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ABSTRACT

Experimental investigations of acoustic emission (AE) in A36,
A514, and AS588 structural steel specimens subjected to tension-
tension fatigue are conducted. Literature of previous experimental
tests 1s reviewed and discussed. Both qualitative and quantitative
observations on the relationship between acoustic emission parameters
and fracture mechanics parameters are made.

Higher maximum stress intensity values result in greater values
of [parameter] per loading cvcle data at low crack growth rates.
Shorter initial crack length results in higher values of [parameter]
per loading cycle data at low crack growth rates than longer initial
crack length for A514. There is no effect of crack length for
A588 throughout the entire range of growth rates. A power relation-
ship exists between crack growth rate and [parameter] per loading
cycle data for all stress intensity values, initial crack lengths,
and steel types. Specimens made from higher strength steels result
in higher [parameter] per loading cycle values at higher stress
intensity factors, whereas steel strength loses its effect at
lower stress intensity factors.

Changes in maximum stress intensity factor, crack growth rate,
initial crack length, or material type do not appear to significantly
affect the mean [parameter] per event data. This implies that the
characteristics of the events detected are independent of loading
conditions and material type.
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The data obtained from this investigation are not satis-
factorily predicted by quantitative relationships suggested by
previous experiments. Therefore, a correlating relationship of
the following form is proposed:

Noa
where N is the AE ringdown counts per loading cycle, a is the crack
growth rate per loading cycle, and the exponent n is a function of
the maximum stress intensity factor, the crack length and the yield
strength. Recommendations are offered to assist future experi-
mentation in the area of acoustic emission/fracture mechanics

parameter correlation.

Thesis Supervisor: James H. Williams, Jr.

Title: Associate Professor of Mechanical Engineering
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INTRODUCTION

Acoustic emission (AE) refers to the release of elastic strain
energy which occurs when a material is dynamically deformed or
fractured. This phenomenon has been studied with increasing interest
since 1950, when the first serious investigation was made by Kaiser
[1].

Current interest is centered on the use of acoustic emission
as a nondestructive evaluation tool, both in metals and nonmetals.
One goal of AE testing is the development of correlations between
acoustic emission signal parameters and fracture mechanics parameters.
A sampling of experimental correlation attempts is provided here to
assess the general experimental techniques used and to illustrate
the capabilities and limitations of acoustic emission in the study
of fracture mechanics.

After examining the previous experimental work, an attempt is
made to simplify the correlation process by selecting and comparing
independent acoustic emission parameters with independent fracture
mechanics parameters. Experiments are then devised to evaluate
the effect of each independent fracture mechanics parameter on»the
acoustic emission signal obtained from a growing fatigue crack.

Compact test specimens are fabricated from plates of common
structural bridge steels: A36, A514, and A588. Cyclic loads are
then applied to propagate a fatigue crack at different growth

rates. The resulting acoustic emission signals are detected and
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processed using a state-of-the-art computerized acoustic emission
system.

The acoustic emission data are then analyzed in an effort to
find correlations with the known fracture mechanics parameters of
each test. These correlations are discussed, followed by

recommendations to guide further experimental work in this area.
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CHARACTERIZATION OF THE ACOUSTIC EMISSION SIGNAL

A typical acoustic emission (AE) signal is depicted in Fig.l.
The parameters shown are often labeled in different ways in the
literature. A definition for each term as used in this investigation.
is given below, as well as synonymous terms from other reported

experimental work.

AE Event

An acoustic emission event begins with the first crossing of
the voltage threshold (set by the experimenter) by the monitored
acouctic emission signal. The event is completed when the signal
falls below the threshold for a specified time period. This
specified time is known as the ''dead time' period and is set by

the experimenter, within equipment limits.

AE Ringdown Counts (counts, stress wave emissions, N)

The number of ringdown counts corresponds to the number of times
the individual oscillations in the monitored signal cross the voltage

threshold.

Peak Amplitude

The peak amplitude is the maximum amplitﬁde attained by the

signal during an event.
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Event Duration

Event duration is the time from the initial threshold crossing

to the final threshold crossing of an event.

Rise Time
Rise time is the time from the beginning of an event to the

peak amplitude.

Slope
Slope is the peak amplitude divided by the rise time.

These parameters are further specified by the terms "cumulative
or summation of [parameter]" or "mean [parameter] per event'.
Cumulative or summation of ringdown counts, for example, is a total
of all ringdown counts detected from the beginning of an experimental
test to a specified time. Mean ringdown counts per event indicates
the averaged number of ringdown counts in the events of a test.

It should be understood that the waveform shown in Fig. 1 is
obtained from the output of the acoustic emission sensing device.
The sensor is usually a resonant piezoelectric transducer which
emits a decaying voltage signal (at its own resonant frequency)
after being excited by a small physical disturbance. Thus, the
actual écoustic emission signal generated within a specimen will
in general be quite different from the signal displayed by the

detection system.
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LITERATURE REVIEW OF ACOUSTIC EMISSION-FRACTURE

MECHANICS CORRELATION ATTEMPTS

Several experiments have been performed in an attempt to
determine correlations between acoustic emission parameters and
fracture mechanics parameters. The "cumulative ringdown counts'
and "ringdown counts per loading cycle'" acoustic emission parameters
were the most commonly used in these correlation attempts.

This review consists of sections that each correspond to a
fracture mechanics parameter. Relevant experiments are summarized
and critiqued within each section. This review is limited to the
acoustic emission fracture mechanical studies of metals, and as
such is not concerned with AE or fracture mechanics, in general,

or with the AE of nonmetallic materials.

CRACK LENGTH

Vainberg, Susedov, and Kushnir [ 2 ] sought to find a practical
experimental method of using acoustic emission to characterize
a growing fatigue crack. The results obtained are shown in Fig. 2.
Cumulative ringdown counts appear to vary linearly with the crack
length. No theoretical justification was offered for this
relationship.

Bailey, Hamilton, and Pless [3] conducted experiments to

attempt to correlate cumulative ringdown counts with crack length.
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The results are shown in Fig. 3. Note the excellent correlation
between cumulative ringdown counts and crack length. No theoretical
explanations were offered in this study.

Harris and Dunegan [4] performed experiments to explore the
relationship between crack length and cumulative ringdown counts.
The results of this experiment for an aluminum specimen are shown
in Fig. 4. There is a linear relationship between crack length and
total ringdown counts, but the proportionality constant changes with
the range of crack length considered. The explanation offered was
that a plane stress-plane strain transition occurred which caused
a change in the acoustic emission signal. The authors also mentioned
that no effect of loading frequency could be detected in the
acoustic emission data. A theoretical model was proposed and com-
pared with the empirical data.

Ying [5] proposed a dislocation model as a possible mechanism
for acoustic emission. This model was used to suggest a possible
correlation between cumulative events and crack length in a flawed
specimen, and was then applied to experimental data. Fig. 5 shows
that the proposed model accurately predicted the acoustic emission
data obtained at different load levels. The cumulative ringdown
count is some function of crack length, rather than being directly
proportional as reported in studies previously discussed. This
may be due to differences in the loading characteristics, which are

not clearly stated in many experimental reports.
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CRACK GROWTH RATE

Morton, Harrington, and Bjeletich [6] conducted tests to
investigate the relationship between crack growth rate and the
resulting acoustic emission signal. The relationship obtained be-
tween the number of ringdbwn counts per loading cycle and crack
growth rate is shown in Fig. 6. A short theoretical justification
was provided that successfully predicted the outcome of the

experiment.

CRACK OPENING DISPLACEMENT

Hartbower, Morais, Reuter, and Crimmins [7] conducted acoustic
emission tests to assess the characteristics of crack opening dis-
placement in fatigue cracks. The results are shown in Fig. 7.
Note the good correlation between crack opening displacement and
the number of ringdown counts per loading cycle. No theoretical
model was proposed in this paper.

Palmer, Brindley, and Harrison [8] conducted similar experi-
ments using the cumulative ringdown counts parameter. Fig. 8
is a plot of cumulative ringdown counts versus crack opening dis-
placement for a single loading cycle. There appears to be an
excellent correlation between these two parameters. A
theoretical derivation was performed to aid in the interpretationm

of results.
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Arii, Kashiwaya, and Yanuki [9] found a power law relationship
between cumulative ringdown counts and crack opening displacement.
The exponent in this power relation varied with the range of crack
opening displacement considered. Fig. 9 illustrates the results
for a medium strength steel specimen. No theoretical explanation

was given.

