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Fracture-Induced Acoustic Emission during Slow Bend Tests of
A533BSteei
H.B. Teoh and Kanji Ono
Abstract
The acoustic emission (AE) behavior of AS33B steel
during fracture testing was investigated. Slow-bend tests were
performed using quenched or quenched and tempered Charpy
V-notch samples. Tests were also interrupted so as to isolate
the fracture processes. From AE measurements and post-test
fractographic analysis, the AE signals associated with various
fracture mechanisms were classified on the basis of peak
amplitude.
Tear and shear fractures and dimple formation by
microvoid coalescence generated low-amplitude AE events
with peak amplitudes typically below 47 dB in reference to 1
~v at the preamplifier input. Quasi-cleavage and cleavage
fractures emitted events with a broad range of amplitudes,
especially those intense events above 54 dB. Decohesion of
MnS inclusions generated AE events with peak amplitudes up
to 54 dB and the amplitude distributions showed the characteristic Weibull distribution. When the decohesion occurs, AE
events from this process mask those from plastic deformation
or from low energy fracture processes such as tear, shear or
microvoid coalescence; only quasi-cleavage or cleavage fracture can be distinguished on the basis of peak amplitudes.

I. Introduction
Previous studies have indicated that low alloy steels
exhibit anisotropic acoustic emission (AE) behavior during
deformation and fracture (Ono et aI., 1976; Ono and
Yamamoto, 1981). They attributed such AE behavior to the
presence of nonmetallic inclusions. During tensile and fracture tests, samples of short-transverse orientations (S- and
ST-orientations in terms of ASTM designation) emitted bursttype AE signals which persisted from the elastic-loading
region to maximum load. They identified AE sources to be
the decohesion of elongated MnS inclusions. On the other
hand, samples of L- and LT-orientations (longitudinal orientations) exhibited much lower AE activities with few burst
emissions. The AE activities were essentially of continuoustype and prominent only at general yield and were due to
plastic deformation. Certain ductile fracture mechanisms also
contributed to observed burst-type AE at higher load levels.
To extend further the understanding of the fractureinduced AE behavior of AS33B steel, three-point bend tests
were performed in this study on differently heat treated samReceived 1 April 1985: in revised form. 12 January 1987. The aulhors
are affiliated with Depanment of Materials Science and Engineering,
School of Engineering and Applied Science, University of California. Los
Angeles. California 90024-1600. H.B. Tech is now at Kyocera International, San Diego, CA 92123.
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pies. Fractographic analysis shows that AS33B steel exhibits
different deformation and fracture processes, depending on the
heat treatment and specimen orientation. AE measurements
during such tests reveal AE signals with a variety of peak
amplitude distribution characteristics. In order to correlate
fracture mechanisms and the AE signals they emit. interrupted
tests were conducted whereby samples were loaded to selected
load levels, unloaded and fractured by impact (at -196°C) to
reveal the fracture surfaces. From AE measurements and
post-test fractographic analysis, the AE signals associated with
each fracture mechanism were then identified.

2. Material and Experimental Procedures
The material used in this study is a low-alloy ASTM
A533B class 1 steel of 165 mm thickness. The chemical
composition is given in Table 1. Standard Charpy V-notch
(4S bC) specimens with dimensions of 10 x 10 x 55 mm were
employed in the as-notched condition. Two specimen orientations were selected: LT and ST. The specimens were given
one of three heat treatments: quenched (930°C, 1 hr, oilquenched), quenched and tempered (930 DC, 1 hr, oilquenched + 650°C, 24 hr, oil-quenched), and normalized and
tempered (930°C, 1 hr, air-cooled + 6S0OC, 24 hr, furnacecooled).
Most mechanical tests were performed at room temperature on a floor-model Instron testing machine at a constant crosshead speed of 0.021 mm/s. Some were tested at
-75°C. The specimens were loaded in three-point bend using
6.3 mm diameter pins, at a span of 40 mm. STP oil additive
was applied on the pins to reduce contact noises.
The AE parameters evaluated were cumulative AE
event counts, rms voltage and peak amplitude distribution of
AE signals. AE measurements were obtained using a 175
kHz resonant transducer (AET Corp. AC 17SL) and a
preamplifier (60 dB gain) with 125·250 kHz filter. The transducer was coupled to one end of the Charpy specimen using
wax. For low temperature tests, a stainless steel waveguide
was soldered to one end of the specimen and the transducer
was kept outside the cold chamber. A true rms voltmeter (HP
3400A) provided the rms voltage data. AE event count measurements and peak amplitude distribution analysis were
obtained using a microcomputer-based AE instrumentation
(AET Corp. Model 5000) and an amplitude distribution
analyzer (AET Corp. Model 203). The input noise level was
1.4 IlV at the preamplifier input. The threshold value for both
Model 5000 and Model 203 was 15 ~v, corresponding to 24
dB (0 dB refers to 1 ~V). The amplitude level in dB will be
referenced to 1 ~V.
073G-OOS0I87/06001-012
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coalescence. In other areas. isolated colonies of quasi-eleavage
facets (0) followed the stretch zone. These facets, which
occ:urred at 100 - 200 J,Im from the" notch root, were mested
after running for a distance of about 100 J,Im. The remainder
of the fracture surface beyond the quasi-eleavage legion consists of ductile dimples (E) followed by cleavage fracture by
impact (at -196OC) of the originally unbroken ligamenL

Table 1 The Chemical Composition of the Sample
C

Si

0.18 0.25

Mn

P

S

Mo

Ni

Cr

Cu 0

N

1.43 .013 .OOS 0.50 0.66 0.28 0.01

Remainder Fe; in wt. %.
After testing, unfractured samples were broken by
impact at -196OC to reveal the fiacture surfaces. The frac·
tured samples were examined using a Cambridge Stereosean
2150 scanning electron microscope (SEM) operating at 20 tV.

3. Results and Discussion
In order to correlate various fracture mechanisms and
the AE signals they generated, it was necessBJ}' to isolate the
fiacture processes. This was achieved by performing inter·
rupted tests whereby samples were loaded to selected load
levels, unloaded and fractured by impact (at -196°C) to
expose the fracture surfaces. From AB measurements and
post-test fractographic examination, the AE signals associated
with each fracture mechanism were then isolated and characterized.
3.1 TearlShear Mechtuaisms
Fig••2 SEM fractograph of a quenched sample: LTorientation. See text for markings on the photograph.

The load-time curves for quenched samples in the LT
and ST orientations are given in Figs. la and lb. The curves
first deviated from linearity at about 3/4 of the maximum load
and the deviations WC1e very gradual. The quenched sample
in the LT orientation fractured soon after reaching the maximum load of 32.6 leN as shown in Fig. 11. The fracture was
accompanied by a large drop in load. The quenched ST sample fractured right at the maximum load which reached only
30.4 leN (see Fig. lb). In addition to the lower maximum
load value, the ST sample also underwent less total deformation than the LT sample. Also shown in Fig. 1 are the rms
voltages of AB signals and the cumulative AE event counts
(marked as AE and N, respectively). In both orientations, the
nns voltage plots indicate small increases (from 1.7 to 1.9
J.LV), partly representing the conbibution of continuous emissions due to plastic Bow. When the load reached 28 to 29
leN, slrong burst emissions were observed. Until the AE level
showed this sudden increase, AB event counts increased
slowly to 80 (LT-orientation) or 350 (ST-orientation). High
AB levels continued to fracture. Note that the fun scale of the
rms voltage was increased one-hundred fold to I mV in this
region. Reflecting a greater deflection to fracture in the LTorientation sample, the total event count was SO % higher in
the LT-sample than in the ST-sample.

Fig. 3 SEM fractograph of a quenched sample: STorientation. The arrows indicate MnS inclusions.
Most of the fractures described above were also found
in the quenched ST sample. However, Fig. 3 shows that the
fiacture surface of this sample also contains numerous
elongated MnS inclusions (seen as dark horizontal lines.
marked with arrows). These inclusions lie parallel to the
crack front, in accordance with the ST orientation of the sample.

The fracture surface of the quenched LT sample shows
complex features. Figure 2 reveals that crack initiation
occurred at machining marks at the notch root (A). A welldeveloped stretch zone extends from the notch root, for a distance between 40 and 60 J.LM (B). The stretch zone is followed by a region containing large shear dimples (C) which
are separated by finer, equiaxed dimples due to microvoid
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The fracture surface of another quenched LT sample
that was loaded to general yield (equivalent to Point 1 of Fig.
la) reveals the nature of crack propagation from the notch
root. The lower part of the fractograph in Fig. 4 shows the
highly distorted surface of the machined notch which had
undergone massive plastic deformation before crack initiation
occurred. Elongated dimples were observed to initiate from
multiple sites at old machining marks (A). The cusps of these
severely distorted dimples point towards the notch. Examination of the matChing half of this sample showed similarly
pointed dimples. suggesting that they were formed by a tearing mechanism.
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Fig. 4 Fractograph showing the tearing at notch-root of
quenched LT orientation sample loaded to general yield. See
text for: letter markings.
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Fig. 5 (a) Peak amplitude distribution of AE events for
quenched LT orientation sample loaded to general yield.
(b) Cumulative peak amplitude distribution of (a).

These tear dimples formed an extensive stretch zone in
front of the notch and it extended across the entire specimen
width. The stretch zone remained fairly uniform in width.
which was about 40 JUrL Distinct wavy markings, interspersed
among the dimples, could be seen running approximately
parallel to the crack front. These markings are known to be
caused by slip deformation. Some inclusions (less than I JIm
size; B) which apparently initiated the dimples were also
observed. Energy dispersive X-ray analysis in an SEM
showed them to be MoS. The stretch zone of Fig. 4 ended
abruptly. and was followed by a zone of fibrous rupture (C).
Within this zone, there exists a bimodal distribution of shear
dimples: larger, elongated dimples with diameters between SO
to 100 JIm and smaller, also elongated dimples with diameters
of about 1 JUrI. Except for a small number of the large dimples. the finer dimples covered almost the entire fibrous zone.

as shown in Fig. Sa. most events actually 'have amplitudes that
centered around 30 dB. In terms of cumulative amplitude distribution. the emissions detected can be roughly approximated
by power-law distributions of the form (Nakamura et aI.,
1971; Pollock, 1973; Ono and Yamamoto, 1981),
N=A

vp

(1)

where N is the cumulative event count. v" is the peak amplitude, A and n are constants. The data in Fig. Sb may be
fitted with this equation having the exponent of 1.8. However.
there are systematic deviations from a single straight line. The
observed distribution can be better represented by two
Weibull distributions. The WeibuU function is usually given

as

'1 )
cumulative event count. v" is
N = C up( - D

The tear and shear fracture mechanisms were associated with low level AE signals. The rms voltage rose
immediately above the background level (1.4 J.Lv at the transducer) as loading began. It increased slightly to about 1.7 J.LV
at general yield. Amplitude distribution of AE signals for this
pre-yield region is shown in Fig. 5 and indicates that the
emissions have amplitudes between 25 and 42 dB. However,

(2)

where N is
the peak amplitude
of AE signal. C, 0 and q are constants. Here. two dotted
curves in Fig. Sb bave the exponents of 4 (lower amplitude)
and 1.2 (higher amplitude), respectively. Typically. the
exponent of 4 corresponds to the distribution due to continuous emissions.

4
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When another quenched LT sample was loaded past
general yield (to Point 2 in Fig. la), the additional deformation beyond general yield affected the stretch zone that had
been formed earlier. As shown in Fig. 6, the elongated dimples in the stretch zone were neither as numerous nor as crisp
or well-defined as those found in the previous sample. Moreover, slip markings were also observed. The post-yield deformation smoothed out or even destroyed some of the dimples
which formed earlier during crack initiation.

A£
EVENT
COUNTS
10

'I
I

+-_-...Io_......

~..a

15

S5

.......

loQ._..-~;;;;;;a..a.

...._ _.,

55

'75

PEAK AMPLITUDE IN dB ( 0 dB in ref to 1 uV )
1000

lOll

AE

EVENT
COUNTS
10

14-----.....- ---..........--=;;;r;;;;;;;;;;;;;;;;__

Fig. 6 Fractograph showing the shear dimples at notch-toot of
the quenched LT orientation sample loaded to beyond general
yield
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The stretch zone merged into a region consisting of a
combination of large, deep shear dimples and finer, shallower
equiaxed dimples. Slip marlcings appeared again, especially
on the wa11s of the large dimples. This characteristic
roughened appearance of the dimples reflected the extensive
plastic deformation that occurred during the crack growth process. When the load first exceeded general yield, the rms voltage curve began 10 decrease from the peak value at general
yield Many voltage spikes accompanied this decrease. Amplitude distributions of the AB signals (cf. Fig. 7) indicate that
most events have low amplitudes, 909& of which occurring
below 45 dB. This amplitude range is almost identical to that
observed for the sample that was unloaded at general yield.
However, for the present sample, some events with amplitudes
above 4S dB were also noted. These additional emissions
must have arisen from other fracture processes which occurred
beyond general yield. The cumulative amplitude distribution
can again be approximated by the power-law (equation I),
with the exponent of 0.85. Here, the higher amplitude events
have a slightly lower slope than lower-amplitude events.

Fig. 7 (a) Peak amplitude distribution of AE events for
quenched LT orientation sample loaded to beyond general
yield. (b) Cumulative peak amplitude distribution of (a)
showing the power-law distribution.
with other orientation or heat treatmenL For instance,
tear/shear fracture in a quenched ST sample loaded up to 80
% of the maximum load (point 1 in Fig. 1b) generated events
with peak amplitudes less than S2 dB. However. it is
apparent from Fig. 8b that 90 9& of those events have amplitudes below 37 dB. The cumulative amplitude distribution
(Fig. 8b) can best be represented by the power-law with the
exponent of 1.7. This exponent is close to the value of 1.8
found in Fig. Sb for the quenched LT sample in the
corresponding load range.

In addition, interrupted testing of quenched and tempered LT samples also indicates similar correlation between
fracture mechanisms and AB. Figure 9 shows the peak amplitude distribution for a quenched and tempered LT sample
which was loaded to general yield. This sample was fractured
at -196OC and its fracture surface is given in Fig. 10 (Note
that the cleavage at the top of the figure is from post-test fracture at -196OC). In this instance, the tear (A) and fibrous (B)
dimples are associated with AS events with peak amplitudes
below 4S dB, following a patlem similar to that for the

From the results presented above, it is obvious that
during crack initiation and propaption involving tear or shear
fractUJe, quenched LT samples of AS33B steel emitted lowamplitude events. Their peak amplitudes were generally
below 47 dB. Such a relationship between tear/shear fracture
and low-amplitude events have also been observed in samples
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Fig. 8 (a) Peak amplitude distribution of AE events for
quenched ST orientation sample loaded to near the maximum
load. (b) Cumulative peak amplitude distribution of (a) showing a power-law distribution.
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Fig. 9 (a) Peak amplitude distribution of AE events for
quenched and tempered LT orientation sample. (b) Cumulative peak amplitude distribution of (a). This can be fitted with
two distributions.

quenched LT or ST samples. Peak amplitudes of 90 % of AE
events were below 33 dB. The observed amplitude distribution can be represented by a power-law and a Weibull distribution. The Weibull distribution has the exponent of 4, which
typically originates from continuous AE signals. The high
amplitude (above 32 dB) portion follows the power-law with
the exponent of 1.0.

the transducer) on the rms voltage curve. Amplitude distributions of AE signals indicate that large-amplitude events
accompanied the voltage spikes. As evident in Fig. lib, the
peak amplitudes now spanned the range from 27 dB to the
maximum amplitude ·measured. This contrasts with peak
amplitudes below 47 dB for AE from a similar sample loaded
to general yield (cf. Fig. 5). Events with amplitudes above 54
dB led to a decrease in the slope of the power-law distribution
of AE events to a value of 0.5. However, note that AE signals for the quenched LT sample loaded to fracture also
caused a general increase in the number of events with lower
amplitudes (cf. Figs. 5 and 7). The overall effect is indicated
most clearly by the cumulative event counts in Fig. la for the
quenched LT sample that was tested to failure. The figure
indicates that AE events which occurred beyond the maximum
load accounted for about 85% of the tolal event counts for the
sample. That is, the largest increase in event counts took place
during the falling load period.

3.2 Quasi-cleavage Fracture
The fracture surfaces of quenched LT samples which
were loaded to past maximum load (point 3 in Fig. la) or to

failure reveal the presence of quasi-cleavage facets beyond the
slow crack growth region, as shown in Fig. lla. The facets
occurred in isolated colonies and were arrested after running
for distances up to about 100 JUII.
Near maximum load, the rms voltage curves of these
samples stopped their downward trend and displayed energetic
nns voltage spikes. Some of these spikes peaked at 1 mY (at

6

Fig. 11 (a) Fractograph showing the quasi-cleavage fracture of
quenched LT orientation samllie loaded to fracture.

Fig. 10 Fractograph showing the tearing at the notch root of
quenched and tempered (650°CJ24 hr) LT orientation sample.
Due to the absence of cleavage facets in quenched LT
samples tested to load levels below the maximum load,
quasi-cleavage fracture must have generated the highamplitude events mentioned above. This result is further supported by the experiment on quenched ST samples. In a
quenched ST sample tested to macroscopic failure, quasicleavage facets were also observed on the fracture surface and
these were associated with high-amplitude events, with peak
amplitudes reaching the maximum level measured.
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The correlation between quasi-cleavage fracture and
large-amplitude AE events is not surprising and is consistent
with results reported in the literature (Ringshall and Knott,
1978; Khan et al., 1982; Ringshall et aI., 1980). For instance,
Khan et al. (1982) studied the initiation and propagation of
cleavage microcracks using peak amplitude analysis in two
turbine rotor steel forgings and AISI 4340 steel. In the early
stages of fracture testing, AE signals with peak amplitudes
less than 0.5 mV or S4 dB (at the transducer) were observed.
Immediately before final fracture of the sample, a large
number of energetic signals were emitted for short durations.
These have peak amplitudes greater than 2 mV (66 dB) and
are associated with cleavage microcrack growth that led to
final unstable fracture.
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During transgranular cleavage fracture in a high nitrogen mild steel, Ringshall and Knott (1978) reported that individual events often have amplitudes exceeding 100 mV (100
dB) at the transducer. They attributed this phenomenon to the
cleaving of several grains at the same time. In AS33B steel,
Ringsball et al. (1980) associated AE with peak amplitudes
greater than I.S mV (or 63.5 dB) to isolated cleavage areas
which were induced by prestraining.
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Fig. 1l(b) Peak amplitude distribution of AE events for
quenched LT orientation sample loaded to fracture.
(e) Cumulative peak amplitude distribution of (b).
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Fig. 13 Load and AE data for quenched and tempered (6S0DCJ24 hr) ST-orientation sample.
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Fig. 14 Fractograph showing the thumb-nail section of quenched and tempered (650°024 hr)
LT orientation sample.

Fig. IS Fractograph showing the thumb-nail section of quenched and tempered (650°CJ24 hr)
LT orientation sample.

3.3 Microvoid Coalescence
The load data for quenched and tempered samples in
the LT and ST orientations are given in Figs. 12 and 13.
Here, the load-time curves exhibited a sharp transition at general yield. Tempering of quenched. samples reduced both the
general yield and maximum load levels. However, the total
deflection to maximum load increased substantially. Another
important difference between the quenched and quenched and
tempered samples is that the latter did not fracture macroscopically during test Like its quenched counterpart, the
quenched and tempered ST sample reached its maximum load
much sooner than the quenched and tempered LT sample and
exhibited lower total deformation. As shown in Fig. 14, the
fracture surface of the quenched and tempered LT sample is
characterized by a fibrous crack in the form of a thumbnail in
the center of the specimen where the maximum constraint
existed. On both sides of the fibrous crack were ligaments of
about 2 mm width. A stteteh zone extended across the central two-thirds of the crack front, terminating at the side ligaments. Its average width is about 100 11'". Large. ovalshaped craten. indicating sites once occupied by inclusions,
are distributed generously within the fibrous zone. The

Fig. 16 Fractograph of a quenched and tempered sample.
showing dimple fracture via microvoid formation: LTorientation. loaded to the maximum load.
remaining surface of the fibrous zone is covered with fine
dimples. Some secondary cracks are also observed.
9
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Fig. 17(a) Peak amplitude distribution of AE events for a
quenched and tempered LT orientation sample loaded to the
maximum load. (b) Cumulative peak amplitude distribution
of AE events for a quenched and tempered LT orientation
sample loaded to the maximum load.

~

Fig. 19 (a) Peak amplitude distribution of AE events for a
quenched and tempered ST orientation sample. (b) Cumulative peak amplitude distribution of AE events of (a). The
characteristic WeibuJl distribution is shown.
Figure IS shows the fracture surface of the quenched
and tempered ST sample. Like the quenched and tempered
LT sample, the surface is also characterized by a thumbnailfibrous crack in the center of the specimen. The fibrous zone
is separated from the notch tip by a region of shear cracks.
In addition, it is covered almost entirely by large inclusion
troughs, some of which were 1 mm long. Many of the
trougbs also contain smaller inclusion-nucleated voids within
them.
Figure 16 shows the fracture surface of a quenched
and tempered LT sample that was loaded to the maximum
load. The ftactograpb consists of ductile dimples between 1
and 2 II1II diameter, whicb were formed by microvoid coalescence. Some dimples contained fine inclusions of less than
0.2 II1II size.

Tempering of quenched samples led to sharpening and
an increase in peak value of the nIlS voltage curve. This is
evident in Fig. 12 for the quenched and tempered LT sample.
The rms voltage curve peaked at 2.6 I1V at general yield.

Fig. 18 Fractograph of quencbed and tempered ST-orientation
sample showing MuS inclusions aligned parallel to the fracture surface.
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The behavior of the cumulative distribution of AE signals of the quenched and tempered ST sample just described
is slightly different from that of as-received or normalized and
tempered (650°C) samples of the same orientation (Okajima
and Ono, 1980; Ono and Yamamoto 1981). Those samples
were characterized by a single amplitude distribution function
for the duration of the test, namely, the WeibuU function of
equation 2 with exponents between 0.3 and 0.4. The dominance of a single function suggests the operation of a single
AE source, i.e., the decohesion of MnS inclusions.

Beyond general yield, the rms voltage curve decreased, but
more sharply than quenched samples did. Further loading
caused a steady decrease in rms voltage, but at a rate more
gradual than the initial decrease that occurred immediately
after general yield. The rms voltage dropped to near background level at maximum load. Unlike the quenched samples, the quenched and tempered LT sample did not generate
any large amplitude AE signals.
The AE associated with dimple fracture consists of
low amplitude emissions as evident in the amplitude distribution shown in Fig. 17. The emissions have peak amplitudes
between 27 and 47 dB, with a majority with amplitudes below
39 dB. This range of peak amplitude is similar to that due to
plastic deformation. The cumulative amplitude distribution
can be represented by the power-law function with an
exponent of 1.7.

3.4 Decohesion

In the present study, amplitude distribution analysis of
AE events indicates that the decohesion of MnS inclusions
accounted for most of the AE events detected only during the
elastic loading of the sample. With larger sample deftection,
the decohesion of MnS inclusions still contributes to the AE
observed, but other sources also operate, leading to a slight
modification of the amplitude distributions.

of MnS Inclusion
3.5 Cleavage Fracture

As in the case of the quenched and tempered LT sample, the fracture surface of a quenched and tempered ST sample is characterized by a fibrous crack in the form of a
thumbnail in the center of the notch. The fibrous crack was
covered completely by large inclusion-induced troughs, however, and some of them were 1 mm long. Most of the inclusions have been identified as MnS and are visible in Fig. 18.

Figure 20a shows the fracture surface of a normalized
and tempered ST sample tested at -75°C. The sample failed
during test at a load slightly above general yield. The surface
contains cleavage facets with some ductile tearing. Secondary
cracks are also observed. The cumulative distribution of AE
signals of this sample, Fig. 20b, indicates the presence of AE
events with peak amplitudes up to the maximum measured.
Events with amplitudes above 1 mY (60 dB) differentiate this
distribution from the characteristic Weibull distribution of
MnS inclusion decohesion. The high amplitude events (> 1
mY) accounted for about 15 to 70% of the total event counts
for normalized and tempered samples tested at low temperatures. These occurred during a jump in the total event counts
during the falling load period. However, there was a major
difference in the mode of crack propagation after cleavage
crack initiation in quenched and normalized and tempered
samples. In the quenched samples, which were tested at room
temperature, there was a fracture mode conversion from
quasi-cleavage to dimple formation by microvoid coalescence
beyond maximum load. On the other hand, the normalized
and tempered samples tested at -75OC fractured unstably by
cleavage. Nevertheless, both cleavage and quasi-cleavage generated high-amplitude AE events.

