. We especially wish to thank A. Brown, 

B. Kuhn, H. Appleton, and D. Green for their technical assistance in 

advancing our experimental techniques. Also, we wish to express our 

gratitude to T. Nelson of the Technical Information Department for his 

valuable editorial comments and suggestions. 



-57-
REFERENCES 

1. E, A. Hodgson, Dominion Observatory Rockburst Research 

1938-1945, Uept. of Mines and Technical Surveys, Canada, 

Dominion Observatories Rept. (1958). 

2. R. G. Liptai, H. L. Dunegan, and C. A. Tatro, "Acoustic 

Emiss ions Generated During Phase Transformation in Metals 

and Al loys ," Int. J. Nondestruct. Test . 1, 213 (1969). 

3 . C. Crussard, J. B . Leon, J. Plateau, and C. Blaket, "Sur la 

Formation d'ondes Sonores, an Cours d'Essai de Traction. Dans 

des Eprouvettes Metalliques," C. R. Acad. Sci . 246, seance du 

19 mai 1958. 

4 . W. P. Mason, S. McSkimira, and W. Stockley, "Ultrasonic 

Observations of Twinning in Tin," Phys. Rev. 73 (10), 1213 (1948). 

5. T. H. Blewitt, R. R. Coltman, and J. K. Redman, "Low 

Temperature Deformation of Copper Single Crysta ls ," J. Appl. 

Phys . 28 (6), 651 (1957). 

6. A. Joffe, The Physics of Crysta ls , L. B. Loeb, Ed. (McGraw, 

New York, 1928). 

7. E. Schmid and M. A. Valanck, "Uber Sprunghofte von Zinkkristallen," 

Zeit . Phys . 75, (1932). 

8. J. Kaiser , Untersuchungen uber das auftreten Geraushen beim 

Zugversuch, Ph.D. Thes i s , Technische Hochschule, Munich 

(1950); s e e also Arkiv F u r das Eisenhuttenwesen 24, 43 (1953). 

9. B . H. Schofield, Acoustic Emiss ions Under Applied Stress , 

Aeronautical Research Lab. , Office of Technical Services , U. S. 

Dept. of Commerce, Washington, D.C. , Rept. ARL-150 U961). 



- 5 8 -

10. B. H. Schofield, R. A. Bar ress , and A. A. Kyrf«la, Acoustic 

Emission Under Applied Stress, ASTIA Document No. AD 155674, 

WADC Technical Rept, 58-194 (1958). 

11. B . H. Schofield, Acoustic Emission Under Applied Stress, 

Aeronautical Research Lab., Wright-Patterson AFB, Ohio, 

Contract No. AF 33(616)-5640, Project No. 7021, Task No. 

70663, Final Rept. (1964). 

12. C. A. Tatro, Sonic Techniques in the Detection of Crystal Slip 

in Metals, Division of Engineering Research, College of 

Engineering, Michigan State University, East Lansing, Mich., 

Status Rept. (1959). 

13. C. A. Tatro and R. G. Liptai, "Acoustic Emission from 

Crystalline Substances," in Proc, Symp. Phys . Nondestruct. 

Tes t . (Southwest .Research Institute, San Antonio, Tex., 1962), 

pp. 145-158. 

14. H. L. Dunegan, C. A. Tatro, and D. O. Harr is , Acoustic 

Emission Research, Lawrence Radiation Laboratory, Livermore, 

Rept. UCID-4868, Rev. 1 (1964). 

15. D. McLean, Grain Boundaries in Metals (Oxford Press , London, 

1957), p . 292. 

16. J . J . Gilman, "Dislocation Velocities, Dislocation Densities and 

Plast ic Flow in Lithium Fluoride," J . Appl. Phys . 30, 129 (1959). 

17. B. H. Armstrong, Exploratory Study of Acoustic Emission Pr ior 

to Earthquakes, IBM Scientific Center, Palo Alto, Cal., Rept. 

320 3249 (1968). 