STRESS INTENSITY FACTOR

A paper by Hartbower, Morais, Reuter, and Crimmins [7]
sought to determine the effect of stress intensity factor on acoustic
emission. A linear relationship was found between cumulative
ringdown counts and the maximum stress intensity factor, as shown
in Fig. 10.

Dunegan, Harris, and Tetelman [10] conducted tests which
attempted to verify that the cumulative ringdown count is pro-
portional to the stress intensity factor raised to some exponent.
Fig. 11 illustrates the results obtained from plotting cumulative
ringdown counts versus stress intensity factor in a log-log format.
The slope of this curve thus gives the value of the exponent
in the proposed equation. A theoretical model was derived thch

attempted to predict the value of the exponent.
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RANGE OF STRESS INTENSITY FACTOR

Lindley, Palmer and Richards [11l] conducted experiments to
attempt to establish a correlation between the number of ring-
down counts per loading cycle and the range of stress intensity
factor applied to the specimen. The results for a low carbon steel
specimen are shown in Fig. 12. There appears to be a power law
relationship between the number of ringdown counts per loading
cycle and the range of stress intensity factor. A theoretical

model was also provided to explain these results.

PLASTIC ZONE SIZE

Palmer and Heald [12] suggested that the cumulative ringdown
counts may be proportional to the area of the elastic-plastic
boundary ahead of the crack. Their theoretical derivation which
related cumulative ringdown counts to plastic zone size (via load
level) predicted the empirical results quite accurately, as

shown in Fig. 13.
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SUMMARY OF LITERATURE REVIEW

Theoretical relationships proposed in the experimental reports
discussed here have been of two general types: (1) AE ringdown
counts proportional to some aspect of the plastic zone, or (2) AE
ringdown counts proportional to the strain energy release that
occurs during crack propagation.

Theories that cite the plastic zone usually state that the AE
originates within the deformed region itself, perhaps by dis-
location motion [5, 6, 8, 10, 11]. A closely related concept is that
the AE originates in the elastic-plastic boundary of the plastic
zone [12].

The strain energy release theories attempt to explain emissions
that are thought to originate from the actual cracking of the
material [4, 11]. One paper suggests that both the plastic zone
and the cracking material contribute to AE [11].

Fracture mechanics relationships for plastic zone size and
strain energy release rate can be used to compare the two models.
Both‘are proportional to the square of the maximum stress intensity
factor. The plastic zone size is a function of material yield
strength, however, whereas the strain energy release rate is not.
Empirical results have been obtained that at least partially
justify each theory. Other results, however, suggest that neither

of these theories applies. Future investigation into the origin
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of AE should serve to clarify the present ambiguity.

Material, specimen type, sensor and filters used, couplant,
sensor location, gain, threshold, acoustic emission monitoring
equipment, loading apparatus, crack length measurement system,
loading characteristics, noise reduction techniques, and theoretical
model assumed for each experimental report covered in the
literature review are given in Table 1. Note that several of
the reports were incomplete in the information provided.

Table 2 is a summary of the correlation results obtained from
these experiments, grouped by fracture mechanics parameters.

By using fracture mechanics expressions, it is possible to condense
these relationships into four independent expressions. These

expressions are given in Table 3.
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PROBLEMS IN THE INTERPRETATION

OF ACOUSTIC EMISSION SIGNALS

The rather inconclusive and sometimes contradictory results
reported in acoustic emission, in part, stem from the many problems
that exist in interpreting the acoustic emission signal. Com-
plications exist from the generation stage to the detection and
display stages of the stress wave. Better theoretical models, more
sophisticated equipment, and standardization of experimental
reporting may someday eliminate many of the present difficulties.

Several mechanisms have been proposed to explain the sudden
redistribution in stress which causes the acoustic emission signal.
Crack nucleation, crack propagation, plastic deformation, and
phase transformations are all possibilities [13]. There.are also
mechanical sources of acoustic emission such as grip noise, machine
noise, fretting, crack closure, and bubble formation (in corrosion)
which may mask or confuse the actual generation mechanisms. Many
experimenters merely assume that the acoustic emission signal is
generated from a sudden square wave. The ability to accurately
describe the actual emissinn would aid in the interpretation of the
processed signal.

Specimen characteristics can also create ditficulties in
acoustic emission experiments. The geometry of a body may cause

multiple reflections of the stress wave before it is detected by
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the transducer. A large part of the wave energy may be absorbed in
mechanical resonances of the specimen [14]. The attenuation
characteristics of the specimen are obviously important. Studies
show that in a given material, losses due to scattering increase
rapidly with increasing frequency and anisotropy. The direction of
maximum stress, which is influenced by the loading arrangement
inherent in the specimen design, can change the propagation
characteristics [13]. It is also important to account for the strain
hardening of a material as it is deformed plastically. This
hardening can cause a decrease in attenuation which results in an
apparent increase in acoustic emission [15]. It is apparent from
the tests discussed previously that changes in heat treatment and
temperature can have an effect on the generation and propagation

of stress waves.

The detection of a wave by a transducer introduces more
complications into the AE analysis. The acoustic emission generating
mechanism creates a small displacement which must be of sufficient
amplitude to deform the crystal element in the transducer. Be-
cause of resonances within the crystal element itself, waves of
equal stress but different frequency may produce signals of
different amplitude within the transducer. Various methods of
applying a white noise source to a specimen and monitoring the

resulting transducer output are currently being tested to better
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understand the energy transfer between the specimen and the
transducer. The physical dimensions of the transducer may actually
tend to attenuate or accentuate certain frequencies in the detected
signal [14]. The couplant (usually a viscous liquid) used to
acoustically join the transducer to the specimen can also create
difficulties. Although the thickness of the couplant film may be
only a small fraction of a wave length, phase shifts and reflections
from both faces of the film can distort the acoustic emission

signal being transmitted [13].

The final signal of the acoustic emission event is an amplified
and filtered voltage which is processed and displayed in various
ways. From this resultant voltage, details about the generating
mechanism are desired [16]. This task is made difficult because
of the distortion that each electroniz component contributes to
the signal as it is processed. Transfer function determination of
each component is therefore necessary to deduce the characteristics
of the actual incoming signal. The frequency limitations of
various components further detract from the ability of the AE system
to accurately analyze the input waveform. The current use of
sophisticated minicomputers in acoustic emission systems has made
the task of data reduction much easier than in the past. The
computer is helpful in providing software that can.graphically
display the data as well as acoustically isolate sections of the

specimen via geometric discrimination to reduce spurious noise.
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EXPERIMENTS
OBJECTIVES

The objectives of the experiments are to determine correlations
between fracture mechanics parameters and acoustic emission
parameters. As has been illustrated in the literature review section,
there is a large number of parameters that can potentialiy be
correlated. Because many parameters are interrelated, however, it
is possible to simplify the correlation experiments by attempting to
relate only independent fracture mechanics and independent acoustic
emission parameters.

Possible fracture mechanics parameters include crack length (a),
crack growth rate (a), maximum stress intensity factor (Kmax)’
range in streés intensity factor (AK), plastic zone size (rp), crack
opening displacement (COD), and strain energy release rate ).
Using relationships between these parameters as given in Table 4,
however, it is possible to extract three independent parameters
which can be used to define all the other possible parameters. In
this investigation, the three independent parameters are chosen to
be crack length (a), crack growth rate (a), and maximum stress
intensity factor (Kmax)'

In an analagous manner, there are many possible acoustic

emission parameters such as events, event duration, peak amplitude,

ringdown counts, rise time, and slope. The use of a resonant
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transducer, however, implies that event duration is equal £o the
number of ringdown counts divided by the resonant frequency of the
transducer. Thus, it is possible to eliminate either event duration
or ringdown counts from the possible parameters listed. The
definition of slope can also be used to eliminate either rise time
or peak amplitude from the remaining parameters.

The experiments are therefore devised to vary the independent
fracture mechanics parameters of crack length, crack growth rate,
and maximum stress intensity factor during fatigue tests while the
independent acoustic emission parameters events, peak amplitude,
ringdown counts, and slope are monitored.

