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THE APPLICATION OF ACOUSTIC EMISSION TECHNIQUE
TO FATIGUE CRACK MEASUREMENT

By Jag J. Singh, William T. Davis, and John H. Crews, Jr.
Langley Research Center

SUMMARY

The applicability cf acoustic emission technique to measure fatigue cracks in
aluminum alloy specimens has been investigated. It has been shown thata IN o« KM
type of acoustic emission law can be applied to the slow crack growth region
(g% < 25 x 10-4 mm/cycle) and may be used to verify the crack length changes. However,
there are several variables, such as the metallurgical and the physical treatment of the
specimen, that can affect the level of acoustic activity of a fatigue specimen. It is there-
fore recommended that the acoustic emission technique be supplemented by other non-
destructive evaluation methods to obtain quantitative data on crack growth,

INTRODUCTION

Fatigue cracks initiate early in the life of high strength structural materials used
in aerospace industry. Most of the useful life of components made from such materials
is spent in the crack growth phase of fatigue. Consequently, more efficient nondestruc-
tive evaluation methods of inspection should be developed to determine the remaining use-
ful life of these components. In several recent studies (refs. 1 to 3), it has been reported
that the acoustic emission technique is superior to other techniques, such as radiography,
ultrasonics, or magnetic particle inspection — particularly in the case of tight cracks,
However, most of the previous studies (refs. 4 to 5) have been confined to large crack
growth rates (>25 % 10-4 mm /cycle) which are encountered toward the end of the useful
life of most structural components. Recently, Harris and Dunegan (ref. 6) have studied
continuous monitoring of fatigue crack growth rates of less than one millionth of a centi-
meter per cycle by acoustic emission techniques. Their results indicate that the acoustic
emission technique may be suitable for measuring slow crack growth rates in cyclically
loaded structures. In the present report, the acoustic emission technique is evaluated
for thin plate specimens with slowly growing cracks (<25 x 10-4 mm /cycle). Principal
correlations are established between the acoustic emissions (resulting from the release
of energy, accompanying processes of deformation and fracture under static and cyclic
loading) and crack tip stress intensity factor K. These correlations are used to predict
the crack extensions in specimens undergoing fatigue loading. The predicted values of
the crack extension are compared with the measured values.
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SYMBOLS

total crack length (In case of center-notched specimen, it includes the
notch length,)

acoustic emission constant of proportionality

crack half-length extension per fatigue cycle

stress intensity factor for static loading

stress intensity factor range in tension-tension cyclic loading, Koy - Kpin
stress intensity factor at final proof overload

stress intensity factor at initial proof overload

numerical constant, equal to exponent of K (or AK)in relationof N as
a functionof K (or AK)

acoustic counts during proof test
cumulative acoustic emission counts
acoustic emission rate per fatigue cycle
acoustic emission rate

number of fatigue cycles

min

stress .  tio,
Tmax

radius of plastic zone at crack tip
applied stress
periodic proof stress

working stress during fa. _.: (ow < op)
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Subscripts:

f final

i initial
max maximum
min minimum

BASIS OF ACOUSTIC EMISSION TECHNIQUE

In the last quarter of a century, more and more mechanical and structural com-
plexes based entirely on static strength concepts have been found to have an insufficient
margin of safety. Metal fatigue, resulting from dynamic processes in the materials,
has been increasingly recognized as a principal cause of failure. It is now generally
believed that the application of cyclic stress causes the movement of ever-present dis-
locations and defects in the test structures. These defects or dislocations pile up at the
imperfections, such as grain boundaries and interphase interfaces, or at impurities in
the material. As the stress cycling is continued, some of these defects or dislocations
break away and continue their way to other potential barriers where they will accumulate
until they break away again, or until localized material failure occurs. Both of these
phenomena, breakaway of dislocations or defects from the grain boundaries and localized
yielding of the material, are accompanied by the release of stress waves which travel
through the material in all directions. These stress waves appear as compressional or
shear waves on the specimen surface and constitute the source of the acoustic emission
signal. Such a signal is transient, contains several frequencies, and cannot, in general,
be described by an explicit mathematical expression. The signal arriving at the receiver
may be approximated by an expression of the form