The quenched and tempered ST sample generated burst
emissions which are associated with the decohesion of MnS
inclusions. The AE behavior was active and was represented
by numerous spikes on the AE rms voltage curve which
began as soon as loading of the sample commenced (see Fig.
13). The AE activity reached a peak at general yield and it
persisted to the maximum load. The average height of the
rms voltage spikes decreased with increasing amount of sample deftection beyond general yield. The active AE behavior
of the quenched and tempered ST sample was also indicated
by the cumulative event count, which increased .rapidly in the
elastic-loading region of the test With further loading, the
event counts continued to increase but at a reduced rate. The
total count at maximum load was 2500 events.
The peak amplitudes of the burst emissions lie in the
range between 27 and 54 dB, which remained constant for the
duration of the test However, Fig. 19a shows that a majority
of the AE events actually have peak amplitudes below 34 dB.
Figure 19b reveals that the cumulative peak amplitude distribution of the AE events in the elastic-loading region can be
described by a WeibuU distribution (equation 2) characteristic
of MnS inclusion decohesions (Ono et al., 1978; Ono and
Yamamoto, 1981). The distribution in Fig. 19b has an
exponent q .. 0.35. However, when the loading was continued to higher load levels, burst AE from the decohesion of
MnS inclusions started to diminish. In combination with
deformation beyond general yield, the cumulative amplitude
distributions were better represented by the power-law function of equation 1. The slopes of the curves remained
approximately constant at 1.5 throughout the remainder of the
test.

4. Summary and Conclusions
From AE measurements and post-test fractographic
analysis, the ranges of peak amplitudes of AE events from
various ·fracture mechanisms in A533B steel were identified.
The results indicated that tear/shear fracture emitted lowamplimde events, with amplitudes below 47 dB. Due to the
low levels of continuous AE signals, as indicated by the rms
voltage curves, when compared to the threshold value selected
(IS j.lV at the transducer), the events detected represented
mostly burst emissions.
The observation of the correlation between AE and
tear and shear fracture in samples with different orientations
or heat treatments suggests that it may be common to many
11

fracture may be separated based on peak amplitudes of AE
events.
The findings are summarized below:
1.

Fracture processes during three-point bend tests of
AS33B steel were correlated to the AE signals they
emitted.

2.

Tear or shear fracture and dimple fonnation by microvoid coalescence generated AE events with peak
amplitudes typically below 47 dB.

3.

Quasi-cleavage and cleavage processes emitted events
with a broad range of amplitudes, including events
with high amplitudes well above S4 dB.

4.

Decohesion of MnS inclusions generated AE events
with peak amplitudes up to S4 dB and with amplitude
distribution having the characteristic Weibull distribution.

S.

When inclusion decohesion occurred, the AE events
from this process completely masked and obscured
those due to tearing, shear-cracking and dimple frac-
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Real-Time Monitoring of Mufti-Pass Welding by Acoustic Emission

K. Ishihara and K. Yamada
Abstract

eration time and level.

Various nondesb'Uctive testing methods are typically
applied after the completion of welding. This post-weld testing requires any repair welds to be performed after multi-pass
welding, causing problems in the weld quality and productivity. To overcome these problems, we have devised a realtime monitoring method using acoustic emission and applied
it to submerged arc welding. Laboratory tests showed nearly
100 % detectability of Cu induced hot cracking. Since this
method is applicable to submerged arc welding (SAW), it
appears relatively easy to extend this method to tungsten inert
gas arc welding, metal inert gas arc welding and nanow gap
metal inert gas arc welding.

2.1 ExperinJentaJ Method

1. Introduction

The measuring conditions set in this experiment were
as follow.

The experiment was performed as follows: a cylindrical sample weighting 135 g cut from ASTM·A387-G22-C2
steel was put into an alumina crucible. The steel sample was
heated by high frequency induction to 1,600°C in an argon
atmosphere. After melting, it was allowed to cool and the
"noise" emitted by its transformation was detected by an AE
sensor through an alumina wave guide which was inserted
into the molten steel. The "noise" obtained was then
amplified and its rms voltage was recorded with the temperature vs. time curve measured by a Pt-Rh thermocouple which
was inserted into the molten steel with the AE wave guide.

With the scaling up of SlrUctures and vessels, the frequency of use of multi-pass welding in submerged arc welding or metal inert gas arc welding is greatly increased
recently. Meanwhile, the time of inspection by various NOT
methods is almost always after the completion of the weld.
Therefore, in cases where defects were detected, the repair
welds would also be made after the completion of the weld,
causing problems in the quality of the weld and in the progress of work.
To overcome these problems, it is necessary to detect
as quickly as possible the state of the defect development during welding. For this purpose, we evaluated a real-time monitoring method using acoustic emission (AE). This method
was applied successfully to submerged arc welding which was
thought to be the noisiest of the conventional welding
methods.

AE Sensor:

Approximatel)' 200 kHz resonant type trlInSducer (Model 09203, Dunegan Endevco)

Amplification:

Preamplifier 40 dB main amplifier 20 dB

Filter:

100 to 700 kHz bandpass filter

Waveguide:

10 nun diameter x 350 nun length alumina
waveguide, AE transducer was attached by
cyane-acrylic ester resin

Temperature
Measurement:

40 - 20 Pt-Rh thermocouple

2.2 Experimental Result
The experimental result is shown in Fig. I, which is
expressed on a temperature-time curve parallel to the horizontal axis. In Fig. 1, the rms voltage of the "noise" in the cooling process of the sample is superimposed on the continuous
cooling transformation curve of ASTM-A387-G22·C2 steel.
From this figure, we find that the "noise" is mainly generated
by bainitic transformation at this cooling rate and in this kind
of steel. However this "noise" is believed to be not serious for
weld crack monitoring by the following reasons:
1. In this experiment, there is little dispersion loss of
acoustic energy.
2. The transformation noise is believed to be proportional
to the amount of transformation volume.

2. Preliminary Investigation
In detecting weld defects by AE techniques, it is
thought that there are three inhibiting factors.
(I) The noise emitted by martensitic and bainitic
transformation in the cooling process of deposit metal.
(2) The are noise generated by the arc welding process.
(3) The noise due to slag cracking.
Out of the three factors mentioned above, we investigated factors (I) and (3), especially with respect to their gen-

The weight of the test sample (135 g) is also four times
heavier than ordinary SAW deposition weight per SO mm
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bead length in one layer which is under surveillance of an AE

Table 1. Specimen Composition and Properties

masle!' sensor.
Chemical compositions of base metal (weight %)
To investigate the time of slag cracking in the SAW
process, flux (80 g) was added to the crucible with 135 g steel
sample and heated to l,600°C, then allowed to cool. AE
intensity and temperature were measured by the same method.
From this experiment, it was shown in Fig. 2 that the noise
thought to be due 10 slag cracking was generated continuously
in a temperature range between 4500C and 33OOC, and intermittently until cooling to room temperature. This noise is
also considered to be not serious impediments for weld crack
monitoring by the same reasons cited above.

C

Si

Mn

P

S

0.14

0.20

0.53

0.009

0.004

Cr
2.15

Mo
0.9

Chemical compositions of deposit metal (weight %)

C

Si

Mn

P

S

Cr

0.04

0.27

1.01

0.02

0.012

2.20

Mo
1.02

Mechanical property of base metal
0.29& yield sb"e¥1b
45.3 kgf/mm

3. AE Monitoring of SAW

tensile streng~
59.3 kgf/mm

elongation
32%

3.1 Experimentol Method
The main objective of Ibis study is the monitoring of
hot cracking. We induced a hot crack wilb a copper piece
added to the root of the welding groove. Figure 3 shows the
schematic diagram of AE measurements, as well as Ibe shape
and dimension of the specimen. As shown in the figure, we
used five sensors. Three of the five sensors were slave sen-

The chemical composition, mechanical properties, the
welding condition and Ibe AE measuring condition are shown
in Tables I, 2 and 3. In this AE measurement, Ibe filtering
range of 300 to SOO kHz was selected from the results of
several preliminary tests.
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Fig. I ASTM-A387-G22-C2 steel's Continuous Cooling Transformation (CCT) curve and AE
rms voltage of deposit metal. Letters A, F and M indicate austenite, ferrite and martensite.
Zw indicates the mixed phases region. Numbers indicated on the double-dashed line are the
amounts of ferrite formed, while those on the dotted line are the amount of martensite. The
continuous line from top left to bottom right is temperature vs. time curve. Superimposed on
this curve is the rms voltage readings of AE generated.
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Table 2. Welding Conditions
Welding voltage
Welding current
Welding torch speed
Heat input

Table 3.

2.2. Thus, a comparison of AE generation between the nonnal
welding part and the defective part. which has a copper
induced hot crack, is possible in the same bead.

38 V
590 A
30 cm/min
44840 Itcm

The AE signals obtained in this manner are amplified
and then ringdown counts of the signals whose amplitudes are
larger than the threshold level are counted and their outputs
are fed into a micro-computer. The temperature information,
measured at the other normal welding part by inserting a PtRh thermocouple into the molten pool. is fed into the computer in the same manner.

AE Measuring Conditions
Model D9203A (Dunegan Endevco)

AE sensor
Total amplification
Filter
Threshold level

66 dB

300 to 500 kHz bandpass filter
0.7 V

3.2 ExperimelllaJ Result
The appearance of the dye penetrant examination of
the copper induced hot cracks is shown in Photo 1. In this
experiment. 4 g of copper was added to the weld The positions of the sensors are also indicated.

sors and two were master sensors. one of which monitored the
normal welding part and the other monitored the copper
induced hot cracking part. The intervals between the sensors
are SO mm, so the monitoring range of the master sensors
protected by the slave sensors becomes SO mm along the bead
length. In this welding condition. the weight of the deposit
metal of 50 mm bead length in one layer is approximately 35
grams. and the weight of the flux in normal SAW over SO
mm head length in approximately 20 grams. These quantities
are one-quarter of the conesponding quantities used in Sec.

The cumulative AE counts generated by the hot cracks

are plotted against time in Fig. 4. This figure also indicates
the AE counts generated from normal weld and the temperature of the deposit metal. The continuous cooling transformation (C.C.T) curve of this steel is superimposed with the AE
and temperature data. This figure was made as follow. The
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Fig. 2 ASTM-A387-G22-C2 steel's Continuous Cooling Transformation curve and AE rms
voltage of deposit metal and slag. See Fig. 1 for the method of plotting.
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vertical axis expresses the temperature of deposit metal and
the cumulative AE counts and the horizontal axis expresses
the time in seconds. The two cumulative AE count curves
and the temperature curve have the same origin on the horizontal axis as the C.C.T curve. The time origin was taken
when the welding torch passed through each master sensor
position and the thermocouple was inserted into the molten
pool.

over 7000. According to the temperature measurement. the
temperature range of the deposit metal in this time interval
corresponds to the bainitic transformation temperature range.
In contrast, over the same time interval and temperature range, the AE counts detected by the master sensor which
monitored the normal part, did not increase much Oess than
500 counts). In the case of normal part of the weld, no crack
was detected after the completion of the weld pass. These
results imply that hot cracks generated the jump in AE counts
observed over the time interval of 18 to 2S seconds. These
experiments were repeated four times with good reproducibility.

Figure 4 shows that the AE counts detected by the
master sensor which monitored the defective part suddenly
increased after 18 to 2S seconds after the weld torch passed
the defective part. The observed increase in AE counts was

In another series of experiments, the amount of copper
was reduced from 4 to 0.63 grams. Typical results of AE and
temperature measurements are shown in Fig. 5. In this case,
the normal weld part and copper added part showed essentially identical AE counts vs. time curves. These were also
similar to that of the normal part in the previous series of
experiments (cf. Fig. 4). No hot cracking was detected in the
weld by the conventional NDT methods. Again, four experiments were performed with nearly identical results.

slave

From these results, it can be concluded that the sudden
increase of AE counts in the temperature range from 650°C to
500°C is mainly due to AE generation by hot cracking.

r:-

.seilnllilisilio~r-~

4. Discussion and Condusion
Photo 1
The appearance of dye penetrant examination
of copper induced bot crack.

As for the reason why AE is generated from hot cracking around 600°C, it is thought that, though the hot crack is
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Fig. 3 Schematic diagram of AE measurement Dimensions on the sample block are in mm.
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fonned above 700oc, it docs not generate AE because deposit
metal bas no deformation resistance. Conversely, below
700OC, dcfonnation resistance arises in the deposit metal in
the cooling process and thus the hot crack pJays the role of a
notch under the state of restraint stress and generates the AE.
Meanwhile, according to the result of preliminary investigation, the temperature at which slag noise begins to arise is
about 4S0OC. Under a high cooling rate, noise due to an
increase in the martensite transformation volume may arise.
For example, as shown in Fig. 4 the increase of cumulative
AE counts of the normal welding part around 420°C appears
to be due to this reason. But in almost all kinds of steel, the
starting temperatures of martensite transformation are below
4S0OC. TherefoIe, in consideration of these conditions, it can
be concluded that the possibility of detecting the hot crack
lies in the temperature range of 700° to 450°C, and the
optimum range is 650° to 500°C.

Cover Photograph
The study reported here shows that the optimum temperature
range for AE monitoring is when the weld metal is at 700 to
450·C. In field monitoring, AE sensors should be moved to
follow only this temperature range. The cover photo, taken at
the NKK Tsu Research Center and supplied by Mr. Koji
Yamada, shows an experiment in which three sensors are moved
together with the weld torch. The center is the master sensor that
is located 100 mm behind the torch. The other sensors are
separated by 50 mm from the master sensor and are slave units
for noise discrimination. The area monitored by this arrangement
corresponds to 75 to 125 mm behind the passage of the weld
torch and the weld metal temperatuJeS are at 700 to SOO·C. Hot
cracking bas been successfully detected in this experiment Note
that a pool of water is located next to the SAW weld sample.
Acoustic coupling is made through the water.
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Application of Pattern Recognition Concepts to Acoustic Emission
Signals Analysis
C.R.L. Murthy, B. Dattaguru and A.K. Rao
Abstract

advent of fast computers to handle large sets of data, have
triggered and rapidly accelerated reseatCh into characterization
of AE and its systematic utilization for practical purposes.

Acoustic Emission (AE) technique has tremendous
potential for various nondestructive applications such as
identification. detection and characterization of defects and
testing. evaluation. inspection and monitoring relevant to reliability. safety. quality control and process control in many
fields of engineering. Satisfactory realization of this extensive
potential needs adapting the technique to each application
mode by acquiring appropriate data and applying suitable
methods of analysis. Current standard methods of AE are limited mostly to the use of time-domain parameters and appear
to be inadequate to exploit the full potential of the principle.
So. we propose that to retrieve the complete information contained in AE signals. one should pursue spectral analysis.
multiparameter approach and pattern classification.

Emission signals that are generated due to different
failure processes in structures and components carry considerable information regarding the processes and the status of
degradation. An in-depth analysis of AE signals should result
in decoding such information. However. the process being
complex and costly, it is likely to take a few more years
before sufficiently satisfactory methods can be achieved for a
really wide range of applications. Further, it would be
appropriate to tailor and organize the acquisition and analysis
of the data to match the pulpOSC. Weld monitoring, NOT.
and fracture mechanics studies and early warning systems for
structural integrity are typical of the wide range of possible
applications. A single parameter like cumulative counts could
identify imminent failure with a reasonable degree of reliability. But, even simple NOT requirements would need additional information such as amplitude distributions, thus indicating the need for a multi-parameter approach. In fact, for
identification of incipient failures and establishment of early
warning systems, the multiparameter approach may have to go
beyond the time domain parameters and include spectral
parameters. So, a complete characterization of the state of
integrity or the degree of degradation would generally require
a pattern recognition approach.

Each material deforms in its own characteristic
manner. A number of micro- and macro-processes contribute
to the gross deformation and deterioration of the material
under strain and the resulting series of AE events. A viable
method of interpreting this data appears to be the use of pattern recognition concepts. But, we often encounter situations
where no 'a priori' information is available about the structure
of the data. not even the probability distribution of the events.
In such a situation we can attempt pattern classification
through cluster analysis. In the present work. we investigate
the suitability of this approach to AE signal analysis and
interpretation. considering the discrimination of flaw severity
in tin and Zircaloy specimens as an example.

2. Pattern Recognition and Acoustic Emission
The search for meaningful regularities in any given set
of data is the main principle underlying a pattern recognition
process. The principal function of a pattern classifier is to
yield decisions concerning the class membership of the patterns. Such classification of patterns by decision functions
can be approached in a variety of ways depending upon the
amount of 'a priori' information available. Often some criterion is optimized while the decision functions are iteratively
learnt from the given data. Such sequential learning pro.
cedures generally presume the statistical parameters or at least
the form of the pattern density function. If none of the standard ways of parameterizing unknown distributions is suitable,
one can resort to non-parametric techniques. Ouster analysis
is one of such non-parametric techniques to allocate entities to
initially undefined classes so that samples in a class or cluster
are in some sense closer to one another. In general, cluster
analysis can be utilized to develop inductive generalizations or
to understand the structure of a set of unlabeled samples. The
basic block schematic of a pattern classifier is shown in Fig.
1. Meisel (1972) indicates that classification has the fonow-

1. Introduction
When a material undergoes a change of state, mechanical, thermal or chemical, certain internal adjustments take
place, and it releases small spurts or bursts of energy. These
travel through the material as pressure or stress waves and are
referred to as acoustic emissions. We can pick them at convenient locations in or on the material with suitable transducers and postulate that features in the resulting signals can be
related to characteristics of the source. In fact, that certain
materials and processes yield audible emissions has been
known and intuitively utilized for a very long time, but a systematic exploitation of audible and inaudible emissions has
had to wait for some technological developments. In the last
decade, development of sophisticated instrumentation,
advances in signal processing theory and techniques and
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develop inductive generalizations or to learn something of use
from a set of unlabeled samples. It therefore appears reasonable to postulate that, by extraction and selection of suitable
features from the event parameters it should be possible to
group AE events into clusters, each cluster being related to a
different source. Such a clustering should not only give a
clear picture of the sources operating in the material but also
help in obtaining an evaluation of the integrity of the material.

PREPROCE~SlNG

PHVSlCAl ~---i" MEASUREMENT
SYSTEM
SPACE

PATTf.RN
SPACF

REOUCf.1l
PAlTERN SI'A\"t"

Fig. I

3. Experiments
Experiments were carried out on tensile specimens
made out of two materials, tin and Zircaloy which have twinning as a common deformation process. For each material a
set of three specimens were fabricated, the first with no introduced defect (fPOOO), the second with 3.2mm (l/8") edge
crack (TC12S) and the third with a 6.4mm (1/4") edge crack
(1'250) to study the effect of flaw severity. Data acquisition
was performed for tin in the low frequency (1-10 kHz) and
for Zircaloy in the high frequency 100 kHz - 1 MHz range.

Block schematic of a pattern classifier

ing three major steps: (i) measurement, (ii) feature extraction,
(iii) classification. The most tricky aspect of pattern
classification is in the phase of feature extraction and forms
the brain of the system. Measurements made from the pattern
environment pass through the feature extractor. On the basis
of the features selected, the measurements are classified into
groups. The classification is performed through decision and
discriminant functions.

LOAD
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PII£-AMP

POST-AMP

FILTER

Reverting our attention and taking a close look at the
phenomenon of AE reveals that as in the case of speech,
seismic, electro-cardiac and electro-encephalographic signals
(to name a few), so also with material and structural AE, pattern recognition can be avery fruitful diagnostic method.
While the general variability associated with the source,
experimental conditions and simultaneous activation of multiple SOUJ"S gives a random character to AE signals,
occurrence of multiple reflections within the specimen and
within the detecting transducer determine the waveform of the
observed signal and obscure the nature of the source
waveform. Despite these distortions introduced into the signals, it appears reasonable to suggest that some basic features
which are unique to a given source should still be present in
some fOJDl in the corresponding signal. Identification and
selection of these features may involve considering a number
of signal parameters both in time and· frequency domains.
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Fig. 2
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Block diagram of the experimental set-up

A block schematic of the experimental set up is shown
in Fig. 2. Since the experimentation was carried out in audio
frequency range for the tin specimen, great care had to be
exercised to see that no extraneous noise was present while
the experiments were on. The tests were carried out at midnight and it was checked that insignificant amount of environmental, electrical and electronic noise was present. The tensile tests were done on a 5 ton universal testing machine. A
contact type piezoelectric transducer with the associated
preamplifier was used to pick up AE signals. The analog data
from the experiments on tin was recorded on an AKAI XV
tape recorder. During these experiments, the machine noise
was checked to be within 500 Hz and hence did not interfere
with the signals. For the experiments on Zircaloy specimens,
the data was recorded on a high speed analog magnetic
reconier (frequency response: up to 2 MHz in direct recording mode) and was later time expanded (reproduced at a
reduced tape speed) to meet the processing format presented
in the following.

to

establish the relevance of using this techFurther,
nique for analysis of AE data, let us consider the relationship
between acoustic emission and deformation. Each material
deforms in its own characteristic manner. A Dumber of
micro- and macro-processes contribute to the deformation and
deterioration of a material under strain and to the resulting
series of emission events. Thus the events emitted by the
material contain information regarding the general deformation pJOCeSSell as well as what bappens at the flaws that exist.
The source events also define the events in the signal. With
such AE claIa, one is concerned about a problem where generally no 'a priori' information, not even the form of sample
distribution is available. This suggests the use of cluster
analysis as our tool for AE clara analysis. To review in brief,
cluster analysis bas dil=tly contributed to development or
classification schemes. One of the most useful roles of·cluster
analysis is to generate a hypothesis about the category structure, and many investigators have used this technique to

The raw data consisted of the emission signals of the
complete experiment recorded on a magnetic tape from the
preamplifier output For experiments on tin specimens the
data was n:corded at 19 cmls speed and replayed at 9.5 cmJs
speed and was sampled at 1~ samples per second. The
unwanted electro-mechanical noise (if any) which was found
to be well below I kHz, was further removed by analog filter-
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ing heron: digitization. The tilrered data was digitized as 16
bit words and stored on digital magnetic tapes in blocks of
1024 words through a PDP-ll:AD-S hybrid computer.

for their estimation. The event parameters estimated in the
time doniain are: (a) event OCCUIMDCe specified in relation to
time, load, strain and/or displacement, (b) duration of event
(time), (c) counts/event, (d) peak amplitude in each event, (e)
rms value of each event, (f) rise time of each event, (g) faU
time of each event, (h) gap between events (time), and (i)
energy in each event.

4. Event Identiftcation and Event Parameter Estimation
In analysis of transient random data. one should care·
fully identify the actual signal duration in order to minimize
Ihe distortions of the results by noise or by interferences
between signals. In AE data this is done by proper
identification of the beginning and ending of each event.

The estimation of energy speclral density function was
done by using a discrete Fourier transform (OFf) algorithm.
The amplitude spectrum was obtained by taking the square
root of the energy spectral density (e.s.d) at each point in the
spectrum.

The conventional event identification method uses a
single threshold chosen arbitrarily (or by experience) above
the highest noise peak in the signal. The first upward threshold crossing of Ihe envelope is declan:d as beginning of Ihe
evenL The ending is identified wilh a small dead time after
Ihe first downward threshold crossing of Ihe envelope. The
value chosen for the dead time is subjective and often selected
by a rule of Ihumb based on experience (based on Ihe decay
time of Ihe envelope).

For the estimation of frequency-domain parameters,
the spectra were divided into three equal bands within the
specified frequency limits and three parameters were computed for each band. They are (i) peak amplitude, (ii) the frequency corresponding to peak amplitude and (iii) speclral
energy in each of these bands.

..-

We propose a method of event identification using two
different thresholds, which eliminates the use of a dead time,
thus eliminating the subjectiveness of Ihe conventional
method. In brief, Ihe first threshold to identify the beginning
of an event is based on the highest noise peak which is identical to Ihe conventional method. The ending of Ihe event is
identified by comparison with a second threshold using the
rms value of Ihe noise. In fact, other alternatives eliminating
the subjectivity can be developed but most of them involve
extra computation. An obvious example is to use rms value
for both the thresholds.
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A computer program was developed in Fortran IV for
event identification. This event identification process can be
explained in detail wilh Ihe help of a flowchart (Fig. 3). The
recorded signals are displayed on an oscilloscope for the
determination of the threshold value IT which is to be set just
above Ihe highest peak in the general noise level, and the rms
value of the noise is measured for determining the threshold
value JR. As the computer sequentially processes the sam·
pies, whenever the amplitude of the current sample X exceeds
the present threshold value IT, Ihis is marked as a possible
beginning of the event and a block of samples (NB) is taken
and stored in a buffer. The rms value Z of Ihis block is compan:d wilh JR, Ihe rms value of Ihe noise. If Z > JR, X can
be presumed to be the beginning of an evenL When Ihe rms
value exceeds JR Ihen, it proceeds by adding a step of samples (NS) at Ihe end of the block and dropping this step at the
begiMing, thus keeping Ihe number of samples in the block
constant in obtaining the current block. The rms value of this
block is again compan:d with JR. This process continues till
the computed rms value becomes less than JR to mark the end
of the event.