The acoustic emission data are analyzed in two forms:
"[parameter] per loading cycle" and "mean [parameter] per event"
(the data reduction procedure is given in Appendix F). The
|parameter] per loading cycle data are clearly a function of the
number of events detected per unit time, as well as the character-
istics of each event. The mean [parameter] per event data, however,
are only a function of the eveﬁt characteristics, independent of
the number of events detected. Thus, provisions are made to
determine whether the changes in acoustic emission from each
growth rate are due to a different number of events or from changes

in the characteristics of the individual events.
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PROCEDURES

A series of experiments was devised to determine the effect of
initial crack length, crack growth rate, maximum stress intensity
factor, and material type on the acoustic emission parameters.
Details of the experimental test matrix are given in Appendix E.

The effect of crack length was determined by testing specimens
using an initial crack length of either 22,5 or 27.5 mm. All the
specimens were machined with a 17.5 mm long crack-initiating
notch, and thus required the growth of a pre-fatigue crack of either
5 or 10 mm.

Crack growth rates were selected in the range from 5.1 x 10_5
to 1.5 x lO_3 mm/cycle, which fell within the mid-range fatigue
region for all steel types.

The tests were conducted at one of three maximum stress intensity
factors: 49.5, 60.4, or 71.4 MN/m3/2. These values were selected
so that the KIC value for each steel would not be exceeded, as
well as to permit the use of the necessary AK values to achieve
the desired crack growth rates using tension-tension fatigue cycling.
The use of a constant Kmax for different growth rates was
advantageous in that it maintained the plastic zone at a relatively
constant size.

The usual procedure in acoustic emission/fatigue experiments

has been to maintain a constant load ratio (R) for each growth
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rate which causes Kmax (and thus the plastic zone size) to increase
with increasing growth rates. By maintaining Kmax constant,
therefore, the effect of the changing plastic zone size is removed
from the effect of changing growth rates. This is necessary to
determine whether acoustic emission is better correlated by changing
plastic zone size or by actual crack growth.

The experiments were performed using three types of steels:
A36, A514, and A588. These were selected in order to assess the
effect of a range of material characteristics on the acoustic
emission signals. See Appendix A for details on material character-
istics. Compact test specimens were machined from plates of the
three steels in the T-L orientation. Details on specimen geometry
are given in Appendix B.

Each specimen was fatigued on an Instron electro-servohydraulic
testing machine at 50 Hz to extend a fatigue crack from the starter
notch an additional 5 or 10 mm, as required. The electric potential
method was used to determine the crack length during this phase,
as the empirical crack growth rate curve does not accurately predict
crack initiation from a machined notch.

The specimens were then loaded into a Materials Testing
System (MTS) servohydraulic testing machine and fatigued at 0.1 Hz
for 500 cycles while being acoustically monitored. (Details of
the acoustic emission monitoring system are given in Appendix C.)

Each specimen was tested in this way, at a constant maximum stress
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intensity factor, at each crack growth rate, starting with the
lowest rate. Load level was set as necessary to maintin a constant
maximum stress intensity factor and provide the correct AK to
produce the desired crack growth rate as predicted by the empirical
crack growth rate curve. Because of the low growth rates and
relatively low number of loading cycles used for the tests, initial
crack length was assumed to remain relatively constant at either
22.5 or 27.5 mm. The fatigue testing system is described in
Appendix D, and a detailed description of the experimental procedure

is provided in Appendix E.
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RESULTS AND DISCUSSION

The results can be discussed in both qualitative and quantitative

terms. The data reduction procedure is described in Appendix F.

QUALITATIVE ANALYSIS

It was found that the [parameter] per loading cycle plots were
all fairly similar to one another for a given set of loading con-~
ditions. Similarly, the mean [parameter] per event data were also
found to exhibit the same behavior for a given set of loading con-
ditions regardless of the particular acoustic emission parameter con-
sidered. In order to facilitate the presentation of the data,
thefefore, ringdown counts per loading cycle will be the only
parameter per loading cycle and mean slope per event will be the
only mean parameter per event plots illustrated, and should be
interpreted as typical of the remaining parameters in each type of
plot. All curves are drawn using linear regression. All logarithms

are common logs to the base 10.

[Parameter] Per Loading Cycle Data

The effect of the maximum stress intensity factor (Kmax) is

illustrated in Figs. 14,15, and 16. TFor clarity, only the smallest
and the largest Kﬁax (49.5 and 71.4 MN/m3/2, respectively) are

shown. For A514 and A588, a higher K.max value results i a greater
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number of ringdown counts per loading cycle than a lower Kmax value
at low growth rates. Kmax does not seem to have a large effect at
any growth rate for A36. This may be due, however, to the problem
discussed in Appendix G concerning the plastic zone/region of
acceptance interaction. Figs. 15 and 16 suggest that at high growth
rates, the Kmax curves intersect and (or) may merge to one curve.
Thus, [parameter] per loading cycle data appear to be relatively
insensitive to Kmax at high growth rates.

The effect of the initial crack length (ao) is shown in Figs. 17
and 18 for A514 and A588, respectively, with Kmax = 71.4 MN/m3/2.
In the case of the A514, the ringdown counts per loading cycle is
higher at low growth rates with the shorter initial crack length.
As the growth rate increases, however, the number of ringdown counts
per loading cycle with the longer initial crack length eventually
equals that of the shorter crack length specimen. The possibility
that there is no significant effect of a, at any growth rates is
suggested by the A588 data, in which the different a_ curves are
quite close over the entire range of growth rates considered.

The effect of the crack growth rate (é) on parameter per
loading cycle data is immediately apparent from any of the plots
already presented in Figs. 14 through 18. In all cases regardless
of Kmax’ a,» or material type, increasing a resulted in a higher

number of ringdown counts per loading cycle. Additionally, the
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relationship between a and ringdown counts per loading cycle data
appears to be approximately linear on the log-log plots presented,
thus implying that a power relationship exists between these two
parameters.

The material effects on the data observed are illustrated in
Fig. 19 for Kmax = 49.5 MN/mB/z, and in Fig. 20 for Kmax = 71.4 MN/mB/2
(both with a = 22.5 mm). Notice that at the lowest Kmax value,
Fig. 19, ringdown counts per loading cycle does not appear to vary
significantly with steel type. However, at the highest Kmax value
shown in Fig. 20, thé ringdown counts tend to increase for in-
creasing steel strength. The lowest strength steel (A36) results
in the lowest number of ringdown counts throughout the range of
crack growth rates. A possible conclusion is that higher strength
steels are more active emitters at high values of Kmax' However,
the observed effect may simply be due to the plastic zone/region
of acceptance interaction problem explained in Appendix G.

Fig. 211is also provided to examine the possible effect of
material type on emissions from specimens with long initial crack
lengths. Data from tests with A514 and A588 are shown, with
K.max = 71.4 MI\I/m3/2 and a = 27.5 mm. The results appear similar
to those illustrated in Fig. 20, which are for the same Kmax
value but with a = 22.5 mm. As before, the higher strength steel

is a more active emitter. Therefore, stronger materials appear

to emit a higher number of ringdown counts per loading cycle
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regardless of crack length (at this particular Kmax value of

2

71.4 MN/m3/ ).

Mean [Parameter] Per Event Data

Mean slope per event results are taken here to be representative
of all mean [parameter] per event data. In general, it was found
that the characteristics of the individual events were independent of
the entire set of variables tested. It should be mentioned, though,
that the data reduction of these acoustic emission parameters was
very difficult because of a wide variability in results, especially
at low growth rates. It is nevertheless interesting that the
chracteristics of the events did not significantly change as loading
conditions or materials were varied.

Figs. 22, 23, and 24 show mean slope per event for A36, A514,
and A588, respectively. All data from tests with both a, = 22.5 and
27.5 mm are presented. Note that varying Kmax’ ao, or é does not
significantly affect the results.