-kix
A(x,t) = Z A0;e sm(wit + ‘”i) . (1)
i
where
AQ4 initial wave amplitude of ith component
ki attenuation factor for W
wj frequency of ith stress wave
X "gource' to transducer distance



t transit time from source to transducer

?5 phase angle of ith component

Clearly, A(x,t) is time dependent and will be nonzero only when waves arrive at the
receiver from the primary event that released the stress energy. The frequencies of
these acoustic waves are not characteristic or unique. For example, a 0.125-mm

grain in a polycrystalline material with a shear modulus G = 2.76 x 104 MN/mz, when
suddenly shocked by a slip event in the material, begins to resonate at approximately

2 MHz. If the grain is regarded as a bubble, the pulsating frequency will be approxi-
mately 50 MHz. A trapped stress wave will cause the bubble to oscillate to about 25 MHz,
(See ref. 1.) A microscopic event in a fatigue specimen acts like a sudden impulse which
generates, in most random polycrystalline materials, a series of frequencies ranging
from audibie to several megacycles. (The finite size of the test specimen tends to mod-
ify the original acoustic emission spectrum.) This observation is supported by the
experimental evidence that transducers with mounted resonance frequencies from 10 kHz
to 30 MHz have been excited. (See ref. 7.)

Once a crack has developed in the specimen, energy release associated with the
plastic zone at the crack tip dominates the acoustic emission phenomenon. Under
these circumstances, the total number of stress waves released can be related to the
crack size. The dimension of the plastic zone ry at the tip of a plane-strain crack is
related to the opening mode stress intensity factor K as follows (ref. 8):

2
1 K
- — 2

where oy = Yield stress of the test material. In the case of through cracks in thin

plate specimen the volume of the plastic zone (based on eq. (2)), and hence the number of
acoustic emission signals ZN produced, should be proportional to K4, As indicated
earlier, the stress waves have a continuous spectrum of frequencies. If these stress
waves are detected at a "single" frequency and at a fixed distance from the "'source,’ the
dependence of ZN and K may be different from the fourth power. Furthermore, such
a relation need not be unique for all types of tests, since it is expected to depend upon the
nature and history of the material, the stress-wave frequency spectrum, the mounted
resonance frequency of the stress-wave detector, the discriminator threshold in the
counting system, and, possibly, the frequency bandwidth selected.
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The acoustic emission data may be used in several ways to obtain information
about the crack(s). For example, by using the experimentally determined correlation
function between IN and K and assuming the validity of Kaiser effect (ref. 9),
according to which acoustic emissions are not generated during a reloading of the mate-

rial unless the stress intensity factor exceeds its previous high level, it is possible to
1 determine K as follows.
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Let the experimental correlation function between IN and K be of the following
Lo form (ref. 3):

2 IN = DK™ (3)
'é Then

;

? AN = S Man (4a)
: K; dK

i aN = D(K™ - K;™) (4b)

where K; and Ky are the stress intensity factors in the two consecutive perinrd:.
proof tests and AN represents the acoustic counts observed when K changes from
Kj to K;j. Rearranging equation (4b),

AN = DK;" <%) -1 (5)

Thus, an experimental determination of AN, coupled with a knowledge of m and K;,
is expected to provide information about the final value of the stress intensity factor
K; and, hence, the final crack length a;. From equation (5),

)1/ m (©)
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For a center-notched specimen of the type used in the present study,

K = of(\’ﬂaf)af, where a; is the crack size correction term.l Equation (6) can be
rearranged as follows:

2/
ag = 21 2[(01 naiai)m+%\l " (7

1TO'f af

An alternative technique would involve measuring acoustic emission rate dN/dn
over several cycles at proof stress o;. Then using the experimentally determined cali-
bration relation dN/dn plotted against AK, one is able to determine the corresponding
AK and hence the final crack length. However, the scatter in the data usually encoun-
tered in acoustic emissions studies may make it difficult to obtain a "true" proof dN/dn
value,