18. R. B. Engle, Michigan State University, East Lansing, Mich., 

private communication (1966). 



- 5 9 -

M. M. BolJ.es, B. R. B a s s , H. A. Thompson, and K. H. Adams, 

Final Report on Acoustic Emiss ion at Tulane University, 

Lawrence Radiation Laboratory, Livermore, Rept. UCRL-13231 

(1966). 

B. II. Schofield, Acoustic Emiss ion Under Applied Stress , 

L e s s e l s and Associates , Boston, Mass. , Contract No. 

AF 33(616)-540, Progres s Rept. 11 (1961). 

R. G. Liptai, C. A. T;itro, and H. L. Dunegan, Acoustic 

Emis s ions Generated Euring Phase Transformations in Metals 

and Al loys , Lawrence Radiation Laboratory, Livermore , Rept. 

UCRL-50525 (1968). 

D. M. Egle and C. A. Tatro, "Analysis of Acoust ic Emission 

Strain Waves," J. Acoust. Soc. Amer. 41, 321 (1967). 

R. B . Engle, Acoustic Emiss ion and Related Displacements in 

Lithium Fluoride Single Crystals , Ph.D. Thes i s , Michigt • 

State University, East Lansing, Mich. (1966). 

R. M. F i sher and J. S. Lally, "Microplasticity Detected by an 

Acoust ic Technique," Can. J. Phys . 45, 1147 (1967). 

H. L . Dunegan and C. A. Tatro, "Pass ive P r e s s u r e Transducer 

Util izing Acoustic Emiss ion ," Rev. Sci . Instrmn. 3£ (8), 1145 

(1967). 

H. L . Dunegan, D. O. Harr is , and C. A. Tatro, "Fracture 

Analys is by Use of Acoustic Emiss ion," Eng. Frac t . Mech. M l ) , 

105 (1968). 

http://BolJ.es


-60-

27. H. L . Dunegan and C. A. Tatro. "Acoustic Emiss ion Effects 

During Mechanical Deformation." to be published in Techniques 

of Metals Research, vol 5, R. Bunshah, Ed. (John Wiley and 

Sons, Inc., New York). 

28. J . J . Gilman, "Progres s in Microdynamical Theory of 

Dislocations," in P r o c . U . S . Nat. Congr. Appl. Mech.. 5th 

(American Society of Mechanical Engineers, New York, 1966), 

pp. 3ii5-4'J3. 

29. K. H. Adams. B . R. B a s s , J. E. Borhaug, C. H. Goodman, 

and H. A. Thompson, An Experimental Investigation of Delayed 

Acoust ic Emiss ion in Beryl l ium, Lawrence Radiation Laboratory, 

Livermore, Rept. UCRL-13402 (1969). 

30. K. H. Adams, Tulane University, New Orleans , La., private 

communication (1968). 

31 . R. B . Engle and H. L. Dunegan, "Acoustic Emission: Stress 

Wave Detection as a Tool for Nondestructive Testing and 

Material Evaluation," Int. J. Nondestruct. T e s t ± (1), 109 

(1969). 

32. H. I— Dunegan and D. O. Harris, "Acoustic Emiss ion—A New 

Nondestructive Test ing Tool," Ultra-onics T_ (3), 160 (1969). 

33 . H. L. Dunegan and D. O. Harris, "Acoustic Emiss ion Techniques," 

to be published in Experimental Techniques in Fracture Mechanics, 

A . S. Kobayashi, Ed. (Society for Experimental Stress Analys i s ) . 

34 . P . C. Par is and G. C. Sih, "Stress Analys is of Cracks." in 

Fracture Toughness Test ing and Its Applications. ASTM STP 381 

(American Society for Testing and Materials , Philadelphia, 

Pa . , 1965). pp. 3 0 - 8 1 . 