..

Fig. 3

For each of the sequentially identified events, a total of
eighteen event parameters were estimated. Of these eighteen,
nine are in the time domain and nine are in the frequency
domain. A computer program was developed in Fortran IV
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Event identification

5.

auster Analysis

Consider an unlabeled data set, S = ~(l),x(2).....x(N)]T of
N samples having M features each. As a geometrical
representation each vector X(I) conesponds to a point in the
M-dimensionaJ Buclidean feature space. Relative spatial
anangements of these points causing their concentration and
spanity in different regions of the imbedding space produce
clustenl. Two c:1ustersare separate if they share a low pattern
density belt (or valley) between them. We define a similarity
measure to group the points in the set; for example if we con·
sider the geometric:al model. this measure could be the distance between two points in the data seL In pattern
classification language these distance functions are called
memes. One can also use non-metric: similarity measures
such as cosine of the included angle, and can measure the
quality of the clusters obtained by defining some criterion
functions. Some of the commonly used criterion functions are
minimum variance criterion and weighted distance criterion.

.i~lD

.._---_... _... _... ---------

6. Feature Extraction

-

The first step in any pattern classification problem is
feature extraction. Feature extraction and selection can have a
variety of goals. We may be interested in finding key
features that permit either the generation or reconstruction of
original paUerns or selecting features that parsimoniously
characterize the patterns or finding features that are effective
in discriminating between classes or achievement of a combination of these goals. This is a difficult process and Ramakr·
ishna et aI. (1977), discussing pattern recognition in speech,
observe, 'No general theory is available for feature selection
problem, and cunent efforts are usually based on subjective
decision of the investigator.'

Fig. 4

FREQUENCY

Signal parameters

tion is available. So we chose a heuristic clustering procedure
developed by Wamekar (1978) for the attempted classifi-

cation.
As defined earlier in the spatial representation of sam·
pie points. clusters are essentially high pattern density subregions of relatively low density. When Ibe separating regions
do not contain any patterns, the resulting clusters are said to
be well separated or non-overlapping. However, when the
region separating the clusters also contain a few sample
points, the clusters are (partially) overlapping with one
another. The classification of such overlapping clusters is
done in the following manner.

Our present problem is one of discriminating between
pattern classes in signals in order to identify the source or
sources. Some understanding of the process or 'a priori'
knowledge linking source and signal parameters can help in
bringing some system into this subjective process. For example, consider the severity of flaw in tin or Zircaloy. Murthy
(1982) shows that the more severe the flaw the greater the
percentage of a particular type of source events. These typical source events in the signal can be discriminated by studying some of the time and spectral parameters. The study has
also shown that the gap length in Fig. 4, event duration and
the related spectral parameters could form a possible set of
features useful for estimating the flaw severity (Murthy,
1982). We will now proceed to develop this methodology in
relation to feature extraction and pattern classification when
flaws of two degrees of severity are to be discriminated.

Let us once again consider the data set
S = [X(I),x(2)••_,x(N)]T of N samples having M features each. If
XMAX(1) and XMIN(J) are the maximum and minimum
values of the J-th (1=1 to M) feature, its range is given by
R(J}

= XMAX(J} -

XMIN(J)

(I)

The J·th range R(1) is formally defined as the largest
observable difference in the projection of the sample points on
the J-th coordinate axis. Let us consider the M-dimensional
rectangular volume bounded by R( I), R(2),..., R(M). The
range space is a sub-set of the feature space. Let us presume
Ibat the samples are uniformly distributed in the range space.
Then, the M-dimensional range space will be subdivided into
N equal M-dimensional rectangular boxes (cells). Out of the
N sample points, let NO(~) be distinct points. Such points
differ in at least oile feature measurement. Similarly let
NOP(J) (:s:ND) be Ibe number of distinct values of the J·th
coordinate axis. Thus, NOP(» also represents the number of
distinct projections of aU points on J-th (1=1 to M) coordinate

7. A Clustering Procedure
The literature of cluster analysis is both voluminous
and diverse. Four basic books by Anderberg (1973), Duran
and Odell (1974), Hartigan (1975) and Bailey (1978) are
excellent monographs. covering various aspects of clustering.
Presently, we are concerned with a problem wherein no 'a
priori' information, not even the form of the sample distribu22

axis. Each side S(J) of the rectangular cell is proportional to
the range R(J) of the I·th feature, so that we may write
S(J)

~

R(J)

oc

_

A

NOP(J) or R(J) - NOP(J)

point clusters or a single large cluster of all N points. On the
other hand, if the distribution is non-unifonn. the foregoing
analysis undergoes modification and some pattern-eells must
overlap, indicating peale-valley of distribution. The peale
points can be designated as mode points around which clusters grow and it can be seen that the number of overlaps
NL(I) of a pattern cell I is approximately proponional to the
local density around the pattern. Pattem-eells near the mode
or the cluster nucleus tend to have higher number of overlaps
than those near the valley. There is a gradual decrease in
NL(I) from mode to valley, and the rate of such decrease is
proportional to the gradient of the pattern density function.
Whenever two pattern-cells (A and B, say), overlap with each
other. the (M-dimensional) overlapping volume is not always
the same. Besides the cell A may have a maximum overlap
with B, but conversely B may not have maximum overlap
with A. Hence, a quantity like 'percentage overlap' or
'weighted overlap' could be used to measure the amount of
overlap. The weighting function is 1 if two cells fully overlap and monotonically reduces to zero when there is no overlap. The weighting function used here is a triangular weighting function. The weighted number of overlaps of a patterncell I is denoted by WL(I). Smaller variations in WL(I) are
smoothed by computing an average weighted overlap AWL(I).
The AWL's are arranged in descending order and labeled.
The principle of the labeling procedure can be easily understood with the help of the flow diagram (Fig. 5). The labeling
procedure starts from the highest AWL(I) and descends down
to the saddle points as shown in Fig. 6 (two dimensional
cases). The label of the sample corresponding to maximum
overlapping cell is attached to a new incoming sample. If
none of the samples whose cells overlap with the incoming
sample are labeled, then a new label is assigned to that sample. This process assigns to each sample the label of the
nearest mode in the direction of the gradient (Fig. 7) and the
nearest mode is computed using a labeling distance.

(2)

where A is the constant of proportionality.
Total volume of the range space
cell), that is
R(1)xR(2)x...xR(M)

= (NO) x (volume per

=(ND)x[S(1)xS(2)x...xS(N)]

(3)

which using equation (2) can be expressed as

AM
NOP(1)xNDP(2)x...xNDP(M)
or SCI)

=

I

= NO

(4)

AR(I)
NOP(J)

= [NDP(I)xNDP(2)...xNDP(M)]I/M
NDliM

R(J)
NOP(J)

(5)

If all the patterns were uniformly distributed in the
range space, then their (imaginary) rectangular cells would
just touch each other, indicating a tie of N different single

ARRANGE ALL AWL(·)S IN NON·DECREASlNG
ORDER. INITIALIZE: I =1. LA=O AND LABEL(-)=O

AND ALL PATTERNS WHOSE
CELLS OVERlAP WITH THE
PATTERN CELL I

The algorithm involves the following major steps:

YES
FIND A LABELLED
PATTERN K WHOSE
WEIGHlED OVERLAP
WITH PATTERN-CELLI
IS MAXIMUM

1.

Consider the N x M data matrix X(I, 1) of 1(=1 to N)
points, each having 1 (=1 to M) features.

2.

Find the size of the M-dimensional hyper-rectangular
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Fig. 6 Well-separated and overlapping clusters with patterndensity profiles and labeling procedure.
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Pig. 7 Gradient mode clustering

pattern cell.

3.

Calculate the weighted overlap WL(I) of eacb pattern
cell (1=1 to N).

4.

Average the WL(I) over the number of overlapping
patterns to get AWL(I).

5.

Arrange AWL(I) in decreasing order.

6.

Label the samples using the labeling procedure of Fig.
S and establish the labeling rule using labeling distance.

7.

1 - - - - T2 - -....

t---- T ---eI
Fig. 8 Models for stress waves at an AE source.
flaw severity. The instrumentation parameters in this case are
bandwidth (M) = 9 kHz and center frequency (fo) = 5.s kHz.
With these system parameters, two distinct types of source
events are possible, one of which is of short duration and the
other is of long duration. Long source events would be for
more than 110 J1S. So, a source event duration longer than
110 J1S results in two events in the emission signals. Such a
pair can also result due to two closely spaced short duration
events.

(Optional) Merge relatively smaller clusters, near the
bigger clusters and relabel the samples.

8. Results
A data set of eighteen parameters sequenced with the
event occurrence was generated and the cluster analysis was
carried out on data obtained up to the first ten percent of elongation of eacb specimen. In the fonowing sections we discuss
the feature extraction and selection processes and present the
results of the attempted discrimination.

Alternatively, one can consider the classification
presented in Table I which includes the effect of computational parameters. Type I events are due to short source
events and the computed event duration in the signal will be
equal to or greater than 250 J1S. A Type IT event is due to a
long source event (> 110 J1S) for which the duration of event
in signal is equal to or greater than ISOO J1S. Type m is due
to two source events less than 110 J1S each, and two source
events will be coalesced into a single event in the signal with
a duration less than or equal to 1500 J1S. In Type IV, a long
source event (> 1250 J.1S) manifests itself as two individual
events in the signal with a gap arising from a pair of sbort,
well separated source events in the signal.

8.1 Feature Extraction

8.1.1 Tm data
As mentioned earlier, the criterion for selection of
relevant features from the estimated parameters is based on
the source model proposed by Murthy (1982) and the experience with multi-parameter analysis. He proposed a rectilinear
pulse model (Pig. 8) and studied the response of an AE system (including transducer and instrumentation) treating it as a
bandpass filter. This study has shown that a single source
pulse can result in two events depending on the values of
pulse width (1'), bandwidth (M) and center frequency (fO>.
With this information as background one can briefly discuss
the possible types of events that can exist in the tin data to
arrive at an appropriate set of features for discrimination of

Comparing the above event descriptions with the
source model of Pig. 8 one can notice certain interesting
features. In principle, one can estimate the two independent
parameters of the source (amplitude A and duration T), if the
system has infinite bandwidth. However, with finite
bandwidth the source events would faU out into two classes,
viz, the sbort « 110 J.1S) and the long (> 110 J.1S). For a short
24

Table 1 Typical Event Oassification (Tm)
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source event, one cannot estimate the two source characteristics (A and T) independently. On the other hand, a long
source event results in two events in the signal, one at the
beginning of the pulse and the second at the end so that the
gap between an event pair in the signal yields the duration of
the source event, provided one can identify the pair. Thus, for
a long source event, one can generally estimate both A and T.
We also notice that in Table I, Type m, and V are subclassifications of short duration source events. The minimum
signal event duration of 250 J1S specified for Types I, ill and
V is in fact a result of choosing a step size of five samples. It
is a computational parameter; if need be, this can be refined
down to the limit of 50 J1S. As the signal event duration
becomes closer to the short-to-Iong transition duration of
source events, (11M), Type IT merges with Type IV and Type
m with Type V, Type V at this stage being no different from
two successive source events of Type L To sum up, the system characteristics classify the events in the signal into two
types (long and short) and the computational parameters
(block size and step size) sub-classify the resulting events in
signal further to yield five types.
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In practice these five types can exist in emission data.
So we work out a methodology to identify each of these types
by considering the time and frequency domain descriptions.
We observe from Table 1 and Fig. 9(a) that by first considering the spectral description, Types IT and IV fall into the first
group and Types I, 1lI and V fall into the second group. Now
considering the gap between two events in signal, Type n can
be separated from Type IV. Similarly Type V can be

•

n ft:ll

nft:1II

Fig. 9 Approaches for event classification
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separated from Types I and m. To discriminate between
Types I and m, we can use the peak amplitude to nns ratio.

An alternative method of classification is shown in
Fig. 9(b). Here we first use peak amplitude to nns voltage
ratio to group events into two sub classes, viz., Types (I, m,
V) and (II. IV). Now, using spectral discrimination and gap
between two events, we can further classify them to obtain
each of the five types individually.
8.1.2 Zircaloy data
In principle the discussion presented above for feature
extraction of tin data applies to Zircaloy data also, by considering corresponding values for fo and M. From the details of
experimentation presented, one can see that for this set experiments the center frequency and bandwidth (instrumentation
parameters) are 550 kHz and 900 kHz, respectively.
With these instrumentation parameters, the value of
source length demarcation of short and long source events is
1.1 J.18. Source events which have durations less than 281.6 Jls
will be Type I and a pair of short source events having a gap
greater than 1250 JlS will be Type V. A pair of short source
events having a gap within 1500 J.18 will be Type m and long
source events with durations between 281.6 and 1500 J.18 will
be Type II. Finally, long source events with durations of
longer than 1250 JlS will be Type IV.

In all the above discussion, it is assumed that the
source and system have ideal characteristics. In reality it is
not true and event characteristics are prone to statistical variation. These factors result in certain fuzziness in the data. In
order to account for the non idealness we have to update the
model and also incorporate statistical considerations. These
features being built into the system of pattern classification,
this method appears to be the most suitable for analysis of AE
data.

82 Classification
Presently our primary concem is to discriminate and
estimate the percentage of certain classes of events. So, based
on the discussion presented so far, we attempt to extract
appropriate features and carry out cluster analysis on two sets
of emission data in the following.
Mechanical twinning is a major contributor to the
deformation of tin. Other processes which contribute to the
deformation of tin in addition to twinning are slip by dislocation movement and occurrence of dislocation pile-ups. Each
of these is an independent source of acoustic emission. So
the emission data obtained from tin specimens under strain is
likely to contain events emitted by some or aU these sources.
Dieter (1976) indicates that duration of twinning in tin is generally of the order of a few microseconds. Especially since
tin is a ductile material, emission due to growth of crack-like
flaws and other deformation processes can give rise to source
events of durations extending from a few microseconds to
several milliseconds. Consequently, our data for analysis is
likely to contain aU five types of events described in Table 1.

Presently, our attempt is to separate Type IV events
and estimate their percentage. So, the first step in this process
is to extract appropriate features to attempt cluster analysis.
From the resulting clusters we can identify the cluster of Type
IV events and estimate their percentage. The description
presented in Table 1 suggests that the features for this purpose
should be (i) a feature or features representing the frequency
domain information for discrimination between Types (I, m,
V) and (II. IV) and (ii) gap between events to discriminate
between Types II and IV. Thus, we select (i) the ratio of
spectral energy in the second band to the first band, (ii) the
ratio of the spectral energy in the third band to the first and
(iii) the gap between events.

DATA SET OF 18 PARAMETERS
FOR EACH EVENT UP 10
10'" ELONGATION
SElECTION a: THE THREE
PARAMETERS £EN1, EEN2, GAP
FEATURE SPACE

mil
W:!1
EEN1 'EEN1

OUTLIERS

,GAP

PATTERNS WITH
OUTLIERS REMOVED

CLASSIFICATION USING
'-- FEATURES
-..1 AND 2

I
....r----<~

III
V

TYPES 1I,lV

CLASSIFICATION USING
FEATURES 1 AND 3

TYPE 11

TYPEIY
Fig. 10 Clustering procedure
We attempt a two-stage clustering by using first and
second features in the first stage and the first and the third
features in the second stage. The flow chart giving the method
of the classification procedure is presented in Fig. 10. In the
first stage of clustering, the expected result is the classification
of the data into the two sub-classes (I, ill, V and II, IV).
There may be events which do not belong to any of the subclasses. These can be called as outliers.
To reduce the distortions in the attempted clustering,
outliers with the first and second features of value more than
1.0 are eliminated before clustering. Similarly, it is practically not possible to have events of Type IV with source
durations as large as one second. Therefore, successive

Table 2

Specimen

Plain
3.2 mm crack
6.4 mm crack

Cluster Analysis Results (Tin)
No. of events
after removal
of outliers

Type
IV
events

Percentage (%)
of Type IV
events

27

30

13

48

11
17

7

11

7

19.
28.0
38.8

No. of
events

Outliers*

57
61

18

*Outliers include Types I, II and ill events.
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Fig. 11 Variation of percentage of Type IV events with flaw
severity (Tin).
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events which have gaps of more than one second were also
considered as outliers and eliminated before clustering. The
first set of outliers does not fall into any of the five types and
hence are either spurious events or due to some source or
sources giving rise to a different type of emission waveform.
The second set of outliers is either Type I, II or ill events
occurring with a very wide gap.
Table 2 presents a comprehensive picture of the cluster
analysis results along with the percentage of events which
belong to Type IV for the three configurations. The variation
of this percentage with the flaw severity is presented graphically in Fig. 11. This is one approach.
Alternatively, we can attempt cluster analysis in a single stage by extracting a single feature representing the frequency domain information. This attempt is to achieve
discrimination by computing and comparing the slopes of
these spectra. The slope of each of the events is computed by
fitting a straight line to the spectra Oog) using the least
squares method.

Fig. 12 Variation of percentage of Type IV events with flaw
severity (Tin).

In the present approach events having zero or positive
slope in spectra will represent the first set of outliers, and
events with gaps greater than one second will represent the
second set of outliers. These are removed from clustering.
The variation of the percentage of Type IV events thus
estimated is graphically presented in Fig. 12.
8.3 Discrimination of Flaw Severity in Zircaloy Specimens

In Zircaloy specimens the physics of the phenomenon
indicates that the events which have correlation to crack
extension are of short duration. This suggests that the events
could be Type I. Since Zircaloy is comparatively less ductile,
events of Type IV may not be existing in the data. The following features are used for cluster analysis:
(i) Event Duration,
(ii) Slope of the Spectra.

In the enusslon data. event duration extended from a
minimum value of loS DIS to approximately 10 DIS. Basing
our judgement on the observation of the experimental data,
the first feature is used as a binary feature setting the limit at
2.5 DIS. Events having durations longer than this value are
considered as outliers. The second set of outliers is events
having zero or positive slope in spectra, since these do not
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Fig. 13 Variation of percentage of Type I events with flaw
severity (Zircaloy).
fall into any of the sub-classes presented in Table l. After
the removal of outliers, the sample points had reduced from
35, 116 and 121 to 18, 39 and 48, respectively for ZP 000,
'ZI:. 125 and 'ZI:. 250 specimens. The variation of the
csthnated percentage of Type I events from the cluster
analysis is presented graphically in Fig. 13.

9. Conclusions

Acoustic erilissions from materials can be used for
various nondestructive evaluation processes. We postulated
that it would be necessary to go to frequency domain analysis,
multi-parameter approach and pattern recognition concepts.
Some of our attempts in this direction are summarized in this
paper. Through this work it has been found that the data can
be clustered and that the relative density of the principal cluster is correlated to the defect severity. This result confums
the feasibility of applying pattern classification concepts for
AE signal analysis.
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Punch Stretching Process Monitoring Using Acoustic Emission Signal
Analysis-Part 1: Basic Characteristics
Steven Y. Liang and David A. Dornfeld
Abstract

depend on the properties of the sheet metal (hardness, toughness, etc.), the experimental conditions (strain rate, lubrication, etc.), nature of.AE source mechanisms (plastic deformation, fracture, rubbing, etc.) and the data acquisition instrumentations (system gain, resonance, etc.). This study used signal processing schemeS in both the time and frequency
domain to analyze AE generated during punch stretching. Our
goal here is to distinguish between different process states of
punch stretching including initial yielding, plastic deformation,
material fracture (work failure) and tool-work interface friction based upon the information contained in AE signals.

An experimental investigation on the com:lation
between the states of the punch stretching process and the signal characteristics of acoustic emission generated by the workpiece during the operation has been performed. Parameters
chosen to characterize the signal were nos voltage in the time
domain, and mean frequency, deviation of frequency, and
averaged spectral density in the frequency domain. Results
have clearly shown that these parameters have distinctive
features during punch/work engagement, initial yielding, plastic deformation, necking, and post-fracture punch-work rubbing stages of the process. Therefore, they can be effectively
used as tools for process monitoring purposes. The sensitivity
of acoustic emission signal characteristics to the work-punch
interface lubrication was also investigated.

The rms voltage of the AE signal is a measure of the
energy contained in the activities generating the acoustic
emission. The energy release rate of AE has been shown to
be a function of strain rate and the volume of material being
plastically deformed. In a sheet metal forming process, the
deformation volume and dislocation density both increase
while the dislocation mean free distance decreases during the
plastic stretching cycle (Lanchon-Magnin, et al., 1982). During crack initiation/propagation and interface rubbing cycles,
the AE source mechanisms are fundamentally different from
that of plastic deformation. Therefore, the AE energy content,
which is proportional to the square of rms voltage, exhibits
different characteristics.

1. Introduction
Punch stretching is among the most widely-used
metal-working processes today. With the increasing need of
manufacturing automation and system control, it has become
more and more important to develop a reliable sensing system
so that the various phases of the stretching process can be
monitored and the undesirable operation defects such as
punch-work misalignment and wear, work fracture, and wrinkling detected. Traditional process monitoring methodologies
utilize linear variable displacement transducer (LVDT), load
cell, or strain gage measurements (Tlusty and Andrews,
1983). However, an LVDT-based deformation measurement
is quite insensitive to crack initiationJpropagation and lubrication failure. Load and strain measurements also have limitations in detecting lubrication failure and friction conditions.

Earlier studies have demonstrated that the power spectral density for each AE burst can also characterize the soun:e
mechanism generating the signal. Rouby et al. (1977)
reported the shift of continuous emission spectra towards
higher frequencies as plastic strain is increased during a tensile test of pure aluminum. Woodward et al. (1977) found
that. in the tensile straining of zirconium specimen, the AE
signals due to twin initiation, broadening, and slip all exhibit
different frequency characteristics. The frequency characteristic of a recorded AE signal is attributed to both the "raw" signal emitted from the material and the frequency response of
the data acquisition system used. However, a further
knowledge of the transfer function of the instruments is necessary in order to retrieve the "raw" signals from the recorded
signals. In the second pan of this paper (Liang, et al., 1987),
the transfer functions of the transducer, amplifiers, filter, and
tape recorder are identified and the recorded signal is deconvolved with the inverse transfer function of each instrument.
In this study, an investigation of punch stretching based on
comparison of frequency spectra of recorded AE signals
between different generating mechanisms was performed.
Three independent parameters, namely the mean, the deviation,. and the averaged density of frequency spectrum, were
selected to characterize the frequency content of the signal.
They were found to exhibit significant differences at different
states of the operation.

Acoustic emission (AE) refers to elastic waves generated by dislocation motions, phase transformations, friction
mechanisms, or crack formation/propagation (Licht, 1977).
Observing AE generated during manufacturing process has
been found to be an effective sensing methodology in metalcutting, forming and forging, grinding, surface finishing and
welding processes (Iwata and Moriwaki, 1977; Dornfeld,
1986). Acoustic emission emitted by sheet metal during a
stretching operation arises from a rapid and localized energy
release within the material during plastic deformation and
fracture. Analysis of this signal has good potential for use as
both overall process monitoring as well as defect detecting
(Dornfeld, 1981). Characteristics of AE signals generated
Received 14 OCIObef' 1986. The autholS are affiliated with Department of
Mechanical Engineering. Univenity of California, Berlteley. CA 94720.
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Experiments were carried out with different lubrication
conditions of punch-spec:imen interface in otder to investigate
the effect of friction on AE signal characteristics.

forming operation during which essentially continuous signals
are generated. Any background noise evaluated before the
start of the operation or at the interruption of an operation in
progress does not represent the "true" noise. The machine
state and material condition, upon which the transmission of
AE signal is highly dependent, may vllI)' during the operation
thus the stationarity of the background noise cannot be
assumed. In Ibis experiment, an estimation of the noise level
was made by stopping the punch while the test-piece was
undergoing plastic deformation and measuring the noise rms
voltage at that poinL The signal to noise ratio in terms of
energy was in the range of 100 to 2000, indicating that the
noise level was negligibly low and energy subtraction was not
necessllI)'.