Fig. 25 is presented to determine if material type has an
effect on mean slope per event. There does not appear to be a
significant difference between the three steels in the data of this
parameter. This lends support to the possible conclusion that
mean [parameter] per event data are independent of loading con-

ditions and material type.
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QUANTITATIVE ANALYSIS

The results were quantitatively analyzed by first attempting
to apply the correlation results found in the literature review.
These results are summarized in Table 2. By using fracture mechanics
relationships, the results can be condensed into four expressions,
each utilizing ringdown counts per loading cycle as the acoustic
emission parameter. These condensed relationships are given in
Table 3.

The first relationship, ﬁa;j, implies that the ringdown counts
per loading cycle is a function of the crack growth rate only.

Table 5 gives the values of the exponent j for the various test
conditions of this investigation. For example, the value of j

for A36 with Kmax = 49.5 MN/m3/2 and a = 22.5 mm is equal to 1.47.
Note that j varies with material, maximum stress intensity factor,
and crack length; which, of course, ié not predicted by the relation--
ship ﬁaéj.

The results of applying the second relationship, &aKmaxk’ are
shown in Table 6, which gives values of the exponent R for the
experimental data. For example, for A36 and a=5.1cx 10-'5 mm/cycle,
K is equal to 2.25. The exponent is seen to vary with both crack
growth rate and materiél yield strength, whereas the given relation-

ship suggests that Kmax is the only relevant variable.
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The third relationship, ﬁa(Kmax/Y)z’ and the fourth relation-
ship, ﬁa(Kmaxz/Y)m, imply that crack growth rate and initial crack
length do not affect the number of ringdown counts per loading
cycle. Tables 7 and 8, however, show that the value of the exponent
in both these relationships changes with growth rate and crack
length.

Because the four relationships obtained from the literature

review failed to satisfactorily explain the effects of all the
variables on the acoustic emission data, a new relationship is

proposed. This relationship is of the form

Naa"
where
N = ringdown counts per loading cycle
a = crack growth rate
n= f(Kmax’ a s Y)
Kmax = maximum stress intensity factor

a = initial crack length
Y = material yield strength

The exponent n is assumed to be a linear function of Kmax’ a;» and

3Y + CA' Appendix H provides

details of the procedure that is used to develop the proposed

Y; that is, n = C1

K +C,a +C
max o

2

equation, as well as the values of the constants in the expression
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for n.

The results of applying the proposed equation that attempts
to explain changes in maximum stress intensity factor and initial
crack length for all steel types are given in Table 9. The
accuracy of this equation in predicting the value of the exponent
n in the proposed relationship can be assessed by comparing these
values to the corresponding values in Table 5, which gives the
known values of n %;;‘different loading and material conditions.
It is obvious that there is considerable error in some values.

In order to reduce this error, a relationship can be sought
that only explains the effect of maximum stress intensity factor
and initial crack length on ringdown céunts per loading cycle
for a given material. An equation of this type for A588 is
developed in Appendix H. The results obtained for the exponent n
in this proposed equation are given in Table 10. Comparison
with the known values of n for A588 (given in Table 5) show this
simpler equation can better predict n than if the material yield
strength variable is included. Of course, this results in an
equation which is material-specific, rather than a general
equation which applies to all materials.

Thus, it is possible to develop a relationship which can explain
(although inaccurately) the effects of fracture mechanics variables
on acoustic emission parameters. Perhaps a more sophisticated

relationship can be developed to obtain a better correlation than.
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the proposed equation presented here.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The following conclusions can be inferred from the results

. obtained from these experiments:

(1)

(2)

3

(4)

(5)

A reasonable number of events must be detected during
a test for effective data reduction. This is
especially necessary considering the statistical nature
of acoustic emission.

Low crack growth rates usually result in a relatively
low number of events being detected, whereas the
opposite is true for higher growth rates.

Meaningful comparisons between results obtained from
different steel types are difficult to make if, in
fact, it is not certain that the entire plastic zone

is detected by the acoustic emission system. Thus, it
is also uncertain as to whether or not the plastic

zone size is significant in affecting acoustic emission.
High maximum stress intensity values result in greater
values of [parameter] per loading cycle data than low
maximum stress intensity values at low crack growth
rates. It appears that this effect becomes less
significant at high growth rates.

Shorter initial crack length specimens result in higher
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(7)

(8)
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values of parameter per loading cycle data at low crack
growth rates than longer initial crack length specimens.
This does not appear to be the case at high growth rates.
Some results indicate that there may be no effect of
crack length throughout the entire growth rate range
tested for some materials (A588).

A power relationship exists between crack growth rate
and [parameter] per loading cycle data for all stress
intensity values, initial crack length values, and
material types.

Specimens made from higher strength steels result in
higher [parameter] per loading cycle values at high
stress intensity factors, whereas steel strength loses
its effect at low stress intensity factors. This
behavior is exhibited regardless of initial crack length, -
and implies that there might be a coupling eifect be-
tween maximum stress intensity factor and yield strength
which influences [parameter] per loading cycle data.
Changes in maximum stress intensity factor, crack

growth rate, initial crack length, or material type do
not appear t» significantly affect mean [parameter] per
event data. This implies that the characteristics of
the events detected are actually independent of loading

conditions and material type. Thus, all events resulting
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from fatigue crack growth may be nearly identical, with
different loading conditions and material types simply
affecting the number of events produced.

(9) The data obtained from this investigation are not
satisfactorily predicted by quantitative relationships
developed in past experimentation.

(10) A quantitative relationship can be developed to correlate
[parameter] per loading cycle data with loading con-
aitions and material type. Although the proposed equation
presented here is likely to be altered by additional
testing, it provides a starting point for further

quantitative work.

RECOMMENDATIONS

Based on the expericuce gained in this research effort, several
recommendations can be offered to assist~future experimentation in
this area:

(1) Tests conducted under similar conditions should be re-

peated several times to assess the variability of
acoustic emission results, as well as to permit the
averaging of data. This is particularly important
when performing fatigue experiments which typically

result in data with a significant degree of scatter.
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3
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The electric potential method should be used to con- '
tinuously monitor crack length during acoustic emission
experiments. The use of load levels that are obtained
from the empirical crack growth rate data to produce

a specified growth rate is not certain to result in
that growth rate under all conditions. The large
scatter in the empirical growth rate data is another
reason why a more accurate method to determine crack
length is required. The electric potential method
allows for a high deg:ee of precision in measuring
crack length, and thus makes it suitable for detecting
the actual crack growth rate that occurs due to a
certaig load level.

The tests should be carried out using at least several
thousand loading cycles, especially at low growth
rates (= 10--5 mm/cycle). This is necessary because

of the sometimes sporadic nature of fatigue crack
growth, especially at low growth rates. To facilitate
performing high loading cycle experiments, the test
machine/specimen grip system must be able to accurately
apply the desired loads'at a prac;ical cyclic loading
frequency (> 1 Hz). This is difficult when the grips
contain very compliant material, such as rubber, which

makes load control impractical except at very low
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loading frequencies.

The test specimens should be longer (measured along the
dimension between the two loading pins) than the specimens
used in this investigation. The spatial discrimination
feature of the acoustic 'emission monitoring system works
best when the two transducers are as far apart as
possible; hence, longer specimens permit better spatial
discrimination. The specified region that was selected
for these experiments had to be small due to the proximity
of the loading pins to the fatigue crack, thus introducing
an additional complication. The Kmax values that were
used produced a plastic zone size that was sometimes
greater than the region 6f acceptance; this was par-
ticularly true with the A36 specimens and sometimes with
the A588 specimens. A longer specimen would permit

the use of a larger acceptance region that would in-
clude all plastic zones caused by the loading conditions
and materials used, and thus would ensure that this
possible origin of aéoustic emission (that is, the

volume or the elastic-plastic boundary of the plastic
zone) would not be excluded from detection, and thus

as a potential correlating parameter.

It is apparent that a large number of data points is

necessary to obtain a meaningful quantitative
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relationship between acoustic emission parameters and
fracture mechanics parameters. Therefore, a wide

range of crack growth rates, initial crack lengths,

and maximum stress intensity factors should be used

to assess the effect of each variable.