- 6 1 -

35. F . M. McClintock and G. R. Irwin, "Plasticity Aspects oC 

Fracture Mechanics," in Fracture Toughness Testing and Its 

Applications, ASTM STP 381 (Ann in Society Tor Testing 

and Materials, Philadelphia, Pa., 1965), pp. 84-113. 

36. J . E. Srawley and W. F . Brown, Jr . , "Frac ture Toughness 

Testing Methods," in Frac ture Toughness Testing and Its 

Applications, ASTM STP 381 (American Society for Testing 

and Materials, Philadelphia, Pa., 1965), pp. 133-198. 

37. W. F . Brown, Jr . , and J . E . Srawley, Plane Strain Crack 

Toughness Testing of High Strength Metallic Materials, ASTM 

STP 410 (American Society for Testing and Materials, 

Philadelphia, Pa., 1967). 

38. W. W. Gerberich and C. E. Hartbower, "Some Observations 

on Stress Wave Emission as a Measure of Crack Growth," Int. 

J . F rac t . Mech. 2(3) , 185 (1S57). 

39. W. W. Gerberich and C. E. Hartbower, "Monitoring Crack 

Growth of Hydrogen Embrittlement and Stress Corrosion 

Cracking by Acoustic Emission," in Proc . Conf. ffundam. 

Aspects Stress Corros. Cracking (Ohio State University, 

Columbus, Ohio, 1967). 

40. C. E. Hartbower, W. W. Gerberich, and H. Liebowitz, 

"Investigation of Crack Growth Stress-Wave Relationships," 

Eng. F rac t . Mech. ^ (2), 291 (1968). 

41 . C. E. Hartbower, W. W. Gerberich, and P . P . Crimmins, 

"Monitoring Subcritical Crack Growth by Detection of Elastic 

Stress Waves," Weld. J . (New York) 47 (1), 1 s (1968). 



-62-

H. H. Johnson and P . C. Par i s , "Subcritical Flaw Growth," 

Eng. Fraet . Mech. 1_ (1), 3 (1968). 

H. L. Dunegan and A. S. Tetelraan, "Nondestructive 

Characterization of Hydrogen Embrittlement Cracking by 

Acoust ic Emiss ion Techniques," submitted to Eng. Fract. 

Mech. for publication. 

M. H. Jones, and W. F . Brown, Jr. , "Acoustic Detection of 

Crack Initiation in Sharply Notched Specimens," Mater. Res . 

Stand. 4. 120 (1964). 

H. E . Romine, Determination of the Driving F o r c e for Crack 

Initiation from Acoustic Records of G T e s t s on High Strength 

Materials for Rocket Motor Cases , Naval Weapons Lab., Rept. 

NWL 1779 (1S61). 

R. H. Krock and L. J. Broutman, "Principles of Composites 

and Composite Reinforcement," in Modern Composite Materials 

(Addison-Wesley Publishing Co., Reading, Mass . , 1967), 

pp. 3 -26 . 

R. W. K. Honeycombe. The Plastic Deformation of Metals 

(Edward Arnold Publ ishers , Ltd., London, 1968). 

C. Zweben and B. W. Rosen, "A Statistical Theory of Material 

Strength with Application to Composite Materials ," AIAA Paper 

No . 69-123, presented at AIAA 7th Aerospace Sciences Meeting, 

New York, Jan. 120-22, 1969 (to be published in Int. J. Mech. 

P h y s . Solids). 

C. Zweben, "Tensile Fai lure of Fiber Composites ," AIAA J. 6_ 

(12), 2325 (1968). 



- 6 3 -

50. A. S. Tetelman, D. O. Harris, and P. A. I. Uarwish, "Detection 

of Fiber Cracking by Acoustic Emission," to be published. 

51. F. J. McGarry, "Crack Propagation in Fiber Reinforced Plastic 

Composites," in Fundamental Aspects of Fiber Reinforced 

Plastic:Composites (Interscience Publishers, New York, 1968), 

pp. 63-87. 