The signal processing approach used here is discussed
below for both time and frequency domain analysis. The
experimental technique is detailed and the results of the study
discussed.

2. Signal Processing Methodologies
2.1 Rms Voltage Analysis
The rms (root-mean-square) voltage, Vrms' of a signal
vet) is usually given as

V_(t)=

:!:

[~ v'(l~r

A commercial rms module from AET Corporation was
used to determine the rms voltages from the amplified AE signals. There is no additional gain across the rms module and
the time constant, RC, was set to 10 ms. The rms voltages
were then sampled by a digitizer (Nicolet 204 digital oscilloscope) at a rate of 500 Hz.

(1)

where Vra(t) is the rms of vet) at instant L In Ibis definition,
equal weight is given to all values of vet) occurring over the
interval from (t - TI2) to (t + TI2). In our experiments, Vra(t)
was calculated based upon an exponential weighing function
with heavier weight given to more recent signal components.
A "moving half-sided window" was imposed on the input signal and Vrms(t) was· constantly updated according to the following expression:

V_Ill =

[R~ 1v'«)

exp (-

r

t;.c< ) d<

2.2 Frequency Analysis
The representation of a signal by sums of sinusoids or
complex exponentials, commonly called a Fourier representation, is useful in AE signal analysis since it serves to
emphasize evidence of certain properties of the signal that
may be less obvious in the original signal. In order to study
spectral properties of AE signals, a representation reflecting
the time-varying properties of the AE waveform is needed. A
definition of the time-dependent Fourier transform can be
given as:

(2)

It=-

where RC is the time constant that determines the sensitivity
of Vnos(t) to newly occurring signals. Thus, choosing a
shoner time constant results in a Vrms(t) containing higher frequencies. However, for a steady state input signal, equations
(I) and (2) will provide the same results.

Vet, f)

=f v2(t)dt

(5)

b>-

where w(t-k) is a moving windowing sequence which determines the portion of input AE signal that receives emphasis at
a particular time t. A rectangular window with a finite length
was chosen in this study:

The square of rms can be shown to be representative
of the energy released since
energy

.

= L w(t-k)v(k)e-.J1k

II

wet)

(3)

=10

1St ST
elsewhere

(6)

T

Therefore, the square of VlIDS calculated from equation (2)
will be proportional to the energy contained within the most
recent signals.

Equation (5) can be interpretated in two different
ways. FlJ'St, at a particular instant, t, Vet, f) is exactly the
normal discrete Fourier transform of AE samples. Therefore
for a fixed t, vet, f) has the normal properties as a normal
Fourier transform. Second, if we fix f, we note that Vet, f)
becomes a function of the time index t and its behavior is
representative of the state of operation being monitored.

The recorded signal is composed of acoustic emission
and background noise due to instrumentation. Based on the
linearity of V~(t), the energy content of the AE signal can
be retrieved by subtracting the noise energy from the total
energy recorded. That is

V~.AE

=V~1DIaI -

V~ise

Based on equation (5), the spectral density function, or
the power spectrum, of a sequence of signal can be calculated
by

(4)

Set, f)

In this study, the background noise rms was not taken

= It=L R(t, k)e-jkf

(7)

k:>-

into account because of the following: the rms of the noise
component is not trivial to measure alone since one cannot
easily separate an AE signal from noise signal in an acwal

where R(t, k) is the short-time autocorrelation function
defined as
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n=o

R(t. k) = 1: v(n)w(t-n)v(n+k)w(t-n-k)

In our experiments, the recorded continuous AE signals were
sampled at 5 MHz. The digitizer was triggered on the input
slope at random instances. Each sampled data set contained
2048 points and the window length in (6) was thus 409.6 )!S.
The data were transferred to a computer where fast Fourier
transfonn calculations were perfonned. The frequency range
over which ftt), a(t), and Set) were calculated was 0 - 1 MHz.
Details of the experimental apparatus used ue given beloW.

(8)

---

In order to quantitatively characterize the frequency
spectrum as a function of time. the mean. the standard deviation. and average density of the spectrum ue selected as
parameters and computed at different operation states. A
"mean frequency" is defined as
i=N

3. Experimental Set-up

1:flS(t, fi )
f(t)

= ~~

(9)

Experiments were conducted using aluminum 1100-0
specimens in, the shape of round discs. Table I shows the
physical dimensions and mechanical properties of the specimens.

1:S(t, f l)
i=1

and represents the frequency that divides the spectral density
function into two portions of equal area. Furthennore. the
standard deviation of the frequency spectrum with respect to
this mean frequency can be given as:

i:(f
[

l -

a(t)

=

f(t»2S(t, f j )

The experimental set-up of punch stretching is shown
in Fig. 1. In this study, a flat sheet-metal blank was fonned
into a cylindrical shape by a moving punch which pressed the
sheet-metal into a die cavity. A high blank holder force was
applied so that sliding between the die and specimen was
prevented and a pure stretching condition was guaranteed. In
this case, flange wrinkling due to high hoop stresses was
suppressed. The press was driven by a hydraulic pump with
an adjustable feed rate. A load cell mounted on the punch
measured the total force applied on the specimen and an
L VDT was attached to the back center of the specimen to
measure its maximum deformation during the stretching
operation. In typical industrial stretching operations, the process is halted before work failure. The tests here included
features after the fracture of the workpiece.

]112
(10)

..::;i=;.:.I--:-i=":":N----

1:S(t, f j )
i=1

which is an indication of the frequency spread in a signal. A
third parameter, "averaged spectral density," S(t), can be
defined as the average of spectral density function over the
frequency range of interest That is:
S(t)

1

i=N

+

1=1

=-N1 1:S(t, f l )

(11)

Force versus defonnation curves were determined from
simultaneous recordings of LVDT and the load cell informa-
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Fig. 2 Load-displacement curve for AI 11()()"() under punch
stretching.

Fig. 1 Experimental set-up

Table 1 Mechanical properties and dimensions
of the of the specimen

Specimen

Al 1100-0

%
Elongation

2S

(MFa)

Blank
Diameter
in.
(em)

Blank
Thickness
in.
(em)

3500
(24.1)

5
(12.7)

0.05
(0.127)

Ultimate
Strength
psi

Yield
Strength
psi

(MPa)
11000

(75.8)
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tions. Figure 2 shows the force-displacement diagram for a
typical AI 1100-0 specimen under a punching rate of 15.8
mmJsec. It was observed by inteJTUpting the stretching process and examining the specimen. that cracks began to
nucleate on the bottom of the cup while the maximum deformation of the specimen was 13 rnm. This number coincides
with the blank deformation at maximum punch load as shown
in Fig. 2.
A piezoelectric acoustic emission transducer was positioned in contact with the sheet-metal to convert the elastic
waves transmitted through the metal during deformation into
electrical voltages. The transducer has a broadband frequency
response from 110 kHz to 910 kHz and a peak sensitivity of
51 dB (re. 1 V/(mls» around 160 kHz.

",

Figure 3 shows the data acquisition and analysis used
in this study. Acoustic emission signals from the transducer
passed through a cascade of a preamplifier. a filter. and a
main amplifier. The cascaded system provided an overall
gain of 70 dB and a low cut-off frequency at SO kHz. The
amplified AE signals were then recorded by a video tape
recorder through its video channel. LVDT or load cell signals
were modulated and fed into the audio channel of the tape
recorder. In this way. the AE signal and the specimen
deformationlload can be simultaneously recorded.

.25

.ft

.75
I
llUClllHAttoH RATtO

SIGNAL
MODULATOR

1.5

l.75

Fig. 4 Rms voltage of AE during punch stretching process.
Deformation ratio is defined as the displacement of the punch
tip at any instant normalized by the displacement at the tip
when the workpiece fractures.

4. Results
4.1 Rms Voltage Analysis
Figure 4 shows the nus voltage versus workpiece
deformation for a stretching operation at a punch speed of
15.8 mrnIsec using an AI 11()()'() specimen. A "deformation
ratio." r. is defined as:
dL
r=-

LVDT
LOAD CELL-~

l.2S

dLe

(12)

where dL is the displacement of the punch tip at any instance.

and

dI...r is the displacement at the point when the material

fractures.

AE
TRANSDUCER

The nus voltage curve shows a major peak at a deformation ratio of approximately 0.32. By observation. the curve
can be divided into three stages:
Stage 1: Initial contact and workpiece deformation (r=
0-0.32): an rms voltage spike is seen at the beginning of
operation due to the impact on the workpiece by the punch.
Following the impact, the rms voltage increases rather rapidly
until a deformation ratio of 0.08. Then. the nus voltage
increases at a much lower rate to a ratio of 0.32.
Stage 2: Subsequent deformation and fracture
(1'=0.32-1): Over this period of stretching. the nus voltage
decreases almost linearly with increasing strain until the specimen fractures. However. several minor spikes on top of the
main curve were observed.
Stage 3: Post-fracture (r>l): the nus voltage maintains a constant level through the remainder of the experiment This constant level was about 10 times higher than the
level of noise occurring before the stretching operation.

Fig. 3 Data acquisition and analysis schematic.

During uniaxial stretching of polycrystalline metals.
those with fcc structure are characterized by a single peak in
the acoustic emission near the yield of the material. In the
case of inhomogeneous deformation. the portion of rms voltage curve after the main yielding peak shows a serrated
Portevin-LeChatelier effect which results from repeated locking and unlocking of dislocations by solute atoms during

deformation (Carpenter and Heiple. 1978). This case was
categoried by Eisenblaeuer as the Type 3 AE DDS characteristics found during the UJUIXial deformation of polycrystalline
metals (Eisenblaetter, 1980). In this study of punch stretching
operations, DDS voltages of AE generated over the period
from initial deformation to final specimen ftacture followed a
pattern similar to that in uniaxial tenSion tests. However, during the plastic deformation stage, the specimen flows over the
punch surface and introduces interface friction. Therefore, the
AE signal detected before specimen ftacture is a combination
of the AE due to this interface friction and the AE due to
dislocation motion.

3.

When interface lubrication was applied. rms voltage
was reduced by 10-209(, before workpiece fracture.
No significant different in the rms reduction after
workpiece fracture was noticed.

4.

With lubrication, rms voltage varied slightly over the
plastic deformation range. and the rms peak at r=O.32
is less pronounced due to reduced punch/workpiece
friction.

4.2 Frequency Analysis
Figure 6 shows a spectrogram of the AE signals generated during a stretching operation. Short-time Fourier
transforms were computed at IS intervals non-uniformly distributed in time. The trend of changes in spectral characteristics with deformation ratio is clearly evident The averaged
spectral density, mean frequency, and standard deviation of
frequency are plotted with respect to deformation ratio, as
shown in Figs. 7 to 9, in order to quantitatively describe the
entire utterance of the signal spectrum.

Once the specimen fracture, its stretched portion
separates into 3 or 4 portions which then rub against the moving punch. Interface friction caused by this J1Ibbing action is
the only possible AE source at this stage of operation. However, this friction effect was relatively small compared to the
friction created during the plastic deformation stage.
In order to investigate the effect of friction on AE generated during the plastic deformation stage as well as postfracture rubbing stage. the AE due to dislocation motion and
that due to friction have to be decoupled. This decoupling
was implemented by applying a lubricant, Johnson-brand
paste wax, on both surfaces of the workpiece and punch. Figure 5 shows the same experiment as that seen in Fig. 4 done
with interface lubrication. The DDS voltage curve can again
be divided into three stages: stage one in which DDS voltage
increased until deformation ratio reached 0.32, stage two in
which serrated rms voltage decreased until deformation ratio
reached I, and stage three in which rms voltage maintained at
a constant level.

Following the definition given by equation (11), the
averaged spectral density is proportional to the amount of
energy contained within the frequency band from f 1 to (N' If
the frequency band is chosen to be sufficiently wide such that
the frequency components outside the band are negligible. the
averaged spectral density plotted against time (deformation
ratio) should yield the same information as a plot of rms voltage versus time would. This speculation is verified by comparing Fig. 7 with Fig. 4. Several main characteristics in Fig.
4 are also observed in Fig. 7 including:
1.75 - -
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By comparing Figs. 4 and S. we notice the following:

I

1.

!

1.5

The initial rms voltage spike at r=O.02 was not
observed when the interface was lubricated. This can
be easily explained by the fact that the impact of the
punch contact on the workpiece was absorbed or
minimized by the interfaced lubrication layer.

l

I
1.25

I

i
1

2.

;

When the interface was lubricated, the overall rms voltage level was lower than that in the non-lubricated
case. This was primarily a result of the elimination of
resistive friction generated AB.
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Fig. 6 Spectrogram of AE signal during punch stretching process.

Fig. 5 Rms voltage of AB during punch stretching
process.

33

1.

An energy spike is seen at the beginning of the operation due to the punch contact on the workpiece.

2.

A maximum of AE energy occwred at a deformation
ratio of 0.32.

3.

AE energy decreased linearly with increasing strain
until the workpiece fractured. However, a much
higher AE energy is seen at a deformation ratio around
0.8. This high energy-containing event is likely to be
associated with inhomogeneous plastic deformation.

4.

After fracture of the workpiece, AE energy remained
at a low level.

"specific frequencies" is not clear, and if these frequencies are
noise-dominated, analysis based on this representation could
be misleading. In Fig. 8, it is readily observed that plastic
deformation, which is in the range between 1'=0.32 and I, can
be characterized by an increasing mean frequency and a constant frequency deviation with increasing strain. This suggests
that as the degree of plastic deformation increases, the power
spectrum maintains its relative magnitude between each frequency component, while all the components shift towards the
high end.
Figure 10 shows the averaged spectral density plotted
with respect to deformation ratio when paste wax was applied
to the die-workpiece interface. It bas a similar appearance to
Fig. S.

AE due to the initial impact on the workpiece is
characterized by a low mean frequency, a low standard deviation, and a high energy content. However, there exists a
correlation between the former two and the latter because of
the inftuence of noise. Considering two sets of AE signals
having identical mean and standard deviation frequencies but
with different energy contents, if noise is added to the AE
signals, the signal with lower energy will be affected by noise
to a greater degree than the higher energy signal. Therefore,
the signal with a lower signal to noise ratio would exhibit frequency characteristics closer to those of a pure noise. An
estimation of noise signal characteristics in the middle of the
process showed that the noise spectrum had a mean frequency
of 619 kHz and a frequency standard deviation of 342 kHz.
Since the energy contained in impact-inlroduced-AE was high
with a large signal to noise ratio, the AE signal was less
affected by the wideband noise signal. As a result, the
detected signal shows lower mean and standard deviation of
frequency.
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Fig. 8 Mean frequencies of AE at various deformation ratios.
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Rouby et aI. (1977) have argued that, as the plastic
strain is increased, the gliding time for dislocation motion
decreases since its mean free path is shortened. Consequently, the spectrum of the emitted wave is shifted towards
higher frequencies as deformation proceeds. Plotting spectrum power at specific frequencies with respect to strain, as
given in Rouby, et aI. (1977), is one method of illustrating
this feature of frequency shifting, since the maximum of the
spectrum power curve at a higher frequency takes place at a
higher strain. However, the guideline of choosing the
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Fig. 9 Standard deviations of frequency of AE at various
deformation ratios.
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Fig. 7 Mean spectral density of AE at various deformation
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The characterization of friction-caused AE by low
mean frequencies further explains the phenomena that, with
the elimination of interface friction, AE signals exhibit a
higher frequency content when the specimen is plastically
deformed. Also, a larger frequency shift can be seen during
the transition of the AE source from plastic deformation to
interface friction.
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Rms voltage and frequency analysis techniques have
been applied to determine the state of punch stretching
processes for both lubricated and unlubricated aluminum
specimens. In the rms voltage analysis, it is observed that

Fig. 11 Mean frequency of AE. Punch-work interface is
lubricated.
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I.

the impact on the workpiece by the punch is characterized by an spike in the rms voltage curve;

2.

yielding of the workpiece results in a global rms
energy maximum;

3.

the plastic deformation process is associated with a
continuous decrease in rrns voltage; and

4.

the rubbing action after the specimen has fractured
generates AE with a low rrns energy level.
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Fig. 12 Standard deviations of frequency of AE.
work interface is lubricated.

In the frequency domain signal analysis, the mean frequency, standard deviation of frequency, and averaged spectral density were calculated for each short-time Fourier
transform of AE burst. The analysis showed that:

Punch-

Figures II and 12 show the mean and the standard
deviation of frequency in the case of punch stretching in
which the interface has been lubricated. Plastic deformation
is characterized by an increasing mean frequency and a constant frequency deviation with increasing strain as expected.
Furthermore, by comparing Fig. II with Fig. 8. higher mean
frequencies are observed in Fig. II over the plastic deformation range. This indicates that the existence of interface friction lowers the frequency content of AE signal as the specimen undergoes plastic deformation.
The AE signal generated by interface friction after the
workpiece has fractured is associated with a low mean frequency around 35 kHz as shown in Figs. 8 and II. As the
AE source mechanism shifts from plastic deformation to rubbing friction at fracture, a dramatic down-shift of mean frequency is observed in both cases with and without interfacial
lubrication. The amount of frequency shift, M. is calculated
by:

1
M=1;
fj
N I p1llsllc c1eformallon

1
1; G
N2 rubbiJl& period

--

a.

the initial impact is characterized by a high spectral
power, a low mean frequency, and a low frequency
deviation,

b.

over the plastic deformation period (r from 0.32 to I),
the spectral density decreases, mean frequency
increases, and frequency deviation remains at a constant level with increasing strain.

c.

the post-fracture rubbing period (r > 1) is associated
with a low spectral density and a low frequency deviation, and

d.

the AE power spectrum exhibits a significant amount
of frequency shift during the transition of source
mechanism from impact to plastic deformation and
also from plastic deformation to interface friction.
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where N I is the number of samples during plastic deformation
stage and N is the number of samples over rubbing period.
2
Results showed that the frequency shift in the former case
(uRtubricated) was 130 kHz, while that in the latter case
(lubricated) was 160 kHz. These numbers were calculated
based upon data from five repeated experiments for each case.
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Punch Stretching Process Monitoring Using Acoustic Emission Signal
Analysis - Part 2: Application of Frequency Domain Deconvolution
Steven Y. Liang, David A. Dornfeld and Jackson A. Nickerson
Abstract

The coloring effect on the acoustic emission signal due
to the frequency response of the data acquisition/processing
instrumentation may bias the interpretation of AE signal
characteristics. In this paper, a frequency domain deconvolution technique, which involves the identification of the instrumentation transfer functions and multiplication of the AE signal spectrum by the inverse of these system functions, has
been carried ouL In this way, the change in AE signal
characteristics can be better intetpreted as the result of the
change in only the states of the process. Punch stretching
process was used as an example to demonstrate the application of the technique. Results showed that, through the
deconvolution, the frequency characteristics of AE signals
generated during the stretching became more distinctive and
can be more effectively used as tools for process monitoring.

1. Introduction
Acoustic emission (AE) propagating through the structure in the form of elastic waves can be detected at material
boundaries. The detected signal then passes through the
transducer, filters, amplifiers, and the recorder. A signal
acquired this way is strongly influenced by the propagation
media, transducer response, and the data-acquisition system
characteristics, as shown in Fig. 1. Therefore, its behavior
may be quite different from that of the original AE source
signal. If these factors are not taken into consideration, the
interpretation of recorded AE signals is difficult and often
misleading. This can make the application of AE to material
characterization, AE source identification, and source locating
quite challenging. In Part I of this paper (Liang and Dornfeld, 1987), an experimental study on the correlation between
signal characteristics of AE generated by the workpiece during punch stretching operation and the states of the process
has been performed. Results have shown that the spectral
density functions of AE signal have different features during
work/punch contact, initial yielding, plastic deformation,
localized n~king, and post-fracture work/punch rubbing
stages. The work in this paper is to further apply a frequency
domain ~onvolution scheme to the recorded signal so that
the states of the stretching process can be more precisely
represented by the AE signal generated.
Received 14 October 1986. S. Y. Uang and D. A. Dornfeld are affiliated
with Dcparunenl of Mechanical Engineering, University of California.
Berkeley, CA 94720. J. A. Nickerson is affiliated with Jet Propulsion
Laboratory, MS 1411201,4800 Oakgrove Drive, Pasadena. CA 91214.

Jouroal or A<:ouslic Emission
Volume 6, Number I

If the linearity of the structure and data-acquisition
system is assumed. the detected AE signal can be modeled as
a convolution product of the source signal, the dynamic
Green's function of the structure, and the impulse response of
the transducer and the instrumentation. That is
v(t)= J

77

s('tl)

g(~) r('t)~) h(t-t3)d'tld~d't)

(I)

where vet) is the recOIded signal, set) is the AE source function, get) is the dynamic Green's function of the structure, r(t)
is the impulse response of the transducer and h(t) is the
impulse response of the data-acquisition set-up, which consists
of amplifiers, filters and a recorder.
Deconvolution is required to help deduce the AE

source function from the recorded signals. In other words,
one can calculate set) from vet) if sufficient information about
get), r(t), and h(t) are known. Deconvolution can be accomplished in either the time domain or the frequency domain.
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function of the material and the characteristics of the recotding system be time-invariant In manufacturing operations,
which
involve
material
removaVdeformation,
tool
wear/fracture, or relative position change between tool and
workpiece, the type of AE source and the geometry of structure will often be different at different states of the process.
As a result, the Green's functions will vary with time thus
rendering the structure function determination impossible.

Several possible methods for implementing a time
domain deconvolution have been reported. One of them is to
simulate equation (1) by a finite order of summation so that
set) can be determined with desired precision (Fao, 1978). An
alternative is to model each system component as a digital

filter (Honig and Messerschmitt, 1984; Wu, 1977). For example, an autoregressive moving average (ARMA) model can be
given by the difference equation:
vet)

. I

j=m

.J=O

.i=1

=fbj s(t-j)- ~llj v(t-j)

In this paper, the AE generated during the punch
stretching operation of sheet metals is investigated. The
structure function is time-variant since the process involves
plastic deformation and fracture, as outlined in Part 1 (Liang
and Dornfeld, 1987). Frequency analyses were then implemented based on the deconvolved signal to determine the
states of process, namely the punch contact, initial yielding,
plastic defonnation and fracture of specimen, and the rubbing
between the punch and the fractured specimen. The deconvolution technique was also applied to AE data collected during
experiments with different lubrication conditions in order to
investigate the effect of friction on AE signals.

(2)

where 1 and m are the orders of the filter, and bj and llj are
coefficients selected based on knowledge of g(t), r(t), and h(t).
Then, a deconvolution filter can be constructed in such a way
that the poles and zeros of the ARMA model are canceled by
the zeros and poles of the deconvolution filter, respectively.
That is:
set)

=-1

bl

j=m-I

~

j=O

.

j=1-1

•

.i=1

•

8j+1 v(t-J)- ~ bj+1 s(t-J)

(3)

Since a convolution product in the time domain
corresponds to a multiplication in the frequency domain, frequency domain deconvolution can be carried out by dividing
the power spectrum of the input signal by the power spectrum
of the system, which includes the propagation structure and
instrumentation. This technique can be easily implemented
once the transfer function of the systems have been identified.
Another advantage of using frequency domain deconvolution
is that the power spectrum of the AE source signal can be
directly put to use when frequency analysis of the signal is
desired.

2. Frequency Domain Deconvolution Tbeories
In the Fourier transform of equation (I), the right-hand
side of the equation can be expressed as the product of the
Fourier Transforms of the functions taken separately. That is

F[v(t)]=S(m)G(m)R(m)H(m)

(4)

where S(m), G(m), R(m), and H(m) represent the Fourier
transforms of s(t), g(t), r(t), and h(t), respectively.
A system such as that illustrated in Fig. 2 can be used
to determine the transfer function of the transducer. This
technique involves the use of a voltage input to excite the
transducer being calibrated. The details of this procedure are
described in Section 3.2. If the output signals, YI(t) and Y2(t)
are measured, R(m) can be obtained by dividing F[YI(t)] by
F[Y2(t)]. In other words the power spectrum of ret) can be
given as

From the above discussions, it is seen that the deconvolution schemes can be accomplished only when sufficient
information on both the Green's function of the specimen and
the impulse response of the instrumentation are known.
Green's functions have been analytically calculated for several
ideal structural geometries such as half spaces and infinite flat
plates (Pao and Gajewski, 1977; Ceranoglu and Pao, 1981)
and several experimental methodologies to detennine the
structure function have been reported Hsu et aI. (1977) used
a capacitive transducer to measure the surface displacement
on a plate created by an AE source located at the epicenter
position on the back of the plate. The experimental results
showed that a Green's function solution theoretically derived
for an infinite plate is applicable to a finite plate for a finite
period. Therefore, the input function with an unknown shape
can be numerically computed through deconvolution of the
recorded signal with the theoretical Green's function. However. the frequency coloring effects due to the instrumentation
were not taken into consideration. Michaels et al. (1981) considered an artificial AE source created by breaking a glass
capillary to be an ideal step function and, by convolving this
given source signal with the inverse function of the recorded
signal, both the dynamic Green's function and the recording
system transfer function were identified. These functions
could then be utilized to calculate an unknown source signal
through deconvolution schemes. However, the major constraint under which this method is valid is that the Green's

(5)

In order to identify the transfer function of the instrumentation, F[h(t)], we consider the simple block diagram in

..