EXPERIMENTAL PROCEDURE

Thin aluminum sheet specimens (fig. 1) were used in the present investigation.
These specimens were fabricated from 2.28-mm-thick 7075-T6 and 2024 -T3 aluminum
alloy sheets. The acoustic emission signals were detected with highly sensitive lead-
zirconium-titanate (PZT) piezoelectric transducers attached to the tensile specimen with
silicone rubber cement. The transducers were located 2.54 ¢m from the notch, the antici-
pated site for acoustic emission, in order to minimize the effects of reflection at the
specimen boundaries. The acoustic signals are transient and produce a damped sinu-
soidal wave in the transducer with a characteristic frequency equal to its mounted reso-
nant frequency. The resonance frequencies of the transducers ranged from 100 kHz to
1.5 MHz., The transducer characteristics are summarized in table I. Frequencies
higher than 1.5 MHz were not investigated because of high signal attenuation with dis-
tance expected at higher frequencies, The transducer signal, after conditioning by a

lFor center-notched specimen, the stress intensity factor K is calculated from
the following expression (ref. 10):

K = 177021721 - 0.12 +22)
= 1.250\3a(l - 0.1x +12)

In this expression,

o applied tensile stress
2a total crack length
X crack length/specimen width

For X up to 0.7, the accuracy of the compact expressions is better than 1 percent.
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fixed gain, low-noise preamplifier (40-dB gain; 50-kHz to 5-MHz bandwidth), was further

amplified in a variable-gain (up to 60 dB) amplifier containing four selectable filters.

(See table I1.)

TABLE L.- SUMMARY OF PIEZOELECTRIC TRANSDUCER CHARACTERISTICS

Nominal Sensitivity
;esonance cgzseec?ér trzxgguc::fer - }‘eb Physical size
requency ubar

150 kHz BNC Single ended -80 dB 1.9-cm diam x 2.5 ¢m
1.50 MHz Microdot Differential -85dB 1.9-cm diam X 2.9 em
100 kHz Microdot | Single ended | (1 mV/g)* | 0.95-cm diam X 0.95 cm

*This is more than one order of magnitude below the sensitivity of the
150-kHz acoustic transducer, All senscrs were provided with a 1.5-mm insulating
shoe to prevent electrical contact with the test specimen.

TABLE II.- SUMMARY OF INTERNAL FILTER BANDWIDTHS IN THE AMPLIFIER

Frequency at -5 dB

180 to 255 kHz
90 to 450 kHz

Filter selection Frequency at -3 dB

200 to 230 kHz
100 to 400 kHz
0.50 to 2.00 MHz 0.45 to 2.30 MHz
0.1 to 3.00 MHz 0.09 to 3.50 MHz
Continuously adjustable from 10 kHz to 200 kHz;
used at 80 to 150 kHz at -3 dB for the 100-kHz
transducer.

G B W D e

By properly selecting the internal filter, the amplifier output can be confined to a
relatively narrow band of frequencies containing the transducer resonance frequency.
These narrowly banded signals, after passing through an adjustable fast discriminator,
were counted with a fast scaler-timer., By adjusting the discriminator level until the
counter just became quiescent, it was possible to minimize the effects of the background
and system noise.

The acoustic emission event i8 an impulse phenomenon and has a duration of the
order of 0.01 microsecond or less. (See ref. 1.) Consequently, the acoustic transducer
is shocked into ringing by such an event, The number of oscillations counted by the sys-
tem during each event is determined by the event amplitude and the discriminator thresh-
old. For the detected acoustic emission to correlate closely with the released strain
energy, as many ring-down cycles should be counted as possible. However, those
smaller than the discriminator threshold, which must be set above the system noise
level, cannot be counted. This fact explains why a good acoustic emission system must



have very low electrical noise (less than an equivalent of a few microvolts at the pre-
amplifier input). The present system met these requirements, To minimize the effects
of discriminator level drift and system gain changes, the discriminator level was set to
twice the overall system noise level.