52. Z. T. Bieniawski, "Mechanism of Brittle Fracture of Rock, 

Part I—Theory of the Fracture Process," Int. J. Rock Mech. 

Mining Sci. 4, 395 (1967). 

53. Z. T. Bieniawski, "Mechanism of Brittle Fracture of Rock, 

Part II—Experimental Studies," Int. J. Rock Mech. Mining 

Sci. J , 407 (1967). 

54. Z. T. Bieniawski, "Mechanism of Brittle Fracture of Rock, 

Pari III—Fracture in Tension and Under Long-Term Loading," 

Int. J. Rock Mech. Mining Sci. 4, 425 (1969). 

55. E. A. Hodgson, Dominion Observatory Rockburst Research 

1938-1945, Dept. of Mines and Technical Surveys, Canada, 

Dominion Observatories Rept. (1958). 

56. M. S. Antsyferov, Ed., Seismo-Acoustic Methods in Mining, 

S. E. Hall, Trstns (Consultant Bureau, New York, 1966). 

57. L. Obsrt and W. Devull, Seismic Methods of Detecting and 

Delineating Sub-surface Subsidence, U.S. Bureau of Mines, 

Rept. of Investigation 5882 (1961). 

58. R. E. Goodman and W. Blake, Rock Noise in Landslides and 

Slope Failures (University of California Press, Berkeley, Calif. 

1965). 



- 6 4 -

59. M. L. McCauky, "The Use of Sub-Audible Rock Noise (SARN) 

to Monitor Slope Stability," Eng. Geol. (Sacramento, Calif.) 

2, 1 (1965). 

60. K. Susuki, Z. Sasaki, Z . Siohara, and T. Hirota, "A New 

Approach to the Prediction of Failure by Rock Noise ," in Proc . 

Int. Conf. Strata Contr. Rock Mech., 4th (Colombia University, 

New York, 1965), p. 1. 

61. N. C. W. Cook, "The S e i s m i c Location of Rockburst," in Proc . 

Symp. Rock Mech., 5th (University of Minnesota, Minneapolis, 

Minn., 1962), p. 493 . 

62. T. P e r s s o n and B . Hall, Micro-Seismic Measurements for 

Predict ing the Risk of Rock Failure and the Need for Rein­

forcement in Underground Cavities (publication of the Royal 

Institute of Technology, Stockholm, 1957). 

63. J. L. Knill, J. A. Franklin, and A. W. Malone, "A Study of 

Acoust ic Emission from Stressed Rock," Int. J. Rock Mech. 

Mining Sci . 5, 87 (1968). 

64. J. W. Brown and M. M. Singh, "An Investigation of Microse ismic 

Activity in Rock Under Tension," Trans., Soc. Mining Eng. AIME 

233, 255 (1966). 

65. Y. P . Chugh, H. R. Hardy, Jr . , and R. Stefanko, "An 

Investigation of the Frequency Spectra of Microse i smic Activity 

in Rock Under Tension," in P r o c . Symp. Rock M e c h . , 10th 

(AIME, New York, 1968). 



-es­

s e . H. R. Hardy, Jr., "Analysis of the Inelastic Deformation of 

Geologic Materials in T e r m s of Mechanical Models ," paper 

prepared for presentation at 1967 Spring Meeting of Society for 

Experimental Stress Analysis , Ottawa, Canada, May 1967. 

67. H. R. Hardy, Jr. , R. Y. Kim, R. Stefanko, and Y. J . Wong, 

"Creep and Microseismic Activity in Geologic Materials ," in 

Proc . Symp. Rock Mech., 11th (University of California, 

Berkeley , Calif., 1969). 

68. C. H. Scholz, "Microfracturing and the Inelastic Deformation of 

Rock in Compression," J. Geophys. Res . 73, 1417 (1968} 

69. C. H. Scholz, "Experimental Study of the Fracturing P r o c e s s in 

Britt le Rock,"j. Geophys. R e s . 73, 1447 (1968). 