Separate specimens should be used for each crack

growth rate desired. That is, the same specimen should
not be subjected to different loads and used to generate
acoustic emission data for several different crack
growth rates. This precaution should be taken because
of the subtle effects such as crack arrest or acceleration
that can take place during a fatigue experiment because

of prior loading effects that are not well understood.
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TABLE 2 Summary of Correlation Results,
Parameter Relationship® Reference(s)
Noa (2]
Crack Naa (depends on (31, [4]
length range of a)
(a)

Na f(a) (depends on
load)

(5]

Crack growth rate (;) Noa® (6]
Crack N o COD (71
opening n
displacement N(I(COD)n 81
(CoD) Na (COD) (depends [9]
on COD range)
Stress intensity NaK (71
factor (K) Na K" (10]
Range of stress No A K™ (111
intensity factor (AK)
Plastic zone size (rp) N(xrp (12]

* "o" means '"is proportional to'.

N = cumulative ringdown counts.

N = ringdown counts per loading cycle.
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TABLE 3 Condensation of Correlation Results Using
Fracture Mechanics Relationships.

Relationship*® Reference(s)

Noad [21, [3], [4], (5], (6], [11]
Nox K [71, [10]

i:a(Kmax/Y)2 [12]

fa? /)" (71, [81, [9]

* "q" means '"is proportional to".
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TABLE 4 Fracture Mechanics Relationships.
Relationship Reference
a = AWK for mid-range fatigue [17]
K = Aov/Ta = Pf(a) (by definition)
AK = Kmax - Kmin (by definition)
R = min/Kmax (by definition)
= 4 2
rp 1/2ﬂ(hmax/Y) for plane stress [18]
= 5 2 i
rp l/bﬂ(Kmax/Y) for plane strain [18]
e am
CoD = 4/m K°_/YE [17]
G = K2 /E for plane stress (17]
max
G=1/(1 - v)2 K2 /E for plane strain (171
max’
where:
a = crack length
a = crack growth rate
A = constant
COD = crack opening displacement
E = Young's modulus
G = strain energy release rate
K = stress intensity factor
AK = range in stress intensity factor
n = constant
P = load
rP = plastic zone size
R = load ratio
V = Poisson's ratio
0 = applied nominal stress
Y = yield strength




TABLE 5
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Value of Exponent "j'" in Relationship Noad

.

J

Maximum stress intensity factor (MN/mB/z)
49.5 71.4
Initial Initial Initial
Material yield crack crack crack

strength (MPa)

length=22.5 mm

length=22.5 mm

length=27.5 mm

248 (A36) 1.47 1.25 -
690 (A514) 2.47 0.33 1.18
345 (A588) 3.31 1.57 1.37
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TABLE 6 Value of Exponent "k" in Relationship No. Kmaxk
Crack growth rate (mm/cycle)
Material -5 -4 -4
yield strength (MPa) 5.1 x 10 1.8 x 10 5.1 x 10
248 (A36) 2.25 -5.25 -4.31
69C (A514) 16.38 10.75 1.25
345 (A588) 9.75 7.38 -5.31




K
TABLE 7 Value of Exponent "&" in Relationship Na(}m§£>
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Y

L

Crack growth rate (mm/cycle)

Initial

crack length (mm) 5.1 x 10—5 1.8 x 10-'4 5.1 x 10_4
22.5 .859 -.609 -1.147
27.5 -1.412 -1.129 -3.968




TABLE 8 Value
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of Exponent

m

Y

K
in Relatiohship ﬁa(%ﬂéﬁ_

2 )“‘.

Crack growth rate (mm/cycle)

Initial

crack length (mm) 5.1 x10° | 1.8 x107% | 5.1 %107
22.5 1.655 .082 ~1.082
27.5 1.454 -1.167 ~4.100




TABLE 9
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Values of Exponent
Equation for all Tests.

llnll

obtained using Proposed

Maximum stress intensity factor (MN/m3/2)
49.5 71.4
Initial Initial Initial
Material vield crack crack crack

strength (MPa)

length=22.5 mm

length=22.5 mm

length=22.5 mm

248 (A36) 2.71 1.44 0.98
690 (A514) 2.32 1.05 0.59
345 (A588) 2.63 1.36 0.90
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TABLE 10 Values of Exponent 'n'" obtained using Proposed
Equation for A588.

Maximum stress

intensity factor (MN/1n3/2

)
Initial
crack length (mm) 49.5 71.4
22.5 3.67 1.83

27.5 - 0.76
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Cumulative AE ringdown counts versus crack length [ 2].
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Fig. 3 Cumulative AE ringdown counts and crack length

versus load cycles [3].
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Cumulative AE ringdown counts versus crack length

[4].
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Cumulative AE ringdown counts versus crack length
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Fig. 6 AE ringdown counts per loading cycle versus crack

growth rate [6].
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Fig. 7 AE ringdown counts per loading cycle and crack

opening displacement versus cycles to failure

[7].
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Fig. 8 Cumulative AE ringdown counts versus crack opening

displacement [8].
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Fig. 10 Cumulative AE ringdown counts versus maximum stress

intensity factor [7 ].
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Cumulative AE ringdown counts versus stress intensity
factor [10].
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AE ringdown counts per loading cycle versus range of
stress intensity factor [1ll].
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Fig. 14 AE ringdown counts per loading cycle versus crack

crowth rate for A36 with initial crack length of
22.5 mm.
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Fig. 15 AE ringdown counts per loading cycle versus crack

growth rate fo:- A514 with initial crack length of
22.5 mm.
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Fig. 16 AE ringdown counts per loading cycle versus crack

growth rate for A588 with initial crack length of
22,5 mm.
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growth rate for A514 with maximum stress intensity
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Fig. 18 AE ringdown counts per loading cycle versus crack

growth rate for A588 with maximum stress intensity
factor of 71.4 MN/m3
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AE ringdown counts per loading cycle versus crack
growth rate for maximum stress intensity factor
of 49.5 MN/m3/2 and initial crack length of 22.5 mm.
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AE ringdown counts per loading cycle versus crack
growth rate for maximum stress intensity factor of
71.4 MN/m3/2 and initial crack length of 22.5 mm.
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growth rat?,for maximum stress intensity factor of
71.4 MN/m3 2 and initial crack length of 27.5 mm.
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Mean slope per AE event versus crack growth rate for
A36.
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Fig. 24 Mean slope per AE event versus crack growth rate for
A588.
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maximum stress intensity factor of 71.4 MN/m3/2 and
initial crack length of 22.5 mm.
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APPENDIX A

MATERTAL PROPERTIES

The specimens were machined from plates of three common
structural steels: A36, A514, and A588. The steel was purchased
from a branch of the U.S. Steel Company located in Boston,
Massachusetts.

Basically, A36 is a low-strength carbton steel, A514 is a high-
strength alloy steel, and A588 is a high-strength low-alloy steel.
The characteristics of each material type are presented in Table A-1.
A36 and A588, both being ferrite-pearlite steels, have an identical
empirical fatigue growth rate curve which is shown in Fig. A-1.
A514, which is a martensitic steel, has a slightly different crack
growth rate curve which is illustrated in Fig. A-2. Grain size for

these materials is on the order of 30 x 10_6 m.
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TABLE A-1 Steel Characteristics,

Material
A36 A514 A588
Yield strength (MPa) 248 690 345
Ultimate tensile strength (MPa) 517 827 483
Critical stress intensity 99 143 143
factor (MN/mS/z)
Carbon 0.25 0.15-0.21 0.19
Manganese 0.80-1.20 [0.80-1.10 .80-1.25
Phosphorus 0.04 0.035 0.04
Sulfur 0.05 0.04 0.05
7% Silicon - 0.40-0.80 | 0.30-0.65
Composition Nickel - - 0.40
Chromium - 0.50-0.80 40~0.65
Molybdenum - 0.18-0.28 -
Vanadium - ‘ - 02-0.10
Zirconium - 10.05-0.15 -
Copper 0.20 - 0.25-0.40
Boron - 0.0025 -

"-" indicates a negligible constituent.
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Fig. A-1 Empirical fatigue crack growth rate curve for

A36 and A588 ferrite-pearlite steel [18].
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APPENDIX B

SPECIMEN CHARACTERISTICS

Fig. B-1 gives the dimensions of the compact test specimens.