The test speciinens were mounted in a closed loop, servo-controlled hydraulic test
machine using friction grips and subjected to static as well as cyclic loading. The
pump cavitation and background noise, as observed in the case of uncracked specimen
under low cyclic and static stresses, did not contribute to the counts recorded, mainly
because of the high resonant frequency of the acoustic transducer and careful mounting of
the fatigue specimen., The friction grip surfaces were replaced after each use. A com-
plete block diagram of the experimental setup is shown in figure 2, Figure 3 shows a
photograph of the test machine, with the tensile specimen mounted in it, and the associ-
ated counting electronics.

The acoustic emission signals measured with the test specimen under various
types of loading (static, cyclic or cyclic-static) were recorded and computer analyzed.
The propagating crack lengths in the test specimen were measured by using X 10 micro-
scopes and synchronized stroboscopic illumination. By using the data on crack lengths
and the accompanying acoustic emissions, functional relations between these observables
were established by use of fracture mechanics concepts. Using the analytical expressions
thus obtained, several static proof tests were conducted to evaluate the acoustic emission
technique fo. predicting crack extensions. The proof-test sequence consisted of subject-
ing an unflawed test specimen to cyclic loads in the stress range (01 to 02) until a crack
of length 2a (approximately 0.5 cm) was developed. The summation acoustic emission
Ny during this time was recorded. The cyclic loading was stopped for a period of 1 min-
ute during which the specimen was left at a static :o0ad of 0. The specimen was then
subjected to a static load of 03 = 1.509 for a period of 2 minutes. This loading con-
stituted the first proof loading. During this loading at 03, the acoustic emission AN,
and any changes in crack length were recorded. The static load was removed and the
specimen was again subjected to cyclic loading in the range (01 to 02) for a period of
2 minutes. During this veriod, the acoustic emission signals were continuously recorded.
The cyclic loading was stopped and the specimen subjected to static loading at 0y for a
period of 1 minute. During this waiting period at 0y, the crack length was measured.
The specimen was then subjected to a static load of 03 for a period of 2 minutes. This
loading constituted the second proof load. During this loading, the acoustic emissions
ANy and any crack length changes were recorded. This sequence was continued until
the specimen failed. From the proof test counts AN the crack length was computed by
using the previously established relation between AN and K. The computed crack
lengths were compared with the measured crack lengths to evaluate the acoustic emission
technique for fatigue crack growth measurement.

8
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EXPERIMENTAL RESULTS AND DISCUSSION

The results of experiments conducted on center-notched 2024-T3 Al specimen by
use of a 150-kHz transducer are discussed. The results for 7075-T6 Al specimens are
essentially like those for 2024-T3 Al. The specimen type and the resonance frequerc.
of the piezoelectric transducer did not affect the form of the relations between the - .ri-
ous measurables, All measurements were conducted at room temperature and in ambi-
ent air., No attempt was made to locate the crack during the present study, although it
coul¢ .ave been found easily by standard triangulation techniques,

Acoustic Emission Observed Under Static Loading

Figure 4 shows the summation acoustic counts as a function of the applied static
stress from two initially uncracked specimens. For these tests, the static loading was
inrreased in preselected increments and held for 30 seconds at each step while the
acoustic signals were counted. There are two types of acoustic emission signals
observed under such circumstances (refs. 1 and 3): first, low-level continuous compo-
nents associated with plastic deformation at low strain; and secondly, high-level bursts,
randomly produced, associated with microcrack formation or extension.

From the type of data shown in figure 4, the acoustic emission rates dN/dt were
computed as a function of the applied load. Typical results are shown in figure 5. The
acoustic emission activity is clearly reduced just before the specimen fails. It may be
due .0 the cessation of low-level acoustic activity at higher strain. (See ref, 11,)

Figure 6 shows acoustic emission from an initially cracked specimen during a
monotonically increasing load. Notice the difference between figures 4 and 6, The
onset of high-level bursts (associated with crack extension) at applied stress levels of
208 MN m2, 254 MN/m2, 286 MN/m2, and 318 MN/m? is indicated i : figure 6. Fig-
ure 7(a) summarizes the data XN plotted as a function of o for a number of flawed
2024-T3 Al specimens subjected to increasing static loads. The plots in this figure show
considerable scatter even when the specimen had similar initial flaws. Figure T(b)
shows the same data plotted against the corresponding stress intensity factor K.
Although there is considerable scatter, the individual curves appear to resemble one
another slightly better than the curves in figure 7(a) do. This result is expected since
the plastic deformation at the crack tip, believed to be the source of acoustic emission,

is controlled by K. (See ref. 3.)