70 . C. H. Scholz, "The Frequency-Magnitude Relation of Micro-

fracturing in Rock and Its Relation to Earthquakes," Bull . 

Se i sm. Soe . Amer. 58, 399 (1968). 

71 . R. Ikegami, "On the Secular Variation of Magnitude-Frequency 

Relation of Earthquakes,"Bull. Earthq. Res . Inst. 45, 327 (1967). 

72. K. Mogi, "Earthquake and Fractures ," Tectonophysics 5 (1), 35 

(1967). 

73 . K. Mogi, "? )me Features of Recent Sesmic Activity in and Near 

Japan," Bul l . Earthq. R e s . Inst. 46, 1225 (1968). 

74 . B . H. Armstrong, "Study of Acoustic Emiss ion P r i o r to Earth­

quakes," Bul l . Seism. Soc. A m e r . 5£ (3 ) , 1259 (1969). 

75. C. A. Tatro and R. G. L-iptai, "Acoustic Emiss ion from Crystalline 

Substances," in Proc. Symp. Phys . Nondestruct. T e s t . (Southwest 

Research Institute, San Antonio, Tex., 19S2), pp. 145-158. 



- 6 6 -

76. A. A. Giardina, A. E . Abey, and R. G. Liptai, ''Shear Strengths 

of 3 Georgia Marbles and Solenhofen Limestone to 70 Kilobars," 

in Abstr. Am e r . Geophys. Union, Spring Meeting, Washington, 

D .C . , Apri l 1970. 

77 . A. E . Abey and H. D. Stromberg, A New Apparatus to Shear 

Bulk Materia ls at Various Strain Rates Under Very High 

P r e s s u r e , Lawrence Radiation Laboratory, Livermore , Rept. 

UCRL-71875 (1969). 

78. K. Notvest, "Effect of Thermal Cycles in Welding D6Ac Steel," 

Weld. R e s . (New York), Supplement to Weld. J. (New York) 45 

(4), 173s (1966). 

79 . C. K. Day, An Investigation of Acoustic Emiss ion from Defect 

Formation in Stainless Steel Weld Coupons, Battel le-Northwest, 

Richland, Wish . , Rept. BNWL-902 (1963). 

80 . W. D. Jol ly, An In-Situ Weld Defect Detector—Acoust ic 

Emiss ion, Battel le-Northwest, Richland, Wash., Rept. 

BNWL-817 (1968). 

81 . W. D. Jol ly, "Acoustic Emiss ion Exposes Cracks Uuring Welding 

P r o c e s s , " Weld, J. (New York) 48, 21 (1969). 

82. W. D. Jolly, The Application of Acoustic Emiss ion to In-Process 

Weld Inspection, Battel le-Northwest, Richland, Wash., Rept. 

BNWL-SA-2212 (1969). 

83 . W. D. Jolly, The Use of Acoust ic Emiss ion as a Weld Quality 

Monitor, Battelle-Northwest, Richland, Wash., Rept. BNWL-SA-

2727 (1969); presented at the 24th Annual Petroleum Mechanical 

Engineering Conference, Tulsa, Okla., September 1969. 



- 6 7 -

84. C. E . Hartbower, Application of SWAT to the Nondestructive 

Inspection of Welds, Aerojet-General Corp., Sacramento, 

Calif., Technical Note (1969). 

85. J . Schmitz and L. Frank, Nondestructive Test ing for Evaluation 

of Strength of Bonded Material, General American Transportation 

Corp., Ni les , 111, ., Rept. NASA-CR-67983 (1965). 

86. J . B . Beal, "Ultrasonic Emiss ion Detector Evaluation of 

Strength of Bonded Materials ," Nondestruct. Tes t . Trends 

Techniques. NASA Spec. Pubt. SP-5082 (1967). 

87. R. A. Muenow, Law Engineering Testing Co. , Atlanta, Ga., 

private communication (1970). 