RCw)

HCw)

-..,.

HCw)

~

Fig. 2 System used to identify the transfer function of the
transducer, R(m).
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Fig. 3
block.

I

Signal passing through a linear instrumentation

-I

Fig. 3. If a sinusoidal signal with a constant amplitude, A,
and a constant frequency, 000 , is used as the input:
Xa(t, COo)

=AtimJ.

(6)
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output y(t) can be shown to be a sinusoidal signal also:
yo(t,ooJ

=A IH(COo>lti<1llo1 + 8(H(co,,»))

Fig. 4

(7)
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Dividing (7) by (6) gives
yo(t,ooJ
Xa(t,ooJ

IH(COo) 1ei'(H(co,,»)

Frequency response of the driving transducer.

1&.

(8)

Therefore, the gain of the instrumentation at frequency 000 is
IH(m ) I
o

= IYo(t,ooJ I

(9)

IXa(t,coJl

which is a function of COo only, since the amplitudes of both
yo(t) and Xa(t) do not vary with time. This equation sbows
that the power spectrum of the data-acquisition system can be
calculated by applying a wide range of input frequencies, ooo's
to excite the system and evaluating the input-output
amplification ratio at each 000" It should be noticed that the
phase shift caused by the system transfer function does not
playa role in the calculation of IH(ooo)l.

D.2

Fig. 5

II.'

1.11

Frequency response of the transducer in service.

with a cut-off frequency at 50 kHz, a main amplifier with a
gain of 30 dB, and a tape recorder. The recorder signal were
then digitized at 5 MHz and their time varying discrete
Fourier transforms (OFT's) were calculated. More detailed
descriptions of the experimental set-up were given in Pan 1 of
this paper.

=

IXa(t,oo) I
F[yl(t)] Iyo(t,oo) I

II.'

FRE~ (~)

Combining equations (4), (5), and (9) gives:
15(00)0(00) I
IFlv(OlllR(CD)I- 1IH(Q) 1-1

= IFlv(t» 1F[y2(t»

'.4

(10)

3.2 Transducer Calibration
A transducer is a mechanical-electrical converter. To
calibrate a transducer, it is necessary to use another standard
converter whose mechanical-electrical interfacing characteristics are already wen understood. In this study, an AET FC500
transducer with a nearly flat frequency response over the
range 100 kHz to 1 MHz. as shown in Fig. 4, was used as a
standard transducer. It was driven by a random function generator, whose output corresponded to the 'x(t)' in Fig. 2. This
broadband transducer was attached, face-to-face, to the transducer to be calibrated and worked as a pulsing transducer
which inputs signals to the uncharacterized transducer. The
face-to-face transducer calibration may, in fact, contribute
some error into the derived calibration. However, this is not
expected to be significant in this application. The power
spectrum IR(oo) I calculated according to equation (5) is actually the power spectrum of the transducer multiplied by the
constant gain of the pulsing transducer. In the spectral
analysis following the frequency domain deconvolution, the

The power spectrum of the signal measured at material
boundaries, 15(00)0(00)1, can thus be calculated since all the
terms on the right-hand side of equation (10) can be experimentally measured The next section discusses the measure·
ment of these values.

3. Experimental Proceclures
3.1 Punch Stretching Set-up
Experiments were run on AI 1100-0 sheets in a typical
punch stretching set-up as shown in Fig. 1 of Part 1 of this
paper (Liang and Dornfeld, 1987). Displacement and thrust
force of the punch were measured by an LVDT and a loadcell, respectively. A piezoelectric AE transducer was attached
to the specimen surface. The detected AE signal was passed
through a preamplifier with a gain of 40 dB, a high-pass filter
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3.3 Instrumentation Calibration
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Fig. 6

1.2
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A function generator which outputs well characterized
sinusoidal signals with an adjustable frequency was used to
excite each instrumentation component separately. Frequency
responses were then calculated according to equation (9). The
preamplifier characteristics were identified as shown in Fig. 6.
The system amplification ratios at discrete frequencies were
then fitted by a minimax polynomial curve. Points below 50
kHz were not fitted onto the curve so that signals at low frequency end will not be amplified through mathematical deconvolution. Figure 7 is the frequency response for the main
amplifier. Figure 8 shows the frequency response of the tape
recorder, and it was determined by using sinusoid signals as
inputs and the tape playback as outputs. All these instrument
components show a tendency to attenuate signals of higher
frequencies.
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changes in spectral fcatmes with respect to the change of pr0cess state were studied. The constant gain of the pulsing
transducer does not affect the analysis and was therefore not
taken into account when deconvolution was implemented.
The calculated IR(Q»I is shoWD in Fig. 5.
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4. Results and Discussion
Deconvolutions were implemented according to equation (10) and using the OFT of sampled bunts at various
instances during the punch stletcbing operation as F(v(t)].
The deconvolved OFf represents the power spectrum of the
AE signal detected at the material surface. The inverse OFT
was not carried out since only the spectral characteristics of
the signal were of interest. The mean frequency. the standaJd
deviation of ftequency, and averaged spectral density (Liang
and Dornfeld, 1987). were calculated over the ftequency range
o to 1 MHz for each burst. Results are shown in Figs. 9 to
11 for the cascs in which no lubrication was applied on the
punch/workpiece interface. In these figures, data collected in
two tests with identical experimental parameters are plotted
together to demonstrate the reproducibility of the test.
Several spectral characteristics are observed to vary
with time. The mean frequency increases with increasing
deformation ratio over the plastic deformation cycle, as shown
by the straight line in Fig. 9, where deformation ratio, r, is
defined as the specimen defonnation at any instance normalized by the amount of specimen deformation at fracture. Subsequently, the mean frequency shifts to a lower value after
workpiece fracture. The standard deviation of the frequency
showed a dramatic increase when the workpiece fractured.
Averaged spectral density has a high value at the beginning of
the test, increases during deformation from 1'=0 to 1"=0.32 and
decreases from r=O.32 to r= 1. In Part I of this paper (Liang
and Dornfeld, 1987), data from the same experiments were
analyzed without applying deconvolution. A comparison of
the previous results from Part 1 with the present ones shows
the following:

a.

Signals after deconvolution exhibit a higher mean frequency. This is due to the fact that the data acquisition system tends to amplify signals with lower frequency contents, as discussed in Section 3.3. The
deconvolution scheme therefore puts a heavier weight
on the signals with higher frequency components.

b.

In Fig. 9, a first-order regression line is used to
approximate the mean frequencies over the plastic
deformation period (r=0.32 to r= I) for five repeated
experiments. The regression line has a slope of 162
kHz per unit deformation ratio, while the regression
line approximating the data without deconvolution
(Fig. 8, Part 1) has a slope of 74 kHzIdeformation
ratio. This indicates that the frequency up-shift during
the plastic deformation cycle of the specimen becomes
more apparent with the deconvolved data.

c.

d.

The frequency deviation of deconvolved signals is
higher than that of the recorded signals. This is
because the coloring effect of the instrumentation is
removed by the deconvolution scheme so that' the free
quency spread feature of the original signals becomes
much more obvious.

e.

The deconvolved signals show a sudden increase in
frequency deviation while AE source mechanisms
change from plastic deformation to interface rubbing.
This spectral feature can also be used as a tool for precess monitoring purposes. However, this feature is
usually hidden by the transfer function of the instrumentation and cannot be easily detected if deconvolution is not applied to the data.

f.

Averaged spectral density, which is a representation of
the energy contained within the signal, basically provides the same information on the state of process
whether or not deconvolution is applied.

The case in which the specimenfpunch interface is
lubricated was also studied. Spectral analysis results are
shown in Figs. 12 to 14. The observation remarks a to f dis·
cussed above were all valid for this condition as well.
Namely, the deconvolution gives the signal a higher mean frequency, a higher standard deviation of frequency, a greater
mean frequency up-shift when the specimen was plastically
deformed, a greater mean frequency down-shift and a greater
increase in standard deviation of frequency when the AE
source mechanism changed from dislocation motion to rubbing.
F~ermore, the AE signal due to interface rubbing is
charactenzed by a low mean frequency and a high standard
deviation of frequency as would be expected from the results
of Part 1 (Liang and Dornfeld, 1987). The averaged spectral
density program is qualitatively the same for signals with and
without deconvolution.

S. Conclusions
Frequency domain deconvolution has been carried out
to minimize the coloring effect due to instrumentation so that
the raw AE signals detected at material surface can be
recovered from recorded signals. The technique involved
identifying the system transfer function of the AE transducer
amplifiers, and data recorder, and dividing the power spectru~
of the recorded signal by the frequency response of these
components. The punch stletehing operation with aluminum
sheet workpiece was used as an example to demonstrate the
usefulness of the deconvolution technique in terms of process
monitoring based on AE signals. Results showed that the
deconvolved signals had different frequency characteristics at
different states of the process:

As the AE source mechanism changes from plastic
deformation to specimen/punch rubbing, a dramatic
mean frequency down-shift is observed in the case
either with or without deconvolution applied. However, quantifying the frequency shift according to
equation (13) in Part I, the frequency down-shift
increases from 130 to 170 kHz when deconvolved data
is used. This illustrates the role of deconvolution in
distinguishing between AE signals from different

1.

41

AE due to punch/specimen contact has a very high
energy content, a low mean frequency, and a low

frequency deviation.
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Modeling Concrete Damage by Acoustic Emission

J.M. Berthelot and J.L. Robert
Abstract
gress in fracture monitoring techniques calls for information
on the mechanisms occurring in the volume. Acoustic emission is found to be a process capable of yielding such information. Although acoustic emission is widely used in the
study of metal structures, composite structures, etc., it is to be
noted that this technique has not been extensively applied to
concrete (Nielsen and Griffin, 1977; Tanigawa, et al., 1981;
Nadeau et al., 1981; Mindess. 1982; Ohtsu, 1982; Izumi et aI.,
1983). In the past few years, the Laboratoire Central des
Ponts et Chaussc!es (LCPC. The French Bridge and Road
Research Laboratories) has been conducting research along
these lines. Acoustic emission has been used in various tests.
the purpose of which was to produce numerical models of the
behavior of specimens (Legendre, 1984; Mazars. 1984; Rossi
et at, 1984). The objective assigned to acoustic emission was
to derive information on the development of damage within
specimens during these tests.

Acoustic emission has been used to monitor concrete
damage within various spedmens. Four acoustic emission
transducers are used to locate the fracture mechanisms. Histograms of the amplitude. duration and number of events are
also obtained from one of the transducers, following
parametric filtering.
The homogenized mechanical behavior of a representative volume of concrete shows three stages. which can be
characterized by a damage coefficient. The amplitude filtering
allows estimation of the distribution of concrete damage and
its monitoring during a mechanical test
The damage is progressive along the "crack." The
front of the actual crack is preceded by a microcracking zone.
The crack front is characterized by the front of the "first propagation processes" and this macrocracking zone extends
quite far behind. Finally, in the rear there is a zone which
may be considered as an open crack.

2. Experimental Procedure
2.1 Types of Specimens Used

1. Introduction
The tests were conducted on DCB (double cantilever
beam), CLWL (crack line wedge loading) and CT (compact
tension) specimens of large dimensions (about 1 to 3 meters
depending on the test), involving about 20 cyclic loadings and
unloadings or monotonic tests. The analysis of all these tests
led to similar results.

From the mechanical viewpoint. the degradation of a
structure results from the development of damage located in
high streSs zones. Analysis of the degradation phenomena
consequently calls for thorough knowledge of this local damage and of its development as a function of applied load.
Although concrete is used currently in structures, the damage
mechanisms are still poorly understood and consequently
poorly controlled. This obviously constitutes an obstacle to
the development of numerical methods for analyzing and
optimizing concrete structures. This lack of knowledge and
the diffiCUlty of understanding the damage mechanism is a
consequence of the heterogeneity of concrete, in which the
local influence of aggregates (different sizes, forms, etc.) often
predominates to the detriment of a homogenized behavior. In
general, the mechanical properties of concrete are affected by
the proportions of the constituents, the nature of aggregates,
setting conditions, ageing, etc.

A more thorough study of acoustic emission has been
carried out recently in the case of CT specimens of smaller
dimensions. For this reason. the present paper is focused on
this type of specimen. describing a particular tesl. This test is
representative of all the tests conducted.

2.2 Compact Tension (CT) Specimens

It should also be mentioned that methods for the
experimental investigation of damage mechanisms are limited.
For example optical methods and strain gauges afford only
overall evaluations at the surface of the structure. Any pro-

The form and dimensions of CT specimens are shown
in Fig. 1. Notch geometry and radius of curvature were
chosen so as to locate the deformation at the notch root while
maintaining fairly slow development of damage processes.
The concrete used was generally a structural concrete containing (by weight) 45% of 4/12 mm aggregates, 30% of 0/5 mm
sand, 15% of cement and 9% of water. After moulding. specimens were set in a humid atmosphere for 6 to 7 days.
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de Mkanlquo des MaWiaUll. Universi~ du Maine, B.P. ~3S. 72017. Le
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et Chaus• • Cenue de NanteS, B.P. 19. 44340. Bou8Uenals, PRANCE.

The mechanical tests were conducted at a notch root
opening displacement rate of 5 J.UI1Imin produced by a servocontrolled cylinder. The load-displacement curves were
recorded during the tests.
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In the present study, the primary aim was to evaluate
the dimensions of the cracked zone during the tesl With this
initial objective of locating the damage. four acoustic emission transducers (Dunegan 59204; resonant frequency of 80
kHz) were used. These transducers were placed on one side
of the specimen, in a square array (Fig. I). A phenylsalicylate adhesive was used as couplanL The detected signals were then amplified with a total gain of 80 to 100 dB in
a frequency band from SO kHz to 2 MHz. To overcome the
background noise, the signal detection threshold was set at a
value of about 1 V (value after amplification, adjusted before
every test).

t

I

4

In the work conducted on concrete, a single transducer
was generally used. The AE signals were analyzed in order
to derive characteristic parameters for the development of
overall specimen damage.

1tor.~

The acoustic emission signals were transmitted to an
electronic analysis system designed by our laboratory which
makes it possible to acquire the following parameters for each
event:

A.E. transducers

Fig. I Compact tension (CT) test sample. (All dimensions in
centimeters).

i.

the time of event,
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Fig. 2 Test curve showing load vs. crack opening displacemenl
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time

ii.

the value of the load applied to the test specimen at
this time,

iii.

the differences in the times of arrival at the four transducers of the signals coming from the same event,

iv.

the characteristics of signals delivered by the transducer I (Fig. I); i.e., event amplitude and duration.

Location accuracy is checked using a breaking pencil lead.
The cumulative event locations are also displayed in real time
by the mean of the SMR 208 transient recorder and the Apple
ne personal computer.
The use of the same amplification system for location
and for amplitude distribution limits the dynamic range of
amplitude to a value of 20 dB and leads to a saturation of the
high amplitudes (Fig. 5). Maximum amplification is required
for suitable location. The maximum amplitude corresponds to
a peak signal value of 10 V, measured at the amplifier output.
The minimum amplitude corresponds to a value of about I V,
set just above the background noise. This amplitude interval
is then divided into 20 parts in which are entered the number
of signals baving the corresponding amplitude. The relative
scale thus defined is graduated from 0 to 100 (Fig. 5), and it
is within this relative scale that the signal amplitudeds will be
expressed hereafter.

These various parameters are recorded on tape cassette, in real
time, throughout the test.
ConCUJTently, with the preceding analysis system, signals detected by the four mesh transducers are digitized by a
four-channel transient signal recorder (Kontron SMR 208) and
stored on 150 kbyte diskette of an Apple fie personal com·
puter. The digitizing and storing process takes about 10
seconds per event and limits the number of events recorded.
An event is represented by 4 signals of 1024 sample points.
The use of a better performance microcomputer could
decrease quice significantly the time taken for the storing pre-

3. Analysis

cess.

3.1 General

The acoustic emission instrumentation is modular and
transportable, so as to operate easily in the different laboratories where the mechanical tests are conducted.

Figure 2 shows the load-opening curve recorded during
a CT test (Fig. 1). This test was stopped when the visible
crack front reached the limits of the array of transducers (Fig.
3).

One of the limitations encountered during our study is
the significant attenuation of Ibe waves in concrete. This
attenuation limits the size of the location array to 40 x 40 c~
accurate event location is to be achieved (see Fig. I). By
placing an additional transducer at the center of the mesh, it
has been observed Ibat, for Ibis value of 40 cm, only about
40% of the events detected by Ibe central transducer were also
detected by the four transducers of the mesh, and accepted for
location. In a recent test developed on a DCB specimen of
high strength concrete, Ibis proportion is of 60 to 70% according to the stage of the test. This increase can be attributed to
lower attenuation of Ibe waves than in the case of our usual
concrete. An increase in the dimensions of Ibe array
decreases the number of events located and also Ibe accuracy
of this location.
2.4 Analysis

The cumulative location of acoustic emission events
throughout the test is shown in Fig. 4. The location covers
about 10,000 located events. and significant scattering is
observed. It has been indicated (Sec. 2.3) that the high
attenuation of waves in concrete leads to errors on the determination of the times of arrival at the transducers. Perhaps the
most important problem is hence that of distinguishing the
scattering of values resulting from location errors, from the
real scattering of damage in the volume of the specimen.
Location expressed in terms of a planar location only contributes to increased scatter around the damaged zone.
Of all the events, it is obviously the low amplitude
events which have the greatest chance of being most poorly
located. A possibility for reducing the scattering of location
consequently consists in eliminating the low amplitude signals. Figure 6 shows the cumulated location obtained by considering only the signals with an amplitude higher than IS (as
in the relative scale, Fig. 5). Clearly a smaller scatter is at
the cost of a greater reduction in the event numbers (reduction factor of 2.7). It can also be noted that a significant
number of low amplitude signals were correctly located

of PtJTOI7Ielers

The analysis of parameters acquired in real time was
carried out off-line by data processing. This analysis made it
possible to obtain:
i.

the location of events in a plane (Fig. 4),

ii.

the histograms (Fig. 5) of the amplitude, duration and
number of events at a given time in the test.

or the Experimental Results

Schematically. the numerical models used for calculating a structure require the knowledge of the path of the crack
in the structure. We shall in fact see during the development
of the results obtained by acoustic emission that this problem
is not so simple.

The parametric filtering can also be operated since
these analyses can be carried out by selecting prior to a test
the following parameters; event interval, an internal spatial
window within the square array, the amplitude of the signals
to be analyzed. etc.

3.2 Nwnber of Events
The event location is obtained by direct processing of
the different times of arrival of the signals. The location
displayed is a planar location in the middle of each specimen.

In processing events, a useful approach, well suited to
a finite element concept, has been to divide its location plane
45

Analysis parameters.
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Based upon these results, two essential observations
appear during damage progression:

2

15

1

considering the number of events occurring during a time
window (Fig. 8). To assess the development of these parameters during the test, the cumulative number of events (Fig. 9)
and by time windows (Figs. 10) are plotted as a function of
the number of elements, numbered according to damage pr0gression on the peak line.
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Fig. 8 Number of events, by intervals of the test (amplitude
5-1(0) for various ranges of notch opening.
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the number of events clearly decreases on the damage

front;
into an array of elements of area taking a count of the AE
events located within each element. Figure 7 shows the results
obtained at diffen::nt times in the test. The fineness of the
network should give' a sufficient number of events per grid
and should be adapted to the homogenized model of the
material. Further, a finer netwOIk can be adopted in the
phases in which the event density is high. At each stage, the
path of maximum damage can be estimated by taking the
"peak line" of the number of events (Fig. 7). This path
indeed follows the cncking line observed (Fig. 3) on the
specimen surface. Another description can be obtained by

2.

a significant activity is observed far behind the damage
front, this process being observed more partiCUlarly by
following the development of the number of events per
time windows (Fig. 10).

The decrease in the number of events on the damage
front is smaller the more advanced the progression of the
front. This result appears to indicate a diffusion in volume of
the damage, increasing as the front progresses.

48

The findings lead to the question "Does the number of
events per element defiJle a severity of damage?' It should be
noted in this respect that the kinetics of damage propagation
varies during the advance. 'Ibc number of events detected
depends on kinetic conditions (Berthelot 1985, 1986), whence
the need to apply a correction and to compare only the events
of the neighboring elements.

In conclusion, the number of events shows the progression of damage ahead of and behind the "crack" front, but
does not provide any clear quantitative description. Additional information is n~.
3.3 Mode/illg of the Mechanical Behavior of Concrete
In the preceding discussion, we used the tenns damage
and crack, without actually specifying their physical nature.

Moreover, as the number of events increases during the leSt,
the preceding description suggests a continuous picture of the
damage progression in the concrete specimens. and this docs
not represent the real situation. In fact, in the case of heterogeneous materials (Berthelot 1978, 1983; Loland 1980). the
leSt curves (tensile test, ftexural test, and/or compression test),
measured on an elementary representative volume (Fig. 11).
reveal discontinuities in the behavior of the equivalent homogeneous continuum.
The test curves can be divided schematically into three
regions, related to different phases of the behavior of the

material. In the first phase (phase 1), the material has a linear
behavior. The seCond phase (phase 2) is characterized by
diffuse microcracking developing throughout the entire
volume of maximum strains (or stresses). This process continues until cracking propagates within a very localized zone.
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Fig. 9 Evolution of cumulative events (for amplitudes in the
range 15-1(0) (see Fig. 5).

Fig. 10 Number of events. by intervals of the leSt (amplitude
15-1(0).

This propagation leads to mo~ or less marla:d discontinuities
on the test curve (Figs. 11). In phase 3, cracking expands on
the fronts of the created crack, leading to the destruction of
the specimen.

The final objective is to detennine the overall behavior
of the test specimens of large dimensions (for example the
test curve, Fig. 2), from the homogenized behavior of the
.n:p~sentative volume (for example, the element of a finite
element mesh, Fig. 11). and from information obtained from
acoustic emission processing. The problem of the determination of the ~~tative volume behavior is a problem of
mechanical engineering and will not be considered h~.
However. it will be shown in the present paper how acoustic
emission processing allows us to have access to the damage
progression in the concrete specimens.

Although damage develops during phases 2 and 3, it is
essential to clearly differentiate these two phases. In phase 2,
the cracking process is diffuse and occurs on a microscopic
scale, compared with the dimensions of the elementary
representative volume. The permissible stresses on the
lIDCI'lICked parts of the element can increase, giving the element the ability to bear in~ing loads, even with a decreasing rigidity. On the other hand, in phase 3, the cracking process propagates at a macroscopic scale (the scale of the
~tative volume), since the uncracked parts can practically no longer bear inc~asing stresses. The propagation
marking the end of phase 2 will be tenned the "first propagation" process. The phases 2 and 3 will be called, respectively.
the microcracking phase and the macroc:racking phase.

Based upon the preceding results and the observations
made throughout the tests followed by acoustic emission. the
general homogenized behavior of concrete can be described
by a curve of the type shown in Fig. 12. Thus. the damage of
homogenized concrete can be characterized by a damage
coefficient (in the case of isotropic behavior), according to the
following laws.
Fint phase (stteteh or displacement < do. load < Fg).
The load va. stteteh (force va. displacement) behavior is
linear:

The preceding description is consistent with the
mechanisms of failt= observed in concrete (MazaJs 1984,
Carpinteri and Ingraffea, 1984).

F

At this point it is essential to note that the test curves
represent an average behavior measured on the representative
volume, and hence a "homogenized" behavior. This behavior
depends on the material, but also on the loaded volume and
the type of test For example, in a tensile test, the entire
volume of the test volume is subjected to a field of uniform
stresses wh~, in a three-point flexural test, only a limited
zone is subjected to high stresses.