A relationship between the observed acoustic emission and the physical parameters
associated with the internal conditions in the test specimen will now be established. The
experimentally observed cumulative acoustic emission counts EN are a function of the
stress intensity factor K. Figures 3(a) and 8(b) show the dependence of summation



acoustic emission on the stress intensity factor in the case of tw~ specimens with differ-
ent initial flaws loaded statically to failure. In both instances, the data fit an expression
of the form:

(SN - %N} « K™ (m = 2,55 + 0.15) (8)

where ZINj indicates cumulative acoustic emission unt:. a through crack first developed
in the specimen. (The initial flaws were produced in the specimen by cyclic loading at
low stress levels.) All counts associated with microcrack formation, surface embedded
flaws as well as any background noise, are included in EN,. Figure 8 clearly shows that
there is a close relation between the stress energy released proportional to XN and

the stress intensity factor K.

Acoustic Emission Observed Under Cyclic Loading

Figure 9 shows acoustic emission measured for an initially unflawed 2024-T3 Al
specimen subjected to cyclic loading at 5.2 to 160 MN/m2 at 16 Hz. Notice the differ-
ence between this figure and figure 4. In the case of cyclic loading, the summation
acoustic emission continues to rise monotonically until fracture occurs.

A comparison between TN and an eddy probe bridge output from a specimen sub-
jected to cyclic loading at 5.2 to 104 MN/m2 at 16 Hz is shown in figures 10(a) and 10(b).
These data were taken with a double-edge notched specimen for the convenience of using
an eddy probe. The specimen configuration, however, is not expected to affect the
observed correlation between the acoustic emission and the eddy probe data. A
crack initiation, the acoustic counts as well as the eddy bridge output increased .. ly
with the fatigue cycles. It is clear from these two figures that the acoustic emission and
the eddy current signals are associated with the same dynamic processes in the test
specimen, namely, the crack extension in the specimen. Figure 11(a) summarizes data
for IN plotted as a function of 2a obseirved when the unflawed 2024-T3 Al specimens
were cyclically loaded at two differ~nt stress ratios. Like figure 7, the data in this fig-
ure also show considerable scatte.’ even when the external factors are kept constant. It
is important to remember these diiferences since supposedly identical specimens do not
exhibit the same degree of acoustic activity; this result is probably due to differences in
their internal structure or previous mechanical history. The acoustic emission data in
figure 11(a) are replotted against the stress intensity factor range AK in figures 11(b)
to 13. A comparison of figures 12 and 13 suggests that the correlation of N with AK
is not affected by the magnitude of the cycling stress, within the accuracy of the present
measurement.

Figu..e 14(a) shows the dependence of (ZJN - :JNO) on AK for an initially uncracked
specimen cycled under tension-tension loading to failure. Figure 14(b) shows a similar

10



result at a slightly different cyclic stress ratio. In both instances, the data appear to fit
an expression of the following type:

(EN - ZNy) « (aK)™ (m = 2.5+ 0.1) 9)

where ENO has the same significance as in equation (8).