The function used to determine the stress intensity factor is

[19]:
K=_— B _(2+0a)(.886 + 4.6 - 13.320° + 14.7203 - 5.6a%)
B - wt/2 a - )32
where:
K = Stress intensity factor (MN/mB/Z)
P = Applied load (N)
B = Specimen thickness (0.0127 m)
W = Specimen width (0.050 m)
o = a/W, with a = crack length (m)

'Notice that the crack length, a, was measured from the center—

line of the loading pins. The initial crack length due to the

machined fatigue~initiating notch, therefore, was 17.5 mm.

Note also that the rolling direction of the steel was parallel

to the axis of the machined fatigue-initiating notch. Specimens
prepared in this manner are designated as being in the "T-L

orientation".

(BL)
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Fig. B-1 Compact test specimen.
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APPENDIX C

ACOUSTIC EMISSION MONITORING SYSTEM

An Acoustic Emission Technology AET-5000 acoustic emission
system was used for all tests. The AET-5000 is a computer based
system which detects, analyzes, and stores processed acoustic
emission data from up to four signal channels. Graphic data dis-
plays are provided in real time as well as after the completion
of the test.

The AET-5000 is based on a 16-bit LS 14/10 micro processor
located within a bench-top mainframe of approximately 71 cm X
46 cm x 28 cm. Within the mainframe is a time clock, input/output
interface, 36k words of memory for data and display, 16k words of
memory for program storage, and various plug in modules for data
processing.

The time clock has a basic clock rate of 125 nsec. This clock
rate 1s equivalent to a sampling frequency of 8 MHz. The event
duration, rise time, and location clocks have rates which are
multiples of the time clock rate. The output displays for event
duration and rise time are in terms of clock pulses which can be
easily converted to seconds, knowing the particular clock rate.

Acoustic emission signals are detected by up to four sensors.
Each sensor output is preamplified 60 dB and frequency filtered

before it is fed into the computer. Adjustable postamplification
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is available on each channel up to an additional 40 dB.

The AET-5000 calculates the location of an event by comparing
the times-of-arrival at two different sensors. A simple algorithm
is used to compute from what point the event originated within the
specimen. To utilize this algorithm, it is first necessary to
determine the acoustic wave propagation speed within the specimen.
An acoustic pulser simulates an event which can be used to calculate
this velocity. Another method used to simulate an event is the
breaking of a small diameter pencil lead adjacent to one of the
transducers. This produces a sharp, high-amplitude pulse which is
desirable for accurate wave velocity calibration.

A vital feature of the AET-5000 is its capébility of signal
and/or noise discrimination. The system can be set to accept data
from only preselected spatial regions, as well as from ranges of
ringdown counts per event, peak amplitude, rise time, slope, or
external signal level. The spatial discrimination feature is
especially well suited to eliminating grip or loading pin noise
while allowing emissions from the particular region of interest to
be processed.

Data can be processed and displayed in a large variety of
formats. As summarized in Fig. C-1, any parameter (such as ring-
down counts), mean parameter per event (such as mean ringdown

counts per event), and cumulative parameter (such as cumulative
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ringdown counts) can be displayed versus time or an external analog
parameter. The distribution (and cumulative distribution) of events
by spatial location and other parameters can also be displayed. All
plots are presented using linear or logarithmic scales, as desired.
Any display can be requested in real time or after the completion

of the test, provided the memory space has been allocated for the
display prior to the initiation of the test.

Communications with the computer are accomplished through the
separate graphic display terminal. Simple keyboard commands con-
trol the system, with test parameters such as threshold value set
through the terminal. Data displays are presented on a 30.5 cm
(diagonally measured) screen on the graphic display terminal. All
displays can be further anﬁotated by the user before the hard copy
is obtained from the separate hard copy unit. A video printer
provides a hard copy on a 12.7 cm wide electrosensitive paper roll.

To facilitate future experimentation in this area, the AET-5000

parameter settings used in these tests are provided in Table C-1.
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TABLE C-1 AET-5000 Test Parameter Settings.

Parameter Setting

Gain 100 dB
Threshold 1.0 v.(fixed)
Interval for time plots 50 sec.
Number of time plot intervals 150

Number of sensors 2

Location of sensors 0, 100
Number of regions 3

Location of regions

Event duration clock rate
Rise time clock rate
Location clock rate
Acoustic reset time
Maximum '"Delta Time (DT)"

0-44, 45-55, 56-100

500 nsec.

250 nsec.

125 nsec.

0 nsec.

70 location clock pulses
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Fig. C-1  Schematic of available data displays on AET-5000.
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APPENDIX D

FATIGUE TEST SYSTEM

Two fatigue test systems were used for these experiments: an
Instron model 1350-10 with electric-'potential crack length monitoring
system for pre-cracking the specimens, and a Materials Testing
System model 810.14A for fatiguing the specimens during acoustic
emission monitoring.

The Instron model 1350-10 is a servo-hydraulic fatigue system
with a fatigue load rating of * 44kN. A separate controller is
provided for load, stroke, and strain control. A function generator
is used to generate waveforms with a loading frequency up to 100 Hz.
The electric potential crack length monitoring system operates by
passing a constant current of about 40 amp through the specimen,
and measuring the resulting potential difference across the crack.
As the crack extends, the uncracked cross-sectional area of the
specimen decregges, thus increasing the electrical resistance and
the potential difference across the crack. The use of sui;able
calibration curves enables the crack length to be determined from
this potential difference. The system has been found to be
capable of measuring absolute crack ;ength to within 0.1 mm, and
to detect changes in crack length of 0.01 mm [20].

A Materials Testing System (MIS) model 810.14A was used to load

the specimens during the acoustic emission experiments. The MIS is
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a hydraulically operated axial test machine equipped with a Digital
Equipment PDP 11/05 computer for automztic control and data
acquisition. Fatigue tests under load, stroke, or strain control
are possible using the 50 metric ton load frame and the control
console for manual operation.

The primary machine controls are a MIS 413 Master Control Panel
which houses the main power .switch and hydraulic pump controls, and
a MTS 442 Controller which has potentiometers to set the mean level
and oscillating amplitude of the load, stroke, or strain. An
inner panel on the controller is used to set load, stroke, and
strain calibration and their maximum allowable ranges. Finally, a
MTS 417 Counter Panel totals the number of load cycles applied
during the fatigue test.

A MTS 410 Digital Function Generator supplies input signals of
the desired waveform to drive the hydraulic ram. A Tektronix D11
double beam storage oscilliscope (with two 5A15N amplifiers and
a S5B1ON time base) is used to display both the signal from the
function generator and the response signal from the hydraulic ram
or load cell. A MTS 430 Digital Indicator and a MTS 431.12 x-y
recorder are used to read and record these input and response
signals.

The load frame, shown in Fig. D-1, accommodates a load train
(specimen and grips) up to 127 cm in length. The actuator or ram,

which is housed in the frame platform, has a 15.2 cm maximum stroke
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and a 13.7 cm diameter. A MTS 661.23A-02 load cell is mounted with-
in the crosshead. It detects load via strain gauges aﬁd has a
capacity of 50 metric tons. The practical accuracy of the load
measurement is limited by the load cell to within 110 N. The
practical accuracy of the stroke measurement is to within 0.1 mm.

Fatigue cycling can be accomplished between 35 metric tons
tension and 35 metric tons compression. The maximum possible
loading frequency for a given load depends on the stiffness of the
load train. The mean and amplitude levels of the deflection sine
wave signal are set on the MTS 442 Controller. The "set point"
potentiometer assigns the mean value and the "span 1" potentiometer
sets the oscillating amplitude for the fatigue test.

It was found that when using standard steel grips to load the
specimen, excessive noise was transmitted from the hydraulic ram
through the load train which made acoustic emission detection
impossible. Special grips therefore had to be fabricated to
acoustically isolate the specimen from the test machine.

A diagram of the grips designed and utilized in the experiments
is given in Fig. D-2. 10 cm lengths of 15 cm square steel tubing
with a thickness of 1 cm formed the foundation for the grips. Two
2.5 cm thick nylon blocks;vinsulated from each other with 4 mm
thick rubber sheets, were placed within the square tubing. The
shaft leading to the specimen passed through a large hole drilled

into the middle of the nylon and rubber. The resulting arrangement



-97-

did not allow any metal-to-metal contact between the test machine

and the specimen, and was found to completely eliminate noise. Nylon
and rubber were selected because of the re.atively high attenuation
they offer to acoustic wave propagation. Fig. D-3 is a photograph

of the grips in place for a typical experiment,
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Fig. D-1 Photograph of fatigue testing system.
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Fig. D-2 Sound isolating grip arrangement.
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Fig. D-3 Photograph of sound isdlating grips.