=Kg(1 -

Do)d

wh~ Kg is the initial rigidity and Do is the initial damage of
the element

Second phase (do < displacement < d1, Fo < load <
F 1). The fon::e-displacement relation has a decreasing rigidity
K, defining the damage D of the element:

displacement

displacement

elementary representative
volume

Fig. 11 Test curves of heterogeneous materials measured on
the elementary representative volume.
50

displacement

load (F)

~

transposed to the case of concrete. In particular, the results
(Berthelot, 1986) show that the appearance of the highest
amplitudes is characteristic of the development of the first
~pagation process. Thus the discrimination of localized
event amplitudes enables one to follow the development of
these processes within the test specimens. For this purpose,
we have chosen to conserve only the amplitudes higher than
95. Figures 13 and 14 show the locations thus obtained,
cumulative and by test sections (or intervals), for the same
openings chosen previously (Figs. 7 to 10). These figures
show a location of the macrocracking ~ses (phase 3 of
the element behavior) concentrated on the main path of the
crack. They thus make it possible to determine fairly precisely the position of this damage f~nL

fustp~pagation

displacement
The experimental observations made, show that the
crack visible on the surface of the test specimen precedes the
first p~pagation fronL This observation thus leads to the
inclusion of the beginning of cracking on the specimen's surface within the context of the microcracking of concrete, and
to the assumption that this very superficial cracking on the
"crack" front gradually goes through the thickness of the
specimen.

Fig. 12 Typical test curve.
F

=Kd

with K

=Ko (I -

D).

The damage can, for example, be of the type p~posed by
Loland (1980):

D =Do + (l - Do)Cl

[~

r

In Figs. 15-18, the previous network is reported, and
results, similar to those obtained in the case of amplitudes
15-100 (Figs. 7-10), are plotted in the case of the amplitudes
95-100. These results confirm that fracture processes do
occur behind the crack front, and indicate a significant resistance induced by the bridging of concrete. This fact was
confirmed firstly by mechanical tests conducted on specimens
taken by core sampling behind the crack f~nt and, secondly,
by measuring the wave propagation rate in this area.

and will be within the interval of the initial damage Do to
damage D 1 characterizing the damage to the first ~pagation
process.
Third phase (d l < displacement, F2 > load). The displacement increases with a decreasing load; an example of the
linear type damage proposed by Loland (1980) for the region
below the load F2 is given by:
F

=_1_~_2~_ (I -

D)

=F2 [I - -~_~_~.;..II ]

4. Modeling

A specimen failure model is presented here based upon
the preceding acoustic emission results:

Here, du is the maximum of disp1acemenL Thus, the damage
is defined by:

D

=~ + (1 -

or Specimen Failure

d-d l

A. The damage is progressive along the "crack" (see
Fig. 19) and the concrete behavior can be described by a
homogenized behavior, as for example in the relations proposed in Sec. 3.3.

Dz)-du---d"""'1

and is in the interval f~m ~ to unity with D 2 ~ D 1 according to the discontinuity at the first ~pagation process (Fig.
11). The parameter D is a general parameter which takes
account of the damage and can be simply introduced in a
finite element concept (Bazanr. 1985; Mazars, 1984).
The determinations of the laws of behavior and of the
law parametm, allowing us to deduce the coefficient D,
should be carried out by means of tests appropriate to the
structure under investigation.

i.

The front of the crack as such is preceded by a microcracking zone (zone I), which can bear increasing
loads. The behavior is that of phase 2. The damage
increases from the periphery toWards the crack front
(00 < D< D1).

ii.

The crack front is characterized by the front of the
macrocracking processes; and this macrocracking zone
extends quite far behind (zone 2). This zone can no
longer bear increasing loads and the behavior is that of
phase 3. The damage increases from the crack front
toward the rear (01 S ~ S D S I).

iii.

Finally, on the rear of the crack there is a zone (zone
3), which may be regarded as having a zero resistance
(open crack).

3.4 Analysis of AE Event Amplitutks
This stage being reached, the distribution of damage
within the specimen volume is yet to be evaluated.
The analysis of amplitudes (Fig. 5) leads to a continuous distribution. This type of distribution was studied in the
case of composites with discontinuous fibers (Berthelot, 1985,
1986). According to observations made in the present work.
the results obtained in the case of composites can be
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B. The different zones. for a given crack opening. can
be estimated by means of acoustic emission processing.

Comparisons and synthesis of the different results
obtained (Figs. 7 to 10. 13. 14. 15-18) will in fact make it
possible to estimate the extent of these different zones more
effectively.

i.

The front of the macrocracking zone (zone 2) is determined by taking the front of the high amplitude
events. either by cumulative locations (Figs. 13 and
20.1) or using the number of events by test section
(Figs. 14. 18 and 20.3).

ii.

The rear of the zone 2 is determined by using the location of the high amplitude events by test section (Figs.
14. 18 and 20.2. 20.3).

ill.

The microcracking zone is obtained by considering the
lowest amplitude locations (Figs. 7 and 20.4).

Using this analysis. the results obtained in the present
test are reported schematically in Fig. 21. for different crack
openings. These conclusions can also be reached using the
mesh network (Fig. 22). The accuracy achieved is obviously
lower. These results show the evolution of the different damage zones during the test and confirm the value of acoustic
emission as a monitoring technique. It may be noted that the
microcracking zone. not extensive in the beginning of the test,
develops as the concrete damage progresses through the specimen during the tesL This phenomena can be related to the
type of test and the type of concrete.
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5. Conclusions
Acoustic emission has been used to follow the evolution of concrete damage within various specimens. The
acoustic emission instrumentation includes four acoustic emission transducers, used to locate the damage progression during
mechanical tests. Processing the AE signals in real time
detected by one of the transducers allows us to obtain the histograms of amplitude, duration of the signals, and the number
of AE events. Then the analysis of the signal parameters can
be carried out off-line, and a parameter filtering operated.

J.M. Berthelot, and J. Rhazi (1986), "Different Types of
Amplitude Distributions in Composite Materials," Proc. 2nd
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A. Carpinteri and A.R. Ingraffea (1984), Fracture Mechanics
of Concrete: Material Characterization and Testing. Martinus
Nijhoff Publisher, Hague.

Acoustic emission makes it possible to follow, in situ
and in real time, the development of concrete specimen damage. Wave attenuation limits the monitored zone to a square
mesh of 40 cm. Larger dimensions decrease the accuracy of
acoustic emission processing.

M. Izumi, H. Mihashi, N. Nomura, and T. Ogata (1983),
"Experimental Considerations in Frequency Properties of
Acoustic Emission of Concrete," Proc. 26th Japan Congress
on Materials Research, Tokyo, Japan.

A quantitative approach for modeling the progression
of damage during a test has been proposed based upon the
acoustic emission results obtained during the present study.
Firstly, the mechanical behavior of the concrete can be homogenized, and shows three stages characterized by a damage
coefficient (or possibly by a damage tensor). The amplitude
filtering allows us to estimate the distribution of the concrete
damage within the specimen, and its evolution during a test.
Secondly, the damage is progressive along the "crack." The
front of the actual crack is preceded by a macrocracking zone.
The crack front is characterized by the front of the first propagation processes and this macrocracking zone extends quile
far behind. Finally, at the rear there is a zone which may be
considered as an open crack.
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Mton par une approche combinl!e: m~anique de
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Limits are shown as regards the location accuracy, the
understanding of wave propagation phenomena in concrete,
and the recognition of signals in relation to failure processes.
Research conducted in these different areas should lead to a
better understanding of the concrete damage processes.
Finally, it is essential to note that acoustic emission testing is
practically the only technique which can provide a quantitative description of the progression in real time of concrete
damage within test specimens.

S. Mindess (1982), "Acoustic Emission and Ultrasonic Pulse
Velocity of Concrete," The Inti J. Cement Composites and
Lightweight Concrete, 4(3), 173-179.
J.S. Nadeau, R. Bennett and S. Mindess (1981), "Acoustic
Emission in the Drying of Hardened Cement Paste and Mortier," J. Am. Cer. Soc., 64(7), 410-415.
J. Nielsen, and D.F. Griffin (1977), "Acoustic Emission of
Plain Concrete," J. Testing and Eval., 5(6), 476-483.

References

Z.P. Bazant (1985), "Mechanics of Fracture and Progressive
Cracking in Concrete Structures:' Fracture Mechanics of Concrete: Structural Application and Numerical Calculation. cds.
G.C. Sib and A. Di Tommaso, Chap. I, pp. 7-10.

M. Ohtsu (1982), "Source Mechanism and Waveform
Analysis of Acoustic Emission in Concrete," J. Acoustic
Emission, 1(2), 103-112.
P. Rossi, P. Acker, and D. Francois (1984), "Measurement of
the Fracture Toughness Klc of Concrete," Advances in Fracture Res., (Fracture 84), Proc. 6th Inti Conf. on Fracture,
New Delhi, Vol. 4, Pergamon Press, Oxford, pp. 2833-39.

J.M. Berthelot. A. Cupcic, and JM. Maufras (1978), "Experimental Flexural Strength Deftection Curves of Oriented
Discontinuous Fibre Composites," Fibre Sciences and Technology, 11, 367-398.

Y. Tanigawa, K. YIlIIUlda. and S. Kirigama (1981), "Power
Spectra Analysis of Acoustic Emission Wave of Concrete:'
Proc. 2nd Australia Con/. on Engineering Materials, Sydney.

1. M. Berthelot (1983), "Moulding Inftuence on the Mechanical Properties of Sheet Moulding Compounds: n Fracture Pr0perties," Fibre Science and Technology, 18, 1-18.

60

Pattem Recognition Analysis of Acoustic Emission from Unidirectional
carbon Fiber-Epoxy Composites by using Autoregressive Modeling
Masayasu Ohtsu and Kanji Ono
failure modes. Another approach is to correlate to other nondestructive characterization methods, such as ultrasonic and
radiographic methods. It is also beneficial to use well characterized sample materials. Some of recent studies have incorporated the above approaches (Nahas, 1985; Awerbuch and
Ghaffari, 1986; Wolters, 1986).

Abstract
Frequency contents of acoustic emission (AE) from
specially fabricated carbon fiber epoxy composites are investigated using autoregressive modeling. Unidirectional composite laminates were tested .in tension. To identify failure
mechanisms of composites by AE, the pattern recognition
technique is applied with the autoregressive coefficients of AE
signals as feature vectors. From a series of experiments, five
reference sets of the autoregressive coefficients were
extracted. By employing these sets as references, AE signals
detected in unidirectional composite laminates with artificial
flaw configurations were classified. Subsequently, each AE
signal was assigned to a reference set by using both a
minimum distance classifier and a maximum likelihood
classifier. The results show that the pattern classification
scheme successfully identified over 90% of the analyzed signals without relying on the peak amplitude infonnation of AE
signals.

Frequency spectra of AE signals were considered for
the classification of failure mechanisms (Graham, 1979; Shi·
momura, 1984), although clear cOJTeSpondance between frequency spectra and specific failure mechanisms has not
emerged. In order to clarify fracture processes in complex
composite lay-ups using AE and to understand AE behavior
of various composite materials, a pattern recognition analysis
of AE can be beneficial. The computerized pattern recognition analysis for quality assurance and for nondestnlctive testing has been studied recently. We applied this approach to
classify magnetomechanical acoustic emission (MAE) of
heat-treated AS33B steel specimens by using autoregressive
coefficients and envelopes of AE signals (Ohtsu and Ono,
1984). Classifications of various magnetic fields and stress
fields were successfully perfonned Other applications of pattern recognition approach to classify AE signals were
explored with reasonable success (Melton, 1982; Belchamber
et aI., 1985; Chan et aI., 1985). Melton (1982) applied the
autoregressive modeling to classify AE waveforms from fretting and cracking. Belchamber et aI. (1985) classified AE
waveforms from different composite materials. using peak
amplitude, a half-life determined from the rms voltage of AE
signals, the median frequency, and the bandwidth as a feature
set Chan et al. (1985) applied several classifiers to classify
AE signals and noises observed during the welding process.
AE data were represented by a feature set of 30 different elements, including both time and frequency domain parameters.

1. Introduction
The fracture of flawed composites and the delamination of laminated composites have attracted recent attention in
the field of study on failure modes of composites (Reifsnider,
1982; Johnson, 1985). In order to increase the reliability of
composite structures, it is necessary to develop methods for
detecting defects. The defects may originate in manufacture or
in service. Few nondestructive testing methods can satisfy this
needs. Numerous acoustic emission (AE) studies of composite materials have been published as AE is considered ideally
suited to study variables which control time and stress dependent damage processes in composites (Hamstad, 1986).
In fiber reinforced composite materials, AE signals due
to several types of failure mechanisms are typically observed.
These are due to fiber fracture, fiber pull-out, matrix cracks,
delamination, splitting (Le., cracking of the matrix along
fibers), and the friction of delaminated faces. These are usually discriminated on the basis of peak amplitude, signal duration, and energy related parameters (Ono, 1986). In most AE
studies, however, complex lay-up sequences were employed
complicating the interpretation of AE observation. One
remedy is to use simpler lay-ups to limit the number of failure
modes. This allows the identification of AE behavior of these

These studies, however, were carried out to classify
AE signals from different sources and materials. No study
has been perfonned yet to identify failure mechanisms from
AE signals during the fracture of the same material. Systematic and quantitative approach is required to correlate
failure mechanisms of composite materials to AE signals. In
order to evaluate quantitatively the frequency contents of AE
associated with specific failure mechanisms, the pattern recognition analysis of AE signals is perfonned in the present
study.

Received 18 November 1986; in final form, 11 March 1987. The authors

2. Pattern Recognition

are aflilialed with Departmenl of Materials Science and Engineering.
School of Engineering and Applied Science. University of California. Los
Angeles. CA 90024. USA. M. Ohtsu is permanendy al Departmenl of
Civil Engineering. Facuhy of Engineering. KumamolO Universily.

Many approaches are used in pattern recogruuon
analysis. Fu (1976) listed two general approaches of
mathematical techniques for pattern recognition. One is a sta-
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Reftection coefficients can be employed for the
classification instead of autoregressive coefficients It. Denoting the k-th autoregressive coefficient in the n-coefficient
autoregressive model as lI(a)k' the n-th reflection coefficient, ra•
is obtained from the Levison recursion as follows (Rabiner
and Schafer. 1978):

tistical (decision-theoretic) approach and the other is a syntactic approach. Since AE waveforms arc obtained as digital
signals. the statistical approach is suitable for classification.
Figure I shows the basic system for statistical pattern
recognition. Pattern classification is nonnally perfonned in
two steps. In the first step. a feature set (input pattern) is
extracted from each of the input signals. In the second step.
the feature set with unknown classification is compared with
the template of each class (also known as the reference
feature set). and the classification (decision making) is carried
out using the preselected classifier.

lI(a)1: = lI(a-l)k + rall(a-l)(o-t)

=G/A(t).

lI(a)1:

1: ai exp(-j2JtitT).
i

=

{

I.
r a•

for k =0
for k =n

O.

for k>n.

(3)

From equations (2) and (3). all re8ection coefficients can be
easily computed from autoregression coefficients and vice
versa.
Figure 2 shows the hierarchy of statistical pattern
classification. In the supervised classification. we assume the
existence of a training set of classified samples and use the set
as reference. In the unsupervised classification. the input data
is classified without the aid of a training set One refers to
this kind of classification as cluster analysis. Subsequently.
on the basis of statistical methods, unknown data sets are
assigned to the reference classes. In statistics. there exist
several potential methods for decision making in class assignment Two decision making rules are well known. One is
the Bayes decision rule, where a probabilistic density function
is utilized. The other is the nearest neighbor rule which does
not rely on such a function. but uses the Euclidian distances
from the reference vectors.

(1)

a

where A(t) .. 1 -

(2)

lI(a)k has the following characteristics (Chen. 1982):

As a feature set of the pattern recognition. various
combinations of numerous AE parameters can be used (Chan
et aL. 1985). Among these. autoregressive coefficients are
often used (Melton. 1982; Ohtsu and Ono. 1984). The concept of autoregressive modeling is derived from the zttansfonnation of a discrete time sequence. Given a set of
autoregressive coefficients. we can find frequency responses
H(t) of an autoregressive model by:
H(!)

k = O. I..... n.

Here f is frequency. a i

are the autoregressive coefficients. G is the gain of the system, T is a sampling interval and j2 = -I. It is known that if
the number of coefficients n is large enough. we can approximate any signal spectrum by H(!) within an arbitrarily small
error. The software for the autoregressive analysis and the
pattern classification are available for main computers and
super-mini-eomputers. For example. we employed the Interactive Laboratory Systems (ILS) package developed by Signal
Technology. Inc.• Santa Barbara, CA. The u.s package was
written in Fortran 77 run under the UNIX operating system.
In our study. it was installed on a Gould super-mini-computer
running under the Berkeley version of UNIX.

Since only a finite number of classified samples are
available., the estimation of the distribution of the samples is
necessary for a rational classification. The Bayes decision
rule employs the functional fonn of the distribution. A
minimum error rate classifier of the Bayes decision rule is discussed later. In the nearest neighbor decision, the distribution
is estimated without assuming any funcitonal forms.
Mathematical aspects on these techniques are discussed in
detail by Fukunaga (1972).

input:

In the Bayes decision rule, the functional form of the
distribution is generally represented by a multi-variate normal
density function. To facilitate the pattern recognition scheme

Fig. I Pattern recognition system.
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based on the Bayes decision rule, we divide a feature space
into N reference classes (domains), R l ...... R N• An element of
the i-th class R; is indicated by Cj(j),(j=1 to M). M is the
number of reference samples, and Ci(j) is usually expressed as
Cj to simplify equations. In the present study, Cj is the ndimensional vector, consisting of reflection coefficients.

Both 10/kdetSj and (0I2)10Ik27t terms are unimportant additive constants that can be ignored.
1. Minimum distance classifier
The simplest case occurs when features are statistically
independent, and each feature has the same variance, s2, that
is Sj s2J. Here, I is the unit matrix. Then, equation (6)
becomes:

=

The decision rule is to classify a feature set, x, into an
appropriate class. A multi-variate normal density function
P(xlcj) of dimension n is generally employed as a probabilistic
density function:
P(x I Cj)

=exp [-<x-mj)TSj-I(X-mj)12l(27t)llI2 det Sila,

(7)

To classify a feature set into an appropriate reference class,
we measure the Euclidean distance Ix - md from x to each of
the N mean sets mj, and assign x to the class of the nearest
mean. Such a classifier is called a minimum distance
classifier.

(4)

where P(xlcj) is a probability that x belongs to Rj, det Sj is the
determinant of matrix Sj and superscript T indicates a transpose. Here ml is the mean value of ci and SI is the covariance matrix, as follow:

2. Linear discriminant classifier

M

mj

=(lIM)1:ci{J")

To employ a classifier gl(x) in equation (7), it is not
necessary to compute distances. Considering expansion of the
quadratic form, the quadratic term xTx is the same for all i. It
becomes an unimportant additive constant Thus, we obtain
the equivalent linear function to equation (7):

j=l

and Sj

M
T
=(llM)1:(ci(j)-mj)(ci(j)-mj)
.
j=l

gj(x)

In the case of a minimum-error-rate classifier, a
discriminant function, gj(x), is defined with respect to a
feature set, x, as follows;

= m,Txls2 -

mlrnr'(2s2).

(8)

A classifier that uses this linear discriminant function is also
called a linear learning machine (Belchamber et al., 1985).

(5)

3. Maximum likelihood classifier
where P(CI) means a priori probability for Cj. A schematic
graph of relations between discriminant functions and decision
region is shown in Fig. 3 (Duda and Hart, 1973). Each
region has a priori probability with respect to the region size
and location. Depending on the mean vector and covariance
matrix, the shape of the discriminant function is varied.
Unless otherwise demonstrated, we can ordinarily assume that
a priori probabilities are the same for all N classes (P(cl) = 0).
The meaning of the discriminant function is quite simple.
When gl(x) is greater than gj(x) for all j (non-equal to i), the
decision rule requires the assignment of x to c\. Substituting
equation (4) into equation (5), we have
g\(x)

= -(x-ltlj)TSj-l(x-m\)12 -

From equation (6), we have the following form:
gj(x)

(9)

In this case, the optimal decision rule can be stated as follow:
To classify a feature set x, we measure the square MahaIanois
distance, (x - I11j)TSi l(x - 111j) from x to each of N sets of
means, ml, and assign x to the class of the minimum
Mahalanois distance. This corresponds to the maximum
discriminant function, gl(x). Since equation (9) is also known
as a likelihood function, this classifier is called the maximum
likelihood classifier.

(012) 10jk22t

In the present study, we have selected the minimum
distance classifier and the maximum likelihood classifier as
the decision-making rule.

(6)

- (112) 10/kdet SI'

=- (x-mj)TSj- l(x-mj)l2.

3. Experimental Procedures
3.1 Malerials

+

...._ _R_1_ _..

R2

.

Carbon fiber reinforced epoxy matrix composite sheets
were produced by thermal compression method from prepregs.
Rolls of 152 nun (6") wide prepregs were obtained from Hexcel. The reinforcing fibers were Celion 0-50 and the matrix
was Hexcel F584 epoxy. Specifications are given in Table 1.
Required numbers of unidirectional laminae were cut to 2S
cm long and stacked according to specimen design. Typi-

.

~1-'._ _R_3_ _~I--'__R_2_ _
•

Fig. 3 Discriminant functions and decision regions.
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microprocessor-based AE signal processor (AET, Model
SOOOA) and also was digitized at a 2 MHz sampling rate by a
transient recorder (Data Precision, Model Data 6000). The
first S12 J.lS portion of each waveform (consisting of 1024
points and inclusive of the pretriggering region) was recorded
and transferred to a disk drive of a microcomputer (mM,
Model PC-AT). The stored data was transmitted to a main
computer and processed.

Table 1 Composite properties specification.
Fiber

Resin

Lamina

Tensile strength
Tensile modulus
Ultimate elongation
Density
Density
Glass transition
Tensile strength
Tensile modulus
Ultimate elongation
Poisson's ratio
Fiber volume content
Molded width
Thickness per ply

2,411 MPa

3S8 GPa
0.7%
1.82
1.219
IS2"C
73.0 MPa
4.13 GPa
2.9%
0.3S
60%
IS2mm
0.13mm

4. Results and Discussion
4.1 Preliminary Classification

3.2 Specimens

Typical peak amplitude distribution of the tensile tests
on U series samples is shown in Fig. 4. Quite similar distributions are obtained in different tests and dominant peak
amplitude is located at about 40 dB in reference to 1 JoLV at
the preamplifier input According to earlier results of the
composite samples with ftaws (Ono, 1986), that lower amplitude signals « SO dB) signify carbon fiber fracture, the
medium amplitude signals (50-70 dB) indicate primarily the
initiation and slow growth of delamination and high amplitude
events (> 70 dB) are caused by rapid advances of delamination. Considering the use of a less sensitive sensor in the
present experiment. we grouped AE signals into three ranges
of peak amplitudes: less than 40 dB Oow), 40 to 60 dB
(medium), and more than 60 dB (high). From the a series of
three experiments, we recorded ten AE signals each of low,
medium and high amplitude. Examples of these waveforms
are shown in Fig. S. These indicate that dominant wave
motions and major spectral energy contents are present within
the 128 J1S segments. Since the number of data points to compute autoregressive coefficients is limited to 256 points in the
Ii.s package (which has since been expanded to 4096), the
illustrated segments were used for funher analysis.

Four different types of samples were employed. One
was a unidirectional tensile sample of seven laminae, which is
referred to as U series. Another sample was a six-laminae
composite of two three-laminae group pre-cut with overlapping S cm (2"). We refer to this sample as DL. The others
consisted of pre-cut laminae sandwiched by two three-laminae
sheets. These are referred to as F series.

From all 30 waveforms of 128 J.lS duration, we computed the autoregressive models of 29 coefficients and also
determined 29 reflection coefficients. By employing the 29
reflection coefficients as a feature set for each AE signal, we
performed preliminary panero classification. An example of
the result of sl1ch a classification is shown in Table 2a. In
this classification, three reference sets of 29 reftection

cally, IS x 25 cm size sheets were produced. The stacked
laminae were sandwitched between release sheets and bleeder
cloths and placed in a hot platen press. Under a pressure of
690 kPa (100 psi), press temperature was increased to 177°C
(3S00f) at a heating rilte of 2.8°C(SOf)/min. Hold time at
177°C (3S00f) was 2 hours.
Tensile samples were prepared from these undirectional composite sheets. Nominal width of 12.S mm (lh")
was used. Only the fiber direction (0°) samples were made
and their length was 25 cm. Reinforcing tabs, 74 mm long,
were glued to each and using cyanoacrylic glue. The reinforcing tabs were tapered on one end and made of 6.4 mm
(W') thick PVC. The thickness of a sample was dependent
on the number of laminae with a single lamina thickness of
typicaUy 0.127 nun (O.OOS").