88. A. T. Green, C. S. Lockman, and II. K. Haines, Acoustical 

Analys is of Filament-Wound Polaris Chambers , Aerojet-

General Corp., Sacramento, Calif., Rept. 0672-01F (1963). 

89. A. T. Green, C. S. Lockman, and R. K. Stee le , "Acoustic 

Verification of Structural integrity of P o l a r i s Chambers," Mod. 

P las t . 41, 137 (1964). 

90. A. T. Green, C. E. Hartbower, and C. S. Lockman, Feasibi l i ty 

Study of Acoustic Depressurization System, Aerojet-General 

Corp. , Sacramento, Calif., Rept. NAS 7-310 (1965). 

91. A. T . Green, C. S. Lockman.. S. J. Brown, and R. K. Steele, 

Feas ibi l i ty Study of Acoust ic Depressurization System, NASA 

Contract Rep. CR-55472 (1966). 

92. J. E . Srawley, Investigation of Hydrolest Fai lure of Thiokol 

Chemical Corp. 260- inch-Dia. Motor Case , NASA Tecb. 

Memo. TMX-1194 (1966). 



-68-

93. A. T. Green, Stress-Wave Detection, Saturn S-ll, NASA 

Contract. Rept. CR-61161 (1966). 

94. D. Wildermuth, Pressure Testing of AFRM-017 Service 

Propulsion System Fuel Tank Utilizing Aerojet-General 

Corporation's Stress-Wave Analysis Technique, Aerojet-

General Corp., Sacramento, Calif., Rept. NAS 9-6766 (1967). 

95. W. G. Reuter, A. T. Green, C. E. Hartbower, and P. P. 

Crimmins, Monitoring of Crack Growth in TJ-6A1 -4V Alloy 

by the Stress-Wave Analysis Technique, Aerojet-General 

Corp., Sacramento, Calif., Rept. NAS 9-7759 (1968). 

96. C. E. Hartbower and P. P,. Crimmins, Fracture of Structural 

Metals as Related to Pressure Vessel Integrity and In-Service 

Monitoring, Aerojet-General Corp., Sacramento, Calif., Rept. 

(1968). 

97. R. C. Bates and H. D. Greenberg, "A Study of the Fracture 

Resistance of Steel Pressure Vessels by means of Charpy, 

Drop-Weight, and Full-Size Burst Tests," in Application of 

Fracture Toughness Parameters to Structural Metals. 

B. D. Greenberg, Ed. (Gordon and Breach Science Publishers, 

New York, 1964), pp. 91-146. 

98. C. A. Fournier, Investigation of Hydrotest Failures of Six 

Polaris A2P Chambers, Aerojet-General Corp., Sacramento, 

Calif., Rept. 473 Part II U962). 

99. C. D. Crockett and W. M. Mason, CBTT Incident Report, 

Structures Working Group, NASA Rept. SID 67-29 (1967). 



-69-

100. A. T. Green, Testing of 10-inch Glass Hemispheres Using 

Stress-Wave Analysis Technique, Naval Ship Research and 

Development Center, Washington, D. C , Rept. N00014-67-C-

0333 (1967). 

101. A. T. Green, Stress-Wave Emission Generated During the 

KydroBtatic Compression Testing of Glass Spheres, Naval Ship 

Research and Development Center, Washington, D. C , Rept. 

N00014-67-C-0333 (1969). 

102. C. E. Hartbower, F. J. Climent, C. Morals, and P. P. 

Crimmins, Stress-Wave-Analysts Technique Study on Thick-

Walled Type A302-B Steel Pressure Vessels, Aerojet-General 

Corp., Sacramento, Calif., Rept. NAS 9-7759 (1969). 

103. A. T. Green, Stress Wave Emission and Fracture of Prestressed 

Concrete Reactor Vessel Materials, USAEC Contract No. 

W-7405-eng-26, Engineering Rept. (1969). 

104. P. H. Hutton, "Acoustic Emission Detection in the Presence of 

Hydraulic Noise," Nondestruct. Test. 2, 111 (1969). 