Once a crack has developed in a specimen subjected to cyclic loading, crack clo-
sure can present an unwanted acoustic source. This condition can occur even in a tension-
tension cycle such as the one used in the r sent study. Figure 15 shows oscilloscope
traces of the load cycle, crack closure signal (in the unloading half of the load cycle), and
the acoustic emission burst (near the maximum load). It is evident that in the present
study the amplitude of crack closure noise signals is much lower than that of the acoustic
emission signals associated with the crack extension, Either by a proper selection of
the discriminator level in the counting system or by counting only in the maximum half of
the load cycle, the crack closure counts can be eliminated without appreciably affecting
the acoustic data. The former procedure was used in the present study. (It should be
noted that the removal of stress during the decreasiug part of the stress cycle may result
in backup of dislocations against the residual stress, leading to acoustic emission. How-
ever, the amplitude of dislocation arrest-related signals is usually much lower than the
amplitude of the crack propagation related signals. Thus, perhaps the amplitude dis-
crimination, rather than the load-signal time correlation, would be more appropriate
for excluding signals other than those associated with the crack propagation.) The sim-
ilarity of the data in figures 8 and 14 shows that the acoustic emission activity in cracked
specimens is related to the increase in K or AK (and the accompanying plasticity),
rather than the cause of that increase, whether cyclic or tensile loading. This conclusion
is further exemplified by the discussion of figures 16 to 18.

Figure 16 shows the crack propagation rate in 2024-T3 Al specimens subjected to
cyclic loading in the range 5.2 to 186 MN/m2 at 13 Hz. The crack extends at a faster
rate as it grows larger. This behavior is fu-ther illustrated in figure 17 where the data
show that the observed dependence of the crack extension rate da/dn on the crack
length 2a is of the form:

da 1.1
dn = (2a)

More e:.'ensive data indicate that %% a (221)1’2*0'1 for thin-plate specimens, The
expected values of crack length exponent range from 1 (refs. 12 and 13) to 2 (ref. 14).
Since it is the stress irtensity factor rather than the crack sice that controls the onset
of rapid crack propagation (refs. 10 and 15), the da/dn vaiues should be plotted against
the corresponding AK values. This plotting has been done in figure 18. To illustrate
furtt-  the importance of AK in crack growth rates da/dn as a function of AK  has

11



been calculated from da/dn as a function of 2a  data for several stress ratios. Fig-
ure 19 shows da ‘dn as a function of AK at two stress ratios. Within the accuracy of
the present measurements, the da/dn values correlate with the AK values. Fig-
ure 20 summarizes similar results for several stress ratios.

The crack extension rate da/dn shows the same kind of dependence on AK as
(EN - ENO) does in figure 14. The significance of this result can be appreci-.ted by
examining figure 21(a) where dN/dn is plotted against da‘dn. It appears that dN‘dn
end da ‘dn are almost linearly related functions. Thus dN/dn, like da/dn, is expected
to increase as a crack grows. Figure 21(a) also suggests that the correlation between
dN/dn and AK is expected to be similar to that between da/dn and AK as borne out
by the data shown in figure 21(b). The dependence of dN/dn on AK is expected to be
of the form:

dN 2m-2
dn x(aK)

These results indicate that the acoustic emission is produced only when the crack changes
in size or shape, and that the acoustic emission rate increases as the crack grows.
Analytically, the acoustic emission data fit the following expression:

Results from this study indicate that for

?ﬁ = 0.0001 to 0.0050 mm /cycle

and
AK = 5 to 25 MN . 1, 1/2
2

2.540.5

ZIN < (K or AK) (11)

- Omi
for R<0.1 where R= Omm in the case of cyclic loading in the tension-tension mode.
max

The acoustic activity described by equations (10) and (11) is considerably weaker
than that reported in reference 3 where the power of K or AK varied from 4 to 8.
This difference is the result of the range of K or AK values where the experimental
data are taken. Figure 22(a) shows a comparison of experimental fatigue crack growth
rates with the predictions of the widely used Paris relation (ref. 14). (These data were
taken from ref. 16 where the test conditions, including the test specimen material and
the geometrical configuration, were similar to those in the present study.) Notice the
data in the following ranges of variables:

AK = (5 to 20) MN | ,1/2
)

12
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3—2 = (0.0001 to 0.0050) mm/cycle

Figure 22(b) shows these data on an expanded scale. Clearly, the data would fit better
with the AK exponent in the range 2.4 to 3.0 than for 4 used in the Paris equation.