3.3 Testing
The mechanical testing was performed using a ftoor
model Instron. Screw-assisted wedge grips were used to hold
a sample. A crosshead speed of 0.25 mm (O.OI")lmin was
always used. Since the tested section has 10 cm (4") length,
the nominal strain rate was 4.1 x urs/s. Tests were conducted in room air and humidity was not controlled.
Acoustic emission tests were conducted during tensile
testing. A quasi-wideband sensor (AET-MAC425) was used
with a nominal frequency of 425 kHz. The sensor was placed
on a sample at the center portion using a viscous couplant and
springs. The sensor output was fed to a 60 dB gain
preamplifier (ABT 16OB). A bandpass filter was selected for
30 kHz to 2 MHz. The preamplifier output was fed to a
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Table 2 a) A result of pattern classification of AE signals in
U-series experiments via 29 autoregressive coefficients. b)
Scores of successful classification obtained by using several
features.
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Fig. S AE waveform extracted from a) low amplitude event,
b) medium amplitude event and c) high amplitude event.
coefficients were determined by averaging those of the 10 AE
signals of the same amplitude range. The top row of the table
indicates reference classes of these sets. namely. the amplitude
range. Ten individual waveforms of the same amplitude range
were classified to one of the three reference classes. The
number of the waveforms assigned to each class is shown in
each row in Table 2a. In this example. we used the minimum
distance classifier. If each of the waveforms possesses the
same spectral features as the average of the group. a diagonal
matrix would result This was not the case. However. 90% of
the waveforms were classified according to the amplitude
grouping.

63.3 %

1,2.3 of 29
reflection
coefficients
+ relative
energy

100 %

1.2.3 of 29
reflection
coeH ie ien ts

60 %

Haximum l1kel1hood

100 %

90 %

100 %

83.3 %

assigning signals to the same amplitude group decreased to 63
and 60 %, respectively. When we use the maximum likelihood classifier, the number of elements of a feature set is limited because of requirement of the covarance matrix to be
nonsingular. Therefore, we employed a feature set of less
than five elements. In these comparisons, the maximum likelihood classifier provided a slightly better classification than
the minimum distance classifier. Table 2b shows the percentages of classification.
When we include relative energy as a part of the
features, the signals were always classified according to their
amplitude. Here, the relative energy corresponds to system
gain G in equation (I). Because the relative energy is closely
related to the peak amplitude, this result is expected. However, since the relative energy term is dominant. the result is
no different from the amplitude distribution analysis. In order
to explore a possible relationship between fracture mechanisms and frequency contents of the AE signal, a feature set of
only reflection coefficients must be investigated without relying on the amplitude information.

This result shows that aU the low amplitude signals
and two out of ten medium amplitude signals have similar
spectral characteristics. Similarly. the rest of medium and one
of high amplitude signals are grouped while nine of the high
amplitude signals make another group.
When the number of reflection coefficients used as a
feature set is reduced to five or three, the percentage of
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.......

0

a)

As the next step, we conducted cluster analysis. Figure 6 shows results of the cluster analysis with respect to the
fust and second reflection coefficients. Figure 6a shows the
cross-plot of the first· two reflection coefficients. Each letter
in the plot represents one of ten AE signals of low amplitude
events. Similar plots of 10 data points each of medium and
high amplitude signals are shown in Fig. 6b and c, respectively. From Fig. 6a. we can recognize two clusters. We
refer to the two clusters as class AAAA and class BBBB as
marked in the figure. In Fig. 6b, two clusters are shown and
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one of Ihe clusters is located close to Ihe location of class
BBBB. In Fig. 6c, all ten AE signals are clustered at the
same location. We refer to Ihe cluster in Fig. 6c as class
ecce, which also corresponds to Ihe second cluster in Fig.
6b. Thus, we find Ihat the frequency contents of AE signals
detected in V-series experiments are classified into Ihree
classes.

Fig. 7a correspond to signal F in Fig. 6a and Ihe waveform in
Fig. Sa. This shows the frequency contents of class AAAA.
Figure 7b shows the frequency spectra and the autoregressive
model for signal D in Fig. 7a. In both figures, the frequency
spectra by FFT are so complex, it is difficult to differentiate
the two frequency spectra. In contrast, the autoregressive
model of event F (Fig. 7a) has a relatively flat frequency
response over SOO kHz (the peak to valley difference of about
8 dB). On the other hand, the frequency response of event D
(Fig. 7b), has a larger decrease (IS dB) from the peak near
430 kHz to a minimum at 7S0 kHz. The difference between
classes AAAA and BBBB can even be recognized from the
graphical results.

The above cluster analysis were investigated wilh
autoregressive models of three coefficients. Since Ihe clusters
were easily discriminated by only the first and Ihe second
reflection coefficient, the autoregressive model of numerous
coefficients is unnecessary for the classification. The frequency spectra by FFI' (Fast Fourier Transform) and autoregressive models of three coefficients are compared in Figs. 7
and 8.

Figure 8a shows the frequency spectra by the FPT and
the autoregressive model of event G in Fig. 6b. The
waveform of this signal is shown in Fig. Sb. We assigned
this signal to class BBBB from the reflection coefficients. The
autoregressive model is virtually identical to that in Fig. Th.

Figure 7 shows Ihe frequency spectra of two low
amplitude AE signals in Fig. 6a. The autoregressive models
of three coefficients are indicated by smoolh curves. Note Ihat
Ihe amplitude scales are not matched. Frequency spectra in
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Fig. 9 a) The autoregressive model for an AE signal observed
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Fig. 8 a) Fourier spectra and the autoregressive models of
three c:oef6cients for AE signals indicated by 0 in Fig. 61, b)
by A in Fig. 6b, and c) by B in Fig. 6c.
f17

Both of them have a peak near 430 kHz and a minimum at
750 kHz. However, the frequency spectra of the two signals
(cf. Figs. 7b and 8a) can hardly be associated with each
other.
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Fig. 10 Cross-plots of the first and the second reflection
coefficients of all class: class AAAA, class BBBB, class
cece, class DODD, and class EEEE.
were observed in the final loading stage of DL specimen, a
possible source of AE signals is a rapid advance of delamination.
From the clustering analysis, we obtained five classes
of reference sets, representing AAAA, BBBB, CCCC, DDDD,
and EEEE. A cross-plot of the first and second reflection
coefficients of all the data is shown in Fig. 10. In class
AAAA, five events are included. Classes BBBB, CCCC,
DDDD, and EEEE are composed of eleven, ten, six, and five
events, respectively.
In order to perform the pattern recognition analysis,
we determined a reference set composed of the first, the
second, and the third reflection coefficients. Reflection
coefficients of AE signals of the same class were averaged
and employed as a reference set As a test, we have classified
all the events in the data set into the five reference sets. Both
the minimum classifier and the maximum likelihood classifer
were employed for classification. Results are shown in Tables
3a and b. The successful percentages of classification are
100% by the minimum distance classifier and 91.9% by the
maximum likelihood classifier. Both classifiers successfully
identify over 90% of analyzed signals without relying on the
peak amplitude information.

Using autoregressive modeling in three experiments of
U series and one of DL series, we identified five different
classes of AE signals. Characteristics of these five classes are
summarized as follow:
class AAAA: a nearly flat region over 500 kHz in the autoregressive model of AE signal. Amplitudes of
the AE signals are low « 40 dB).
class BBBB: a moderate peak near 430 kHz in the autoregressive model. Amplitudes of the AE signals
varied from low « 40 dB) to medium (40-60
dB).

4.3 Classification of Real Data

a sharp peak in the autoregressive model near
400 kHz. Amplitudes of the AE signals varied
from medium (40-60 dB) to high (> 60 dB).

To study the applicability of the pattern recognition
analysis, we conducted two additional U-series experiments.
AE data were collected from two specimens, which are
referred to as UA and UB. AE signals obtained were
separated into three groups with respect to amplitude; low «
40 dB: This group is designated as AL), medium (40-60 dB:
AM), and high (> 60 dB: AH). Therefore, an event of low
amplitude signal in the UA specimen is referred to as UAAL.
These were classified with respect to the five reference sets.
Results of the pattern recognition analysis are shown in Table
4. The result obtained by the minimum distance classifier is
shown in Table 4a and that by the maximum likelihood
classifier is in Table 4b. The classified results exhibited similar trends, but seven out of 34 were differently classified by
the two methods. Low amplitude signals (UBAL) are

class DODD: a broad peak at 450 kHz in the autoregressive
model. Amplitudes of the AE signals in the
medium range (40-60 dB).
class EEEE:

~

~

Additionally, we have recognized two other classes.
Those are shown in Fig. 9. The FFf spectrum and autoregressive model in Fig. 9a are for one of the AE signals
obtained during the unloading of a U-series experiment.
Amplitudes of these AE signals were medium (40-60 dB). It
is seen that the autoregressive model has a fairly flat region
up to 500 kHz. in contrast to the to the model in Fig. 8a
which has a flat region over 500 kHz. We refer to this class
as DDDD. Figure 9b shows the FFf spectrum and autoregressive model of one of AE signals observed in specimen
DL. Amplitudes of these AE events were very high (near 70
dB). The autoregressive model has an intermediate shape
between class AAAA in Fig. 8a and class BBBB in Fig. 8b.
We refer to this class as EEEE.

ccce:

.1lSB

It

Examples of class CCCC are given next. The frequency contents for event A in Fig. 6b and for event B in Fig.
6c are shown in Figs. 8b and 8c, respectively. AE waveform
for the latter event is shown in Fig. Sc. It can be observed
that both autoregressive models (Figs. 8b and Be) are quite
similar to each other, having a sharp peak near 400 kHz and
27 to 30 dB drop to the higher frequency side. In this comparison, the highest peaks in the FFf spectra occurred at
almost identical frequency, but the second highest peaks were
substantially different; one at 580 kHz and the other at 460
kHz. Thus, it would be difficult to conclude that these two
spectra belong to a single group.

class

ffii3

a broad peak at 550 kHz in the autoregressive
model. Amplitude range was very high.

According to earlier results (Ono, 1986), AE
waveforms due to carbon fiber fracture may be classified into
either class AAAA or class BBBB. Class cece may signify
splitting (cracking alODg fiber) and slow growth of delamination. Since class DDDD was found during unloading, a possible source of AE is friCtiOD. The AE events of class EEEE
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Table 3 a) A result of pattern classification of AE signals for
test feature sets by using the minimum distance classifier and
b) that by the maximum likelihood classifier.

Table 5 a) A result of pattern classification of AE signals in
DL and F series by using the minimum distance classifier and
b) that by the maximum likelihood classifier.
a)

a)

:AAAA:BBBB:ceCC:DDDD:EEEE:

----:----:----:----:----:----:
2:
1:
----:----:----:----:----:----:
DLAH:
2:
1:
4 :
:----:----:----:----:----:
FAAL:
3:
7:
----:----:----:----:----:----:
FAAM:
2 :
----:----:----:----:----:----:
FBAL:
5 :
----:----:----:----:----:----:
FBAM:
1 :
2:
----:----:----:----:----:---FCAL:
2:
2:
----:----:----:----:----:----:
FCAM:
2 :
----:----:----:----:----:----:

----:----:----:----:----:----:
AAAA:
:i:
----:----:----:----:----:----:
BBBB:
: 11 :
----:----:----:----:----:----:
eccc:
: 10 :
:----:----:----:----:----:
DDDD:
, :
----:----:----:----:----:----:
EEEE:
:i :
----:----:----:----:----:----:
b)

DLAM:

1

:AAAA:BBBB:CCCC:DDDD:EEEE:

----:----:----:----:----:-~--:

AAAA:

:i:

----:----:----:----:----:----:
BBBB:
: 11 :
:----:----:----:----:----:
eccc:
,:
1:
:----:----:----:
----:---- 2 :
DDDD:
4 :
----:----:----:----:----:----:
EEEE:
S :
----:----:----:----:----:----:

b)

:AAAA:BBBB:CCCC:DCDD:EEEE:

:----:----:----:----:----:
2:
1:
----:----:----:----:-------:
DL AH :
1:
2:
4 :
----:----:----:----:----:----:
FAAL:
S:
:5:
----:----:----:----:----:----:
FAAM:
1:
1:
----:----:----:----:----:----:
FBAL:
4:
1:
1 :
----:----:----:----:----:---FBAM:
1:
1:
----:----:----:----:----:---FCAL:
2:
1:
1:
:----:----:----:----:----:
FCAM:
2 :
----:----:----:----:----:----:

:AAAA:BBBB:CCCC:DDDD:EEEE:

----:----:----:----:----:----:
3 :
UAAH:

----:----:----:----:----:
8:
3:
3:
2:
----:----:----:----:----:----:
1 :
UBAL:
2:
3:
UAAH:

classified into one of classes AAAA, BBBB, and DODD. In
particular, class AAAA is associated with only low amplitude
signals. Classes BBBB and DODD represent low-to-medium
amplitude signals, while high amplitude signals are mainly
classified into class ceCCo If we concentrate our interest on
AE signals classified into classes AAAA, BBBB, and CCCC,
it is expected that high amplitude signals are classified into
class eccc, medium amplitude signals are into either class
AAAA or BBBB. These results are in good agreement with
results of the cluster analysis discussed in Fig. 6. It is not possible to conclude whether the results can be viewed as reasonable. However, they are not contradictory.

----:---~:----:----:----:----:
1 :
4:
1:
UBAM:

----:----:----:----:----:----:
1:
2:
UBAH:
----:----:----:----:----:----:
b)

:

CLAM:

Table 4 a) A result of pattern classification of AE signals in
U series by using the minimum distance classifier and b) that
by the maximum likelihood classifier.
a)

:AAAA:BBBB:CCCC:DDDD:EEEE:

:AAAA:BBBB:CCCC:DDDD:EEEE:

----:----:----:----:----:----:
3 :
----:----:----:----:----:----:
,:
4:
3:
UAAH;
UAAH:

----:----:----:----:----:----:
3 :
1 :
2:
:----:----:----:
----:----:
UBAM:
4:
2:
----:----:----:----:----:----:
1:
2:
UBAH;
----:----:
----:----:----:

Data obtained from a DL specimen and three F-series
specimens (FA, FB, and FC) were also grouped with respect
to amplitude, and then analyzed by the pattern classification
scheme. Results are shown in Table S. The minimum distance classifier and the maximum likelihood classifier were
employed again. The results are quite similar to each other.

UBAL:

69

Since the DL specimen has a S cm overlapping, it is
anticipated that AE signals are generated mainly due to
delamination without fiber breakage. As shown in the table,
events are classified into classes BBBB, CCCC, and EEEE.
No signals of class AAAA were observed. This fact suggests
that AE signals due to fiber breakage may be assigned to class
AAAA. It is considered that AE signals due to slow growth
of delamination belong to class BBBB or class ccce because
of the obsetVed amplitude ranges. Signals due to rapid
growth of delamination may be assigned to belong to class
EEEE, from the amplitude and the time period of the emissions.

These include fiber breakage, splitting and slow
growth of delamination, crack face friction, and rapid
growth of delamination.

Acknowledgement
The authors are grateful for financial support by the
Office of Naval Research. Assistance of Mr. Steven Jensen is
greatly appreciated. Prepregs used in this study were provided by the courtesy of Mr. Kevin Marshall of Hexcel Structural Products, Dublin, CA.

In the F-series experiments, low and medium amplitude signals are mainly observed and may be assigned to
classes AAAA, BBBB, and CCCC. In particular, no events
of class DODD were observed. In the F-series experiments, it
is expected that fiber fracture and splitting are major AE
sources (Ono, 1986). Therefore, we may assign class AAAA
to fiber fracture. Classes BBBB and CCCC may correspond
to splitting and slow growth of delamination. These assignments should be viewed as tentative as more signals need to
be analyzed in conjunction with the load level when AE
detection is made.

J. Awerbuch and S. Ghaffari (1986), "Effect of FrictionGenerated Emission on Monitoring Damage in Composite
Laminates through Acoustic Emission," Progress in Acoustic
Emission Ill, eds. K. Yamaguchi et aI., JSNDI, pp. 638-652.

While we need a larger statistical base, the results
demonstrate the applicability of the pattern recognition technique to AE signals from composite materials using the
autoregressive modeling. Further study should combine this
method with other nondestructive and destructive test methods
and establish underlying fracture mechanisms unambiguously.

Roger W.Y. Chan, D. Robert Hay, Victor Caron, Michael
Hone and R. Douglas Sharp (1985), "Classification of Acoustic Emission Signals Generated During Welding," J. Acoustic
Emission, 4(4), 115·123.
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4.

From the loading condition and the construction of the
composite sample, we have tentatively assigned various failure mechanisms to each class of AE signals.

M.A. Hamstad (1986), "A Discussion of the Basic Understanding of the Felicity Effect in Fiber Composites," 1. Acoustic Emission, 5(2), 95-102.
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Autoregressive Models," J. Acoustic Emission, 1(4), 266-270.
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L.R. Rabiner and R.W. Schafer (1978), Digital Processing of
Speech Signals, Prentice-Hall, Englewood Cliffs. New Jersey.
K.L. Reifsnider, ed. (1982), Damage in Composite Materials,
ASTM STP 755, Amer. Soc. Testing and Materials, Philadelphia.
K. Shimomura (1984), "Fracture Toughness and Acoustic
Emission Characteristics of Glass Fiber Reinforced Plastics,"
Zairyo, 33(7), 520-528.
1. Wolters (1986), "AE Monitoring of Fracture Mechanisms in
Shon Fibre Reinforced Thermoplastics: Basic Studies on
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Plastics Ind., New York, pp. 29-36.
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International SChool of Prof. Advancement: Acoustic Emission
The International School of Professional Advancement: AE in Science and Technology will be held 22 - 27 June
1987 in Warsaw, Poland. It is sponsored by Centro Internationale di Scienza Meccanica - Udine, Italy and
organized by the Polish Academy of Science. Inquiry should be sent to Dr. L. Go1aski, Vice President, Technical
University of Kielce, Institute of Applied Mechanics, 25-314 Kielce, At. 1000-lecia PP Nr. 5, POLAND.

Acousto-Ultrasonics: Theory and Application
An international symposium is planned for 12 - 15 July 1987 at Virginia Polytechnic Institute and State University;
organized by Drs. J.C. Duke, Jr. and E.G. Henneke, II, Materials Response Group, Engineering Science and
Mechanics Department, Virginia Tech., Blacksburg, VA 24061-4899, telephone no. (703) 961-5316. The
symposium covers all aspects of A-U; wave propagation, signal analysis, sources and detectors, process control
application, material characterization and structural components application. Abstracts will be due on 5 Jan. 1987.

The XVI-th EWGAE MEETING
The next EWGAE meeting is scheduled to be held in London between 14 - 18 September 1987 in conjunction with
the Founh European Conference on Nondestructive Testing. Details to appear later.

The 31 st Meeting of Acoustic Emission Working Group
The next AEWG meeting is set for 21-24 March 1988 at University of California, Los Angeles (UCLA) , California
90024-1600. Meeting organizer is Prof. Kanji Ono, Room 6532, Boelter Hall, UCLA; telephone no. (213)
825-5233. The first day will be devoted to workshops on Acoustic Emission Instrumentation and on AE Signal
Processing. Both will be primarily laboratory sessions with limited enrollments.

The 9th International AE Symposium
The 9th lABS will be held in Kobe, Japan on 14 - 18 November 1988. It will be sponsored by the JSNDI,
Hashimoto-Bldg, Asakusabashi 5-4-5, Taito-ku, Tokyo Ill, JAPAN. Look for further announcements.

The 3rd International Conference on AE
The 3rd ICAE will be held in Charlotte, Nonh Carolina on 20 - 23 March 1989. It will be sponsored by the AEWG
in cooperation with ASNT, SEM, IEEE and ASTM.l..ook for funher announcements.

The 3rd International Symposium on AE from Reinforced Composites,
The Third International Symposium on Acoustic Emission from Reinforced Plastics is planned tentatively in Paris,
France in July of1989.l..ook for further announcements.,
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A New Approach to the Use of Acoustic Emission Peak Amplitude
Distribution as a Tool of Characterizing Failure Mechanisms in
Composite Materials
A. Mittelman and I. Roman
Abstrad
2) To utilize cumulative PAD. It has been shown (pollock, 1973) that if the PA are randomly distributed, the
number N(A) of events with amplitudes gn=ater that A can be
repn:sented by

The peak-amplitude distribution (pAD) of acoustic
emission (AE) signals is extensively employed as a mean of
characterizing damage processes in composite materials. Two
approaches are in common use, viz., the correlation of specific
mechanisms with the range (or mean) of the peale-amplitudes
of AE signals and the evaluation of the slope of the logarithmic cumulative PAD. We propose a new approach for the
analysis of PAD, by employing the statistical moments of the
PAD. An experimental study utilizing unidirectional Kevlarepoxy composites demonstrates that the third moment. or the
skewness, of the PAD can clearly distinguish between fiber
fracture and matrix failure.

N(A)

where A o is the lowest detectable amplitude and b is a constant In testing materials in which a single failure mode dominates, the logarithmic plot of that cumulative PAD is a
straight line. A high value of b indicates a large number of
small amplitude events, wben:as a flatter curve with small b
suggests that high amplitude events pn:dominate. In materials
which fail in a complex mode, e.g. composites, a unique value
of b is not expected. However, different sections of the curve
can be approximated by straight lines each representing a
different failure mechanism. It has been suggested (Becht et
al., 1976) that low values of b can be associated with fiber
failure, while large values of b an: related to non-fiber failure
events, e.g. resin cracking or debonding. Contrary to these
findings, Valentin et al. (1983), in a study of carbon-epoxy
composites, found low values of b to correspond to matrix
failure modes and that high values of b are characteristic of
fibers failure, in accord with the n:sults reported in (Jamison,
1984).

1. IntrodUctJOD
The characterization of acoustic emission (AE) from
composite materials is becoming a useful tool for damage and
failure mode analysis. However the current state of the
analysis of AE for this purpose has not yet advanced to the
stage, where a single acceptable method of analysis is available. Several different approaches for processing AE, in the
context mentioned above, are employed. These are based on
various AE parameters such as the number and rate of events,
the root-mean-square of AE voltage level. event duration and
peak-amplitude of the AE signals. Experimental studies of
different composite systems have shown that the analysis of
different characteristics of the peak-amplitude (PA) of AE signals is a useful, though limited, means for distinguishing
different failure modes. It is possible to study the variation of
the PA with time (or a mechanical parameter). However, it is
more common to examine the peak-amplitude distribution
(pAD) characteristics. Then: are two conventional methods of
employing the PAD to differentiate between failure modes
(Hamstad. 1982). These methods are:

In addition. it should be emphasized that it is difficult
AE studies performed by different
investigators. The limitations are due to the use of different
AE systems and system parameters (e.g. threshold voltage,
voltage level reference for dB definition, frequency band-pass
range, etc.), different coupling techniques (between samples
and sensors), and variations of acoustic attenuation due to
differences in geometry and composite systems. In this paper
a new method of processing PAD data is proposed. Hen:, it is
suggested to analyse the AE data, by utilizing the statistical
moments of the PAD. That is, we employ the numerical
values of these moments as a means of differentiating failure
modes.
to compare conclusions of

1) To associate the observed PA range (or the mean of
the range) with a specific failure mode. For example., it was
found (Wadin and Pollock, 1977; Graham and EIsley, 1978;
Otsuka and Scarton, 1981; BaIdersten, 1972; Dukes, 1972;
Williams and Reifsnider, 1974) that in glass or carbon-epoxy
composites, events of higher PA n:sult from fiber fracture and
lower PA events are associaled with matrix failure. 00 the
other hand, Jamison (1984) and 000 (1986), determined that
in carbon-epoxy composites the higher PA events correspond
to mauix failure whereas, fiber fracture n:sulted in a lower PA
events.

The first four statistical moments an: the mean, standard deviation, skewness and kurtosis, which except the mean,
describe the shape of a distribution. The moments are defined
as follows:
D

Mean
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(1) Samples having less than 489& volume fraction of
fibers (Vf) and a span to depth ratio (SDR) of 8.

(2) Samples for which 35% < V r < 609& and SDR
higher than 7.
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n

The mechanical characterization of such tests were

reported in detail (Rosensaft and Marom, 1985; Davidovitz, et
These are discussed in every basic statistics book, for example
(Spiegel, 1975).

al. 1984). Significant amount of fiber failure can be obtained
also in tension by using special tensile specimens as detailed
in (Miuelman, 1986). The resin in the center of those specimens was partially dissolved by HNQ" so that a volume free
of matrix was obtained. Failure of the samples occurs in these
matrix free areas by fiber fracture. In all cases the Kevlar
fibers fail by splitting as demonstrated in Fig. 1.