105. P. H. Hutton, Detection of Incipient Failure in Nuclear Reactor 

Pressure System Using Acoustic Emission, Battelle-Northwest, 

Richland, Wash., Rept. BNWL-997 (1969). 

106. P. H. Hutton, Integrity Surveillance of Pressure Systems by 

Means of Acoustic Emission, Battelle-Northwest, Richland, 

Wash., Rept. BNWL-SA-2194 (1969); presented at the International 

Conference on Pressure Vessel Technology, Delft, Holland, 

October 1969. 

107. N. O. Cross, Esso Research and Engineering Co., Florham 

Park, N.J., private communication (1970). 



-70-

108. D. Parry and D. Robinson, incipient Failure Detection by 

Acoustic Emission—Development and Status Report, Idaho 

Nuclear Corp., Idaho Falls, Idaho, Rept. IN-1398 (1970). 

109. T. Nakamura, B. O. McCauley, A. H. Gardner, J. C. Redmond, 

J. W. Hagemeyer, and G. M. Burton, Development of an 

Acoustic Emission Monitoring System, General Dynamics, 

Ft. Worth, Tex., Rept. ER\-FW-901 (19B9). 

110. H. L. Balderston, "incipient Failure Detection—The Detection 

of Incipient Failure in Bearings," presented at Meeting of the 

American Society for Nondestructive Testing, Detroit, Mich., 

October 14-17, 1968. 

111. T. T. Anderson and T. A. Gate, "Acoustic Boiling Detection in 

Reactor Vessels," presented at 15th Nuclear Science Symposium, 

Montreal, Can,, October 23-25, 1968. 

112. H. Li. Dunegan, D. O. Harris, and A. S. Tetelman, "Detection 

of Fatigue Crack Growth by Acoustic Emission Techniques," in 

Proc. Symp. Nondestrucfc. Eval. Components Mater. Aerosp., 

Weapons Systems, Nucl. Ap;,jl., 7 th (American Society for 

Nondestructive Testing and Southwest Research Institute, 

San Antonio, Tex., 1969), pp. 20-31. 

113. D. O. Harris, H. L. Dunegan, and A. S. Tetelman, "Prediction 

of Fatigue Lifetime by Combined Fracture Mechanics and 

Acoustic Emission Techniques," in Proc. AF Conf. Fatigue 

Fracture Aircr. Struct. Mater. (Miami Beach, Fla., 1969). 



-71-

114. H. L. Dunegan and D. O, Harris, "Acoustic Emission 

Techniques," to be published in Experimental Techniques in 

Fracture Mechanics, A. S. K6baya3hi, Ed. {Society for 

Experimental Stress Analysis monograph). 

115. E. T. Wessel, "State-of-the-art of the WOL Specimen for K. 

Testing," Eng. Fract. Mech. ± (1), 77 (1968). 

116. V. F. Zackay, E. R. Parker, F. Dieter, and R. Busch, The 

Enhancement of Ductility in High Strength Steels, Lawrence 

Radiation Laboratory, Livermore, Rept. UCRL-17455 (18S7). 

117. D. O. Harris and H. L. Dunegan, "Verification of Structural 

Integrity of Pressure Vessels by Acoustic Emission and Periodic 

Proof Testing," to be published. 

118. J D. Cadman and R. E. Goodman, "Landslide Noise," Science 

158 (3805), 1182 (1967). 

119. H. K. Helfrich, "Selbstregis trier ende Mikroseismiche Messungen," 

J. Rock Mech. Eng. Geol. 4, 1 (1965). 

120. H. R. Hardy. R. Y. Kim. R. Stefanko, and Y. J. Wang, "Creep 

and Microseismic Activity in Geologic Material," presented at 

Eleventh Symposium on Rock Mechanics, University of California, 

Berkeley, Calif., June 16-19, 1969. 