This analysis suggests that one should experimentally determine a crack propagation law
for his specific case instead of using a "‘universal law" for a wider range of data. This
determination is necessary because of the correlation between da,dn and dN dn dis-
cussed earlier. The form of XN = DK™ is expected to depend on the relationship
between dN’/‘dn and AK.

Proof Testing of the Specimen

The problem of determining the crack length on the basis of observed acoustic
emission counts during a static proof overload of a specimen which had a crack of known
length before use is discussed. (The alternate technique involving the correlation between
dN/dn and AK is not described since AK and the final crack length are not neces-
sarily uniquely related and it is not expected to give better results than the technique
described here.) Recall that the acoustic emission activity is irreversible (Kaiser effect,
ref. 9); that is, the acoustic emissions are not generated during the reloading, unless the
stress intensity factor exceeds its previous high level. Let K; correspond to the initial
stress intensity factor for a proof stress of Tp- If the specimen is fatigued enough, at a
stress g, where Ow < Opr to cause the crack to extend and then loaded again to the
proof stress Op (corresponding to the final stress intensity factor Kf), a certain num-
ber of acoustic emission counts AN are observed. Realizing that AN, K, and K¢
are related (eq. (5)), AN and K; can be used io determine Kf Then K; can be
used to determine the final crack length. (The proof acoustic emission is associated with
the creation of a new plastic zone at the crack tip. Hence, the new plastic zone must be
ahead of the preceding plastic zone, but the K value during the regular fatigue load-
ing must not exceed Kj if eq. (5) is to be applicable. In the present study, this was
insured to be the case.) The results of a typical proof test are shown in figures 23(a)
to 23(c). Although the acoustic data in figures 23(a) and 23(b) have a large scatter, the
observed relation between AN and K; agrees well with equation (5). A perfect agree-
ment would require all the data points to lie on the solid line in figure 23(a). Figure 23(c)
shows a comparison between the measured and the calculated crack lengths, which agree
to within 10 percent. In view of the observed data scatter and the lack of data reproduci-
bility, it is concluded that the acoustic emission technique cannot always predict crack
growth accurately. This technique does, however, provide reliable indications of changes
in the crack length. Furthermore, by combining static and dynamic proof testing, the
growth of a crack to critical size can be predicted and catastrophic failure averted.

13



CONCLUDING REMARKS

The acoustic emission activity from cracked and uncracked aluminum fatigue
specimens has been studied under various types of loadings. Emphasis has been placed
on fatigue crack growth in the slow growth range, less than 0.0025 mm /cycle. As a
result of these studies, e following general conclusions have been drawn.

The validity of the (X « K™) relation between N and K in fatigue studies has
been demonstrated by the observed correlations amongst the various variables.

Acoustic emission techniques give a reliable indication of changes in the crack
dimensions over short periods of time. The level of acoustic activity also indicates the
severity of the cracks. However, large variations in acoustic emissions from sup-
posedly identical fatigue specimens make it difficult to measure cracks precisely.
Nevertheless, acoustic emission information used with other testing techniques (ultra-
sonic, radiographic, etc.) can provide a quantitative measure of the fatigue crack length.

In the present study, crack propagation and acoustic emission laws were found to
be of the form:

da m _
EOC(AK) (m =2.510.5)

dn

where da/dn is the crack half-length per fatigue cycle, dN/dn is the acoustic emis-
sion rate per fatigue cycle, and AK is the stress intensity factor range in tension-
tension cyclic loading. (There are several variables, such as the metallurgical and the
physical treatment of the specimen, that can affect the acoustic activity of a fatigue
specimen. Consequently, even with a knowledge of the acoustic emission laws, the
variation in the proof test counts can prevent an accurate determination of final crack
length.)

The agreement between the computed and the measured crack lengths indicates
that the Kaiser effect is a valid phenomenon over short periods of time. However, the
validity of this phenomenon over extended periods of time, and hence the usefulness of
the acoustic emission technique, remains to be confirmed.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., June 18, 1974,
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Figure 15.- Photographs of the oscilloscope screen showing the stress cycle, acoustic
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