Recently, Scala and Coyle (1983) digitized the voltage
level of single different artificial AE signals. By using the
moments of the distribution of the digitized voltage levels,
they were, partially, able to distinguish between the different
AE sources. Manoharan et aL (1985) used the time dependence of the PAD moments to detect pore fonnation during
solidification of Al-l1.6w/o Si. In the following, we report the
use of this new processing method for the characterization of
two different failure modes which operate in Kevlar-epoxy
composites. Specifically, it was found that the numerical value
of the third moment of the PAD of AE signals can be
employed to differentiate between fiber and matrix failures.

3.1.2 Matrix Fracture
Two modes of matrix fracture are possible: delamination and interlaminar Shear. Delamination is observed when
employing

I) Bend samples having Vr > 489& and SDR of 8
(Davidovitz, et al., 1984).

2. Experimental

2) Bend samples for which 359& < V r < 60% and SDR
smaller than 5 (Rosensaft and Marom, 1985).

Composites of KevIar-49 fibers-AraJdite MY 7501HT
972 epoxy, having a volume fraction of fibers in the range of
0.23-0.73, were manufactured from prepregs prepared by fiber
winding impregnation technique. The nominal thickness of
unidirectional 3 point bending samples was 0.5 cm. The samples width was 005 em, and length varied to obtain different
span to depth ratio (SDR). The tensile specimens were
straight sided 0.15 cm, thick, 1 em, wide and 15 cm long,
with end tabs, and were loaded with serrated jaw wedge grips.

Interlaminar shear failure is obtained when tensile unidirectional samples are loaded so that the angle between the
fibers and the loading direction, a, is in the range of 4° < ex <
30° (Mittelman, 1986).
The fracture surface topographies of the two matrix
failure modes are similar and are made of hacldes and
debonding at fiber-matrix interface as shown in Fig. 2.

An Inslron (Model 1142) was employed at a constant
cross-head speed of O.OS em/min in room air at ambient temperature. A resonant type transducer (Model AC 37SL, AE11,
a preamplifier with a 150-500 kHz filter having a main of 40
dB (Model 14OB, AET) and microprocessor based AE inslJ'Umentation (Model 5000A. AET) were employed with a second
amplification stage at the 5000A of 30 dB for the AE measurements.

3.2 Acoustic Emission

3. Results

It is apparent, from the data shown in Fig. 3, that there
is no difference in the PAD ranges obtained for the different
failure modes. Furthermore, the slopes of the cumulative
PADs, for the different failure modes were not significantly
different In order to overcome this difficulty of distinguishing
between the PAD characteristics of the different failure modes
an attempt is made in this work to characterize the different
PADs, by determining the statistical moments of the distributions and particularly the third moment, skewness.

It is expected that different failure modes will result in
significantly different AE behavior in general and particularly
different PA characteristics, due to the differences in the
energy released during fiber failure as compared to matrix
fracture. Four typical PAD obtained from samples loaded to
failure in both tension and flexure which failed predominantly
either by fiber or matrix fracture are shown in Fig. 3.

3.1 Failure Modes - MechtuJjcal CharacterizaI;on
The use of different loading methods, bending or tension, and material parameters, e.g. fiber volume fraction,
enabled the attainment of the two basic failure mechanisms,
viz. fiber or matrix fracture.
3.1.1 Fiber Failure

Table 1 gives the average and the standard deviation
values of the skewness for a number of samples which failed
by the two different failure modes. These values of the skewness were calculated for sets defined by the failure mode,

In flexural tests of unidirectional Kevlar-epoxy composites it is possible to cause failure so that fiber fracture is
dominant by employing the following two types of specimens:
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70 JUll
Fig. 1. Typical fractographs of failed fibers in samples loaded in: a) flexure, b) tension.

22 JUll

~JUll
~JUll
Fig. 2. Typical fractographs showing mab'ix fracture in samples loaded in: a) flexure, b) tension.

Table I Statistical values from experiment
mode
fiber failure
matrix fracture

skewness
0.433
0.901

st'd deviation
0.164
0.169

7S

No. of specimens
12
20
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80
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Fig. 3. Typical PAD's of AE signals obtained from:
a. interlaminar failllle of a tensile sample
c. shear failure in bending

b. fiber failure in a tensile sample
d. fiber failure in bending

les observed on typical fractographs of several specimens. The
skewness was found to be 0.96 which compares well with the
value of 0.901 ± 0.169 determined for the skewness of PAD
typical of matrix fracture. The length of the hackles is related
to the PAD since it is assumed that the energy released by
matrix fracture is proportional to the length of matrix crack
which released iL

irrespectively of the loading method or material parameters.
When applying a T-Test to the data included in the
table, it was found that there is a definite difference between
the characteristic skewness of the two failure modes.

4. DlscussJon
The strength distribution of a single Kevlar-fiber was
studied and reported by Wagner and Phoenix (1984). The
skewness of the strength distribution of fibers calculated from
the values of Wagner and Phoenix (1984) was about -0.38.
This value is different from the skewness of the PAD
obtained for fiber fracture. The difference between the two
values can be explained if it is recalled that significant matrix
cracking precedes and accompanies fiber failure. The
observed skewness value of 0.433 is close to 0.40 or an average of the values observed (-0.38) and matrix cracking (0.96).
This appears to indicate that the skewness of the underlying
processes can be averaged to reach the observed value.

The AE monitored during the tests described above is
the result of the operation of the different failure mechanisms.
Consequently, it is reasonable to assume that it should be possible to comlate parameters of AE with materials parameters
that are relevant to the failure processes. Such comlations
were, indeed. found, and are discussed next.
The skewness of the PAD for specimens where matrix
failure mode dominated was found to comlate with the length
distribution of the hackles on the fracture surfaces of those
samples. The hackles are typical fracture surface features
which are observed when examining broken matrix areas and
the distribution was obtained by measuring the length of hack-

It is interesting to note that such an agreement exists
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between the PAD and failure related material parameters in
spite of the fact that PA is dependent on the path and medium
through which AE signal is traveling in addition to the source
mechanisms itself.

H. Otsuka and H.A. Scatton (1981), J. Composite Mal. 5(6),
591-S97.
A.A. Pollock (1973), Non-Destructive Testing, 6, 264-269.

S. Conclusions

M. Rosensaft and G. Marom (1985), J. Compo Tech. and Res.,
7, 12-76.

1.

C.M. Scala and R.A. Coyle (1983), NOT Int., 16(6),339-343.

The two dominant failure modes of unidirectional
Kevlar-epoxy composites, fiber failure and matrix fracture were characterized by different numerical values
for the skewness of the PAD established by all the AE
events monitored during loading in tension or bending.

2.

The skewness values which have been calculated from
the PAD are O.433±O.I64 for fiber failure samples and
O.901±O.l69 for matrix fracture specimens.

3.

The skewness values of PAD of AE signals can be
correlated to the skewness of the following material
properties: A) the hackle length distribution, and B)
the strength distribution of single fibers.

4.

This method of using the skewness of the PAD to
differentiate between matrix fracture and fiber failure
modes was found to be the most effective one among
the PAD analysis techniques for this purpose.

M.R. Spiegel (197S), Theory and Problems of Probability and
Statistics, Schaum's Outline Series, McGraw Hill, New York.
pp.79-86.
D. Valentin, P. Bonniau and A.R. BunseH (1983), Composites, 14(4), 345-351.
J. Wadin and A.A. Pollock (1977), 9th Natl. Tech. Conj.
SAMPE, Soc. Adv. Mal Proc. Engr., Covina, CA, pp. 519560.
H.D. Wagner and S.L Phoenix (1984), J. Composite Materials, 18, 312-338.
R.S. Williams and K.L Reifsnider (1974), J. Compo MaL, 8,
340-3S5.
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CONFERENCES AND SYMPOSIA

Review of Progress in QNDE, 21-26 June
WlIIiamsburg, Virginia

The XVIth EWGAE Meeting is tentatively set to be held in
conjunction with the 4th European Conference on
Nondestructive Testing in London, England. The Conference is
scheduled for 14 -18 September 1987 and the EWGAB Meeting
will last two days. Details will be announced later.

1987,

The 14th Annual Review of Progress in Quantitative NDE will
be held at the Fort Magruder Conference Center and the College
of Williams and Mary, Williamsburg, Virginia, June 21 • 26,
1987. Inquiry should be directed to Ms. Linda Dutton, 224
Applied Sciences Center, Ames Laboratory, Iowa State
University, Ames, IA 50011. Aeveral papers on AE will be
presented.

The 9th International Conference on NDE in the
Nuclear Industry, 25·28 April 1988, Tokyo, Japan
This series of conference has included AE sessions and adresses
applications of NDE techniques in the nuclear power plant
industry. Abstracts of 4OO.fi00 words should be sent by Sep. I,
1987 to Mr. I.E. Doherty, Magnaflux, 7300 W. Lawrence Av,
Chicago, IL 60656 in N. America, Dr. X. Edelmann, Sulzer
Bros., Dept. NDT 1513, CH·8401 Winterthur, Switzerland in
Europe and Dr. K. !ida, clo Kyowa Elec., 2-3-8 Toranomon,
Minllto, Tokyo 105 Japan. ASM International sponsors this
conference.

International School of Prof. Advancement: AE in
Science and Technology, 22 - 27 June 1987,
Warsaw, Poland
The International School of Professional Advancement: AE in
Science and Technology will be held 22 - 27 June 1987 in
Warsaw, Poland. It is sponsored by Centro Internationale di
Scienza Mcccanica - Udinc, Italy and organized by the Polish
Academy of Science. Inquiry should be sent to Dr. L. Golaski,
Vice President, Technical University of Kielce, Institute of
Applied Mechanics, 25-314 Kielce, AI. 1000-lecia PP Nr. 5,
POLAND.

Tbe 9th International AE Symposium, 14 - 18
November 1988, Kobe, Japan
The next symposium is being planned to be held in Kobe, a port
city near Osaka. Kyoto and Nara and about 400 miles west of
Tokyo. Look for future announcemenL

Ultrasonics International 87, Conference & Exhibition, 6 - 9 July 1987, London, England
This conference is sponsored by the journal Ultrasonics, and
includes a limited number of papers on AB.

The 3rd International Conference on Acoustic
Emission, 20 - 23 March 1989, Cbarleston, SC.

Acousto-Ultrasonics: Theory and Application, 12 IS July 1987, Blacksburg, Virginia

The Acoustic Emission Working Group's 2nd International
Conference on Acoustic Emission was held in 1985 in Lake
Tahoe. The next Conference on Acoustic Emission is planned
to be held in 20 - 23 March 1989 at Charlotte, North Carolina in
conjunction with the ASNT Spring Meeting. This Conference
will be co-sponsored by ASTM, ASNT, IEEE and SEM.
Refereed papers presented at the Conference will be published as
a Special Technical Publication by ASTM.

An international symposium is planned for 12 - 15 July 1987 at
Virginia Polytechnic Institute and State University. It is
organized by Drs. J.C. Duke, Jr. and E.G. Henneke, II, Materials
Response Group, Engineering Science and Mechanics
Department, Virginia Tech., Blacksburg, VA 24061-4899,
telephone (703) 961-5316. The symposium covers all aspects of
A-U; wave propagation, signal analysis, sources and detectors,
process control application, material characterization and
structural components application.

The Third International Symposium on Acoustic
Emission from Reinforced Composites, July 1989,
Paris, France

XVIth Meeting of The European Working Group of
Acoustic Emission (EWGAE), September 1987,
London, England

The third Symposium is tentatively planned for July, 1989 in
Paris, France.
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30th Meeting of the Acoustic Emission
Working Group, 12 - 14 May 1987, University of Oklahoma, Norman, Oklahoma

Thursday, May 14
Session V - AE in Metals (Chair: C.A. Tatro)

z. Zbu and S. Carpenter, Correlation of AE and Fracture
Toughness of Ductile Nodular Cast Iron

Tuesday, May 12
Session I - Process Monitoring (Chair: R.A. Kline)

0.-Y. Kwon and K. Ono, Prediction of Stress States by MAE

J. Mithell, Weld Stud Monitoring

E. Wilson and S.H. Carpenter, Effect of Grain Size on the AE
Generated During the Compressive Deformation of Fe and AI

W.D. Jolly, Development of an Acoustic Emission Monitor to
Detect Incipient Bearing Failure

Session VI • AE in Composires - B (Chair: T. Drouillard)

H. Timg, Use of Acoustic Emission for In-Process Tool Wear
Sensing

N. Dhond, Acoustic Emission Testing of a Metal Matrix Tube
Specimen

A. Beattie, On Using Total Counts as an Acceptance Criterion

C.H. Johnson and K. Ono, Acoustic Emission Behavior of
SiC/AI Metal Matrix Composite During Fracture Testing

Session n- AE in Composites - A (Chair: R. Kline)
M. Ohtsu and K. Ono, Identification of Damage in Carbon Fiber
Composires using Acoustic Emission and Pattern Recognition

The Eighth International Acoustic Emission
Symposium

C. Hsiao and R. Kline, Attenuation Effects in Polymeric Media
F. Beall, Preliminary Investigation of Acoustic Emission from
Wood During Pyrolysis and Combustion

The Eighth International Symposium on Acoustic Emission was
held from October 21 to 24, 1986 at Nihon University Hall in
Tokyo. Although it is referred to as international and uses
English as the official language, this symposium has been held
every other year in Japan under the sponsorship of Japan Society
on Nondestructive Inspection. Activeness of AE research in
Japan is indicated in the number eight

Discussion Session - (Chair: D. Egle)
The Kaiser Effect, the Felicity Effect in Metals and Composites
• Are the Two Related?

Wednesday, May 13
Session ill - Instrumentation and Sensors (Chair: D. Egle)

Recognizing the success of the AE Symposia as well as his
other achievements, Gold Medal Award of AEWG was presented
during the Symposium Banquet to Professor Morio Onoe
(former director of Research Institute of Industrial Science of
Tokyo University) who was instrumental in the founding of the
Symposia.

A. Pollock and W. Rooney, Advances in AE Computer Graphics
T. Proctor, A Piezoelectric Transducer for the Measurement of
Horizontal Displacement
D. Egle and S.K. Yang, Normalizing Responses of AE
Transducers

As for the content of the symposium, 168 participated in this
symposium, with 34 overseas participants (2 Australia. 7 China,
1 France, 3 Italy, 4 England, 2 Korea. 13 US, I West Germany,
1 Yugoslavia). 88 presentations were divided as follows.
Fracture Source Location 4, Diagnositics 5, Instrumentation 2,
Fracture Mechanisms 6, Metallic Materials 10, Composite
Materials 11, Waveform Analysis 12. Structural Integrity
Evaluation 9, Magneto-Acoustic Emission 2, Application to
Superconductivity 2, Application to Medicine 6, Rocks and
Sub-surface Development 12, Concrete 4, Ceramics 3.

A. Beattie, Design of an Acoustic Emission Transferability
Standard
Session IV - Applications (Chair: A. Beattie)
J. Carlyle, AE Testing of the F·lll
J. Carlyle, Practical Considerations for Pipeline Testing
• What you Don't Learn in the Lab

The differences from the past 7 Symposia are the reduction in the
number of papers in metallic materials and pressure vessels and
increases in the area in composites materials, ceramics, and other
new materials. In addition, the application fields have expanded
to the magneto-acoustic emission, superconductivity and
medicine.

P.R. Blackburn, AE from Different Sources in Jumbo Trailer
Materials
H.R. Hardy and R. Bolesky, Location and Stability Monitoring
of Sinkholes: Preliminary Seismic and AE Studies
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In another old area of acoustic emission, mines and rocks area,
Professor Hardy of Pennsylvania State University have held
International Acoustic Emission Conferences regarding rocks
(4th conference was held in 1986) and the number of papers in
this Symposium has been limited. However, starting from
1984, Professor Hardy started to participate in this Symposium
and the number in this field has jumped. This time, in Civil
Engineering field, an example of applying AE to safety
monitoring of a tunnel has been reported.

International Conf. of NDE for Advanced
Materials and Monitoring Applications on the
Basis of Acoustic Emission Technology, 27,
28 October 1986

Next, one of the features of this Symposium is the increase of
research regarding waveform analysis for theoretical studies of
acoustic emission. Dr. Scruby from England and Prof. Sachse
from the US have participated in active discussion. Theories on
generation mechanisms of acoustic emission have become fairly
clear. In this field, improvement in instrumentation and
experimental proof are remaining problems.

Monday, October 27, 1986

This conference was organized to supplement the Eighth
International AE Symposium by Professor K. Yamaguchi at the
Institute of Industrial Science, University of Tokyo. Proceedings
have been published by the Institute.

Session I
Application of AE for Advanced Materials
Chairmen: Prof. K. Takahasi (Kyushi Univ.) Prof. 1. Kimpara
(Univ. of Tokyo) Prof. Y. Higo (Tokyo Inst of Tech.)
Dr. C.B. Scruby (National NOT Center, U.K.), The
Characterization of Crack Growth by Acoustic Emission
Prof. W. Sachse (Cornell Univ., USA), Applications of
Quantitative AE Methods: Dynamic Fracture, Materials and
Transducer Characterization
Prof. M.A. Hamstad (Univ. of Denver, USA), Acoustic
Emission Flaw Growth Monitoring During Four-Point Bend
Tests of Alumina
Dr. T.J. Holyrod (Rolls-Royce, Ltd., U.K.), Uses of AE in
Rolls-Royce pIc
Prof. T. Uomoto (Univ. of Tokyo, Japan), Application of
Acoustic Emission to the Field of Concrete Engineering
Prof. J. Awerbuch (Drexel Univ., USA), Tracking
Progression of Matrix Splitting During Static Loading through
Acoustic Emission in Notched Unidirectional GraphitelEpoxy
Composites
Prof. J. Awerbuch (Drexel Univ., USA), Effect of
Friction-Generated Emission on Monitoring Damage in
Composite Laminates through Acoustic Emission (with Video
Display)

This symposium, for the fll'St time, concrete session was added.
Four papers were given in this session but two more related
concrete papers were in integrity monitoring, so aU together
there were six papers. This compares with just one paper on
concrete in the 6th symposium and four in the 7th symposium.
Dr. Wood of CSIRO of Australia presented examples of safety
monitoring of dams and railroad bridges constructed from rocks.
He has participated in safety monitoring of engineering
structures for over 20 years, although many of the results have
not been reported openly.
Other reports presented basic studies of concrete samples.
However, each of the studies was a basic study in preparation for
practical applications. I felt that days are near that they can
answer the requirements in the field. One of the themes in this
area is the Kaiser effect Professor Uomoto of Tokyo University
reported a study of obtaining previously applied load. Dr. Niiseki
of Tohoku University reported dependence oftoading direction on
Kaiser effect It was also reported that effect of holding time is
strong and implies the difficulty for applications.

Tuesday, October 28, 1986
Session II Monitoring Application and Advanced
Instrumentation of AE
Chairmen: Dr. H. Nakasa (CRIEPI) Prof. Y. Mori (Nippon
Univ.) Dr. S. Yuyama (Nippon PAC) Mr. M. Shibata (Hata
Giken Co., Ltd.)
Dr. Sotirios J. Vahaviolos (Pysical Acoustics Corp.,
USA), 3rd Generation AE Instrumentation Techniques for High
Fidelity and Speed of Data Acquisition
Prof. Y. Higo (Tokyo Inst. of Tech., Japan), Application of
Acoustic Emission in Medical Field
Prof. F. Tonolini (CISE, Italy), Experience in the
Application of Advanced Acoustic Techniques for Structure
Inspection and Monitoring
Mr. Ray Davies (Veritas, USA, USA), Acoustic Emission as
a Basis for Plant Integrity Monitoring
Dr. Timothy J. Fowler (Monsanto Chemical Co., USA),
Acoustic Eission Testing of Process Industry Vessels and Piping
Dr. Brian R.A. Wood (CSIRO, Australia), Acoustic
Emission Applied to Pressure Vessels
Mr. Ichiya Sato (Hitachi Ltd., Japan), Machine Condition
Diagnosis Using Acoustic Emission Technique

The durability of concrete has become a major problem in
different areas, but acoustic emission is a potential method for
its detection. The evaluation of concrete healthiness (or
deterioration) is highly desirable and rapid development of AE
methods is urgently needed. Because of the complexity of
concrete as a material and the use of concrete as composite
components as in steel reinforced concrete, the results of acoustic
emission research for metallic materials and rocks areas cannot
be applied directly. The complexity demands simultaneous
advances in basic and applied research in concrete field.
Finally, the 9th International Symposium on Acoustic Emission
is planned for November 1988 in Kobe and it is hoped that many
researchers participate in the Symposium.
Masayasu Ohtsu
This article was published in Concrete Engineering (Feb. 1987) in
Japanese and was translated by the Editor.
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Letter to Editor

Call for Papers on Acoustic Emission

My name will not be familiar to you because it was misspelled
in the Journal of Acoustic Emission, Volume 5, Number 4,
page 144, 1986. It was misspelled Krautz in the big black
letters at the top of the page. (To be fair, it was properly spelled
Kautz in the tiny letters at the bottom of the page.)
I thought, how foolish of me to have overlooked such a mistake
in the proofs. But upon examination of my copy of those
proofs I see that my name and that of my co-author, H.L dos
Reis, were not included with the title. Thus, it was that the
name error was inserted upon returning the proofs to you.
Fortunately I haven't published very much in the journals in the
recent past and so my name will not be sorely missed.
A friend of mine suggested you might want to send me a
compact disc player to make amends. I said that seemed way out
of line (even though, goodness knows, I could use a compact
disc player). Rather, you may want to print some sort of errata
in a later publication to keep your records straight. (Webster
dermes errata as a list of errors. I don't know how long it will
take you to compile a list of printing errors long enough for
presentation.)
I don't think an errata will make me feel any better. This letter
makes me feel a little better, but not an errata. The only people
who will notice it are people who know me • and believe me
they already know what happened. The main thing is that I will
be sure the management structure at NASA Lewis Research
Center knows that I am a ghost writer on this paper. This will
be a small but finite component in building job security in the
face of some future possible reduction in personnel.

The ASNT plans a special Materials Evaluation issue (Nov.,
1987) on Acoustic Emission testing. Areas of interest include
applications, research, instrumentation and standards.

Interested authors should contact the coordinating technical editor
and send him abstracts by 1 June 1987: Dr. Sotirios Vahaviolos,
Physical Acoustics Corp., PO Box 3155, Princeton, NJ 08540.
Papers must then be submitted by 1 Sept. 1987 to the Editor,
Materials Evaluation, ASNT, 4153 Arlington Plaza. Caller
#28518, Columbus, OH 43228-0518.

1987 SUBSCRIPTION RATE FOR
JOURNAL OF ACOUSTIC EMISSION
Base rate for one year (four issues, Mar. - Dec.) $ 85.00
Add Postage of U.S., Canada - Book rate
nlc
U.S., Canada - First class
$ 10.00
All others - Book rate
$ 5.00
Western Europe - Airmail rate $ 15.00
All others - Air mail rate
$ 20.00
Discount of $5 with payment upon order. Payment must be in
U.S. dollars drawn on a U.S. bank. Bank transfer accepted to the
A.E. Group account (Account No. 080-03416470) at
Sumitomo Bank of California
San Fernando Valley Office
15250 Ventura Blvd
Sherman Oaks, CA 91403-3262
Notify us of such a transfer as the bank cannot sometimes give
us the name of the payer.
One volume of four issues per year. Index included in the
October-December issue. Back issues available at $ 50 per
volume for Vols. 1 - 3 and $ 80 pet volume for Vol. 4 and 5.
Surface postages (US and Canada) included. For overseas surface
delivery, add $5 and for air mail, add $ 20 per volume. All orders
should be sent to

Best wishes,
Harold E. Kautz
NASA Lewis Research Center, 21000 Brookpark Road
Cleveland, OH 44135, Mail Stop 6-1

An Erratum
We regret the mistake and stand corrected a.s above. We'll

Acoustic Emission Group
J08 Westwood Blvd., Box 364
Los Angeles. CA 90024·1647

henceforth include the names ofthe authors in galley proofs.

AE Training Courses

Journal of Acoustic Emission is published by
Acoustic Emission Group

Room 6532, Boelter Hall
University of California
40S Hilgard Avenue
Los Angeles, California 90024-1600 USA

Workshops lor AE Testing and Signal Processing
AEWG·