-101-~

APPENDIX E

EXPERIMENTAL PROCEDURE

Specimen Preparation

The specimens, as delivered after production, were unsuitable
for immediate fatigue testing due to the effects of machining at the
crack-initiating notch. A fatigue crack therefore had to be
propagated for a distance of at least several millimeters before
it would follow the empirical crack growth rate curve. Pre-cracking
was also necessary to obtain the different initial crack lengths
that were variables in the experimental test matrix.

Pre-cracking was performed on an Instron fatigue testing
system which was equipped with an electric potential crack length
monitoring apparatus. The specimen was placed in the grips using
insulated connectors, and the ippropriate current and potential
leads were attached to the electric potential system.

The pre-crack had to extend for either 5 or 10 mm, depending
on the particular test for which the specimen was to be used.

This resulted in an initial crack length of 22.5 or 27.5 mm for the
acoustic emission tests. Note that the machined notch gave a
starting crack length of 17.5 mm. A minimum and a maximum load
were desired for the pre-cracking which would result in a fast-
growing crack, but at the same time not create a plastic zone in the

specimen that would exceed the plastic zone to be used during the
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acoustic emission experiments. This precaution was necessary because
of the possibility of crack arrest due to previous overloads. Since
plastic zone size was determined by the maximum stress intensity
factor, Kmax (which is a function of load and crack length), it was
necessary to limit the maximum load applied so that at the longest
pre-crack length the Kﬁax would be below the values that would be
used during the experiments.

It was determined that if a maximum load of 15.4 kN and a
minimum load of 0.9 kN were used for pre-cracking, the resultant

/2

Kmax would be 46.2 and 62.0 MN/m3 at crack lengths of 22.5 and

27.5 mm, respectively. The lowest Kmax value planned in the tests

/2

for a specimen with a = 22.5 mm was 49.5 MN/m3 , and the lowest

Kmax value planned in the tests for a specimen with a, = 27.5 mm
was 71.4 MN/m3/2. Therefore, the loads could remain constant as the
crack grew and not result in any specimen damage that would affect
future tests.

The specimens were fatigued at these loads until the crack
length monitoring system indicated that the crack had propagated for

the desired distance. The actual time needed to propagate the pre-

crack was typically less than 10 minutes for all steel types.

Acoustic Fmission Monitoring of Fatigue Crack Growth

After pre-cracking had been accomplished, the specimens were

ready for acoustic emission testing. The MTS fatigue system was
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used for this phase of the experiments.

The experimental test matrix is shown in Table E-1. One specimen
from each steel type was used in each test. The empirical crack
growth rate curves were used to calculate the necessary range in stress
intensity values that would result in the desired growth rates. The
range in stress intensity values was then converted into a range of
load levels. For this purpose, the crack length was assumed to remain
constant at the initial crack length because of the low growth rates
and number of loading cycles to be applied. Finally, the Kmax values
were converted to maximum loads. Knowing the maximum load and the
range in loads desired made it possible to calculate the mean and
oscillating amplitude load for each test.

Several preparations were necessary before conducting an
experiment. First, the AET-5000 system was set with its test
parameters. The specimen was then mounted in the grips and the
sensors attached. Acoustic Emission Technology AC-375 (375 kHz)
resonant transducers were used with AET SC-6 acoustic couplant. The
transducers were held on the specimen using a common hose clamp with
rubber insultators to prevent metal-to-metal contact. A photograph
of the specimen ready for testing is shown in Fig. E-1.

The calculated load levels were then set on the MTS Fatigue
machine. The load range was selected in which a 10 volt signal
from the controller would correspond to a load level of 48.4 kN.

The mean and amplitude levels were thus converted into a voltage
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reading, which was then entered into the 'set point' and "span 1"
controls, respectively. The frequency of loading was set at 0.1 Hz
due to the excessive compliance in the grips which made operation
under load control at higher frequencies difficult.

The test was then started simultaneously on the AET-5000 and
the MTS. Each test was run for 500 cycles, which took about 83
minutes at 0.1 Hz. At that time, the function generator was
stopped and the acoustic emission test terminated. The data plots
were then recalled from the AET-5000 memory, from which a hard copy
was made on the printer.

The load level was then changed to the necessary values for
the next crack growth rate. Note that each specimen was tested
at several crack growth rates, starting with the lowest rate. No
external provision was made to measure crack length or growth rate,
as the specimen was assumed to follow the empirical growth curve.
Additionally, a record was kept of the load levels and number of
loading cycles that each specimen underwent during the testing.

A photograph of the complete testing sysem is shown in Fig. E-2.
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TABLE E-1  Experimental Test Matrix.
Initial "~ Stress intensity
crack 3/2 Crack growth
Test No. Iength (mm) factor (MN/m™'“) rate (mm/cycle)
1 22.5 49.5 1x 107, 1.8 x 1074,
1 x 107
-5 -4
2 22.5 60.4 1x10 7, 1.8 x 10 ,
1x 1074
-5 -4
3 22.5 71.4 .1 x10 7, 1.8 x 10 °,
1 x 1074, 1.5 x 1073
-5 -4
4 27.5 71,4 .1 x10 7, 1.8 x 10 ',
1 x 10'4, 1.5 x 1073
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Fig. E-1  Photograph of specimen mounting. .
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Fig. E-2 Photograph of complete testing system.
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APPENDIX F

DATA REDUCTION PROCEDURE

The acoustic emission data collected from the experiments
ranged from statistically too few events to quite consistent results.
The major difficulty with the data was the low level of AE from the
growing fatigue cracks in the specimens. This was particularly a
problem at low growth rates where there may have been fewer than
ten events detected during an entire experiment. Generally, though,
experiments ;erformed at high growth rates resulted in a statistically
adequate number of events being detected.

The acoustic emission parameters of events, peak amplitude,
ringdown counts, and slope were plotted by the AET-5000 in the form
of "cumulative [parameter] versus time" for each test. Since the
tests were conducted at a fixed loading frequency, the slopes of
these plots were capable of being converted into "[parameter] per
loading cycle" data. The parameters of peak amplitude, ringdown
counts, and slope were also presented by the AET-5000 in the form
of "mean [parameter] per event versus time'. The average values
of these plots were taken as the 'mean [parameter] per event' for
that particular experiment.

The low number of events detected at low crack growth rates
is clearly illustrated in Fig. F-1, which shows the number of

events received from different locations within an A588 specimen,
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with a = 5.1 x 10—5 mm/cycle, a = 22.5 mm, and Kmax = 49.5 MN/m3/2.

The bottom of the specimen corresponds to the leftmost location on
the abcissa, and the top of the specimen corresponds to the extreme
right. The fatigue crack is located approximately at the middle.
Note the absence of any significant acoustic emission activity from
the cracking region of the specimen. This, combined with the fact
that not more than one event was detected at any one location in
the specimen, leads to the probability that no significant emission
was in fact observed as the events shown are probably due to noise
or electrical transients.

Fig. F-2 shows the distribution of events by location for a
test in which a high growth rate was used. This specimen was made
of A514, with a = 1.5 x 107> mm/cycle, a_ = 22.5 mm, and
Kmax = 71.4 MN/m3/2. Note the significant peak and large number
of events detected from the fatigue crack location which implies
that this is a valid acoustic emission test.

The data reduction problem can be illustrated by presenting
typical plots of cumulative ringdown counts versus loading cycles
(as representative of all cumulative [parameter] versus loading
cycle plots) and mean slope per event versus loading cycle (as
representative of all mean [parameter] per event versu: loading
cycle plots) for both a low and a high growth rate test.

Figs. F-3 and F-4 illustrate these plots for an A588 specimen,

with a = 5.1 x 10-5 mm/cycle, a = 22.5 mm, and K oax = 49.5 MN/m3/2.
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The slope of the cumulative ringdown couﬁts versus time curve was
used to obtain ringdown counts per loading cycle; note how the
slope is difficult to determine accurately due to the low number

of events (2) that occurred during the entire test. The average
value of the mean slope per event versus loading cycle graph is

used to define the mean slope per event for a particular test
condition. The presence of only one data point on Fig. F-4
demonstrates the difficulty of obtaining this information when there
are few events detected during an experiment.