121. H. R. Hardy, "Applications of Acoustic Emission in Rock 

Mechanics," presented at the Acoustic Emission Subcommittee 

Meeting, Materials Engineering Congress, Philadelphia, Pa., 

October 11-16, 1969. 



-72-

122. C. Fischler, "Acoustoeiectric Amplification in a Many-Carrier 

System," J. Appl. Phys. 41 (4), 1439 (1970). 

123. B. H. Schofield, Acoustic Emission Under Applied Stress, 

Lessells and Associates, Cambridge, Mass., Rept. ASO-TDR-

53-S09 Part I (19B3) and ASD-TDR-63-509 Part II (1964). 



FIGURE CAPTIONS 

Fig. 1. Acoust ic emission and s t r e s s v s . strain for a 7075-T6 

aluminum tensile spec imen. Dashed curve i s a fit of 

Gilman's theoretical express ion for mobi le dislocation 
(32) density v s . plastic s tra in . 

Fig. 2. Four ier integral transform plots for model event. 

(a) Phase , (b) Amplitude. 

Fig . 3 . Summation acoustic e m i s s i o n as a function of load for four 

SEN fracture toughness spec imens of 7075-T6 aluminum 
(32) 

with varying crack lengths. 

Fig. 4 . Summation acoustic emiss ion as a function of s t r e s s intensity 

factor for four s ingle-edge-notch fracture spec imens with 

varying crack lengths. A best-f it fourth power curve was 
(32) drawn through the data points. 

Fig . 5. Summation counts v s . tens i le load for muiiiflawed 

spec imens . 

Fig. 6. Summation counts v s . s t r e s s intensity factor for multiflawed 
(32) spec imens . 

F ig . 7. Acoust ic emission and notch opening displacement as functions 

of load for a s ingle-edge-notched specimen of 7075-T6 

aluminum.< 2 6 > 

Fig . 8. Relationship between crack growth rate and st" ^ss-wave 
(41* e m i s s i o n for two conditions of D6Ac s tee l . ' [Reproduced 

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

"Monitoring Subcritical Crack Growth by Detection of Elast ic 

S tres s Waves," Weld J. (New York) 47 (1); 55 (1968)]. 



Fig. 9.' • S t r e s s intensity factor and acoustic emis s ion as a function of 

t i m e for a crack propagating in a uranium-0.3% titanium 
(33) al loy immersed in a 3% salt -water solution. 

(49) F i g . 10. Number of breaks as a function of applied load. 1 

[Reproduced from: C. Zweben, "Tensile Fa i lure of Fiber 

Composites," A i A A J . £ (12), 2329 (1968)1. 

Fig . 11. Summation of acoustic emiss ions as a function of applied load 

on a filament-wound NOL. ring. 

F ig . 12. S t r e s s and acoustic e m i s s i o n as a function of strain for 

whisker-reinforced Al -Al„Ni composite showing emission 

curves predicted from model . 

Fig. 13. Percentage of broken whiskers as a function of strain for 

Al-AlgNi composite. 

Fig . 14. Summation of acoustic emiss ion 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 
(52) compress ion. 

Fig . 16. Acoust ic emiss ion rate a s a function of s train on Sturdevant 

Quartzite, confining pres sure 3.5 kbar. After initial failure 

(f irst drop in acoustic emiss ion activity), further deformation 

proceeds by s t i ck-s l ip . 

Fig . 17. Theoret ical and experimental results of periodic proof tes ts 

with acoustic emiss ion from 7075-T6 WOL fracture toughness 
(113) spec imens . 



Fig. 18. Summation of acoustic emission as a function of pressure for 

initial pressurization and first re-pressurization of pressure 

vessel. 

Fig. 19. 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. 

I''ig. 20. Total acoustic emission observed during proof to 2000 psi 

as a function of fatigue cycles to 13P0 psi for intermittently 

proofed cyclically loaded pressure vessel. 

Fig. 21. (a) Failed pressure vessel, (b) Fracture surface and 

fatigue crack growth markings. 
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