Figs. F-5 and F-6 illustrates cumulative ringdown counts versus
loading cycle and mean slope per event versus loading cycle,
respectively, for A514 with a = 1.5 x 10—3 mm/cycle, a_ = 22.5 mm,
and K.max = 71.4 MN/m3/2. Notice the ease of determining an accurate
ringdown counts per loading cycle value from the slope of the
cumulative ringdown counts versus loading cycle curve in Fig. F-5.
The mean slope per event versus loading cycle is also determined
fairly easily from the average value of the curve presented in

Fig. F-6.
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O S 1

Transducer 1 Crack Transducer 2

Fig. F-1 Distribution of AE events by location for A588
with crack growth rate of 5.1 x 10~3 mm/cycle,
initial crack length of 22.5 mm, and maximum
stress intensity factor of 49.5 MN/m3/2.
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Fig. F-2 Distribution of AE events by locaticun for A514,
with crack growth rate of 1.5 x 10~3 mm/cycle,
initial crack length of 22.5 mm, and maximum
stress intensity factor of 71.4 MN/m3/2.
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Fig. F-3  Cumulative AE ringdown counts versus loading
eycles for A588 with crack growth rate of 5.1 x 103
mm/cycle, initial crack length of 22.5 mm, and
maximum stress intensity factor of 49.5 MN/m3/2.
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Mean Slope per AE Event

0 250 500

Loading Cycles

Mean slope per AE event versus loading cycles
for A588 with crack growth rate of 5.1 x 10-2
mm/cycle, initial crack length of 22.5 mm,
and maximum stress intensity factor of

49.5 MN/m3/2,
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Cumulative AE ringdown counts versus loading
cycles for A514 with crack growth rate of
1.5 x 10~3 mm/cycle, initial crack length of
22.5 mm, and maximum stress intensity factor
of 71.4 MN/m3/2,
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Fig. F-6 Mean slope per AE event versus loading cycles
for A514 with crack growth rate of 1.5 x 10-3
mm/cycle, initial crack length of 22.5 mm, and
maximum stress intensity factor of 71.4 MN/m 3/2,
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APPENDIX G

INTERACTION OF PLASTIC ZONE SIZE WITH ACOUSTIC EMISSION EXPERIMENTS

A potential problem existed during the acoustic emission testing
due to the use of the spatial discrimination capability of the
AET-5000. Because of the proximity of the loading pin holes to the
crack, a relatively small "region of acceptance'" had to be set in
the acoustic emission system to eliminate potential pin noise. The
region of acceptance was about 10% of the specimen length, or about
6 mm wide. Plastic zone sizes for each material at the different
K values are shown in Table G-1 for plane stress and plane strain.

max

These were computed using the equations [18]:

2
1 <Kmax>
rp = o e for plane stress (G1)
1 (Kmax>2
rp = Y for plane strain (G2)
where:
rp = plastic zone size
= maximum stress intensity factor
max
Y = yield strength

Fig. G-1 illustrates a possible situation in which the plastic

zone of the growing fatigue crack extends beyond the region of
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acceptance. This might result in a loss of AE data if, in fact,
acoustic emission is due to either the elastic-plastic boundary
or the volume of the growing plastic zone.

The issue arises as to whether the specimens are subjected to
plane stress or plain strain conditions. One criterion that can
be used is to evaluate the ratio of plastic zone size to the
specimen thickness. If this ratio is on the order of unity, plane
stress predominates. If the ratio is below about 0.025, plane
strain predominates [17]. Since the specimen thickness was equal
to 12.7 mm, it is apparent from examining Table G-1 that almost all
tests were conducted in a condition somewhere between plane stress
and plane étrain.

Using a plastic zome size that is an approximate average of the
plane stress and plane strain values suggests that the plastic
zone extended beyond the region of acceptance for several tests,
This introduces some question as to the validity of the AE daté

that were obtained in those cases.
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TABLE G-1 Plastic Zone Size.

.Plastic zone size, rp(mm)
Material Kmax(MN/m3/2) Plane stress Plane strain
49. 2.1
A36 60.4 9.4 3.1
71.4 ' 3.2 4.4
49.5 0.8 0.3
A514 60.4 .2 4
71.4 1.7 0.5
49.5 3.3 1.1
A588 60.4 4.9 1.6
71.4 6.8 2.3
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Fig. G-1 Schematic of region of acceptance, crack-tip
plastic zone and location of AE transducers.
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APPENDIX H

PROCEDURE TO FIT PROPOSED EQUATIONS TO OBSERVED DATA

The proposed equation is of the form

ﬁaén (H1)
where
N = ringdown counts per loading cycle
a = crack growth rate
n = f(Kmax’ a s Y)
Kmax = maximum stress intensity factor
a = initial crack length

Y = material yield strength

For simplicity, the expomnent n is assumed to be a linear

function of K , a , and Y. Thus,
max’ o

n=2C + C ao +CcY+C (H2)

2 3 4

1Kmax

C C., and C, are constants. Note that the value of n

1’ 7°2° 73 4

is known for each loading condition from a plot of N versus a

where C

for that set of loading parameters.
An approximate value for the constant C1 was determined by
plotting the known value of n versus Kmax for all values of a and

Y, as shown in Fig. H-1. C1 was set equal to the slope, determined
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by linear regression, of this plot. Similarly, C2 was taken as the
slope of the n versus a/ graph, for all Kmax and Y, as shown in
Fig. H-2. Then C3 was obtained from the slope of the n versus Y
plot, for all Kmax and a s as illustrated in Fig. H-3. Thus, C4
remains as the only undetermined constant in eqn. (H2).

C4 is determined by substituting known values of n into
eqn. (H2) for all the different loading conditions. These values of
C. obtained are then averaged. This average becomes the value of

4

C4 used in the equation.

A proposed equation of the form

C_K +Ca +CY+C
Naa 1 max 20 3 4 (H3)

is therefore obtained, with the values for the constants given in
Table H-1. Experimental values for maximum stress intensity- factor,
initial crack length, and yield strength can be substituted into
this equation to predict the effect of crack growth rate on the
number of ringdown counts per loading cycle. Further, by using

the fracture mechanics relationship, ;aAKP [17], eqn. (H3) can be
put into the form

(ClKmax + C2ao + C3Y + CA)

No AR (H4)

where P is an empirical material dependent constant.

A similar analysis can be performed for a single material
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(constant yield strength) by assuming an equation of the form

C,K + C.,a +C
Yo 1 max 20 3 (H5)

Cl is the clope of the known n versus Kmax for all values of

a_, as shown in Fig. H-4. C2 is taken as the slope of the known

n versus a_ (for all K ) curve, illustrated in Fig. H-5. C, is
o max 3

determined by substituting known values of n into the equation

n=4¢0¢ + C a + C (H6)

Kmax 2 3

for all different loading conditions. The values of C3 obtained are
then averaged. This average becomes the value of C3 used in the

proposed equation. Values for the constants obtained from the

A588 data are given in Table H-2.

As before, this equation can be rewritten in the form

P(Cleax + CZao + C3)

Na AK (H7)

using the fracture mechanics relationship: &lAKP[17].
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TABLE H-1 Values of Constants Cl’ C2, C3,
and C4 for all Steel Types.
Constant Value
C1 -.058
C2 -.092
C3 -.0009
C4 7.874
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TABLE H-2 Values of Constants Cl’ C2’ and
C3 for A588.

Constant Value
C1 -.084
C., -.214
pA
C3 12.640
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Fig. H~-1  Exponent n versus maximum stress intensity factor
for all materials.
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Fig. H-2 Exponent n versus initial crack length for all
materials.
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Fig. H-3 Exponent n versus yield strength for all steel

types.



Exponent n

-129-

5 \\\
4 bk
3 =
Slope = -.084
2+
l =t
0 | 1 i 1 .}
0 20 40 60 80 100
Maximum Stress Intensity Factor (MN/mB/Z)

Fig. H-4 Exponent n versus maximum stress intensity factor
for A588.
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Exponent n versus initial crack length for A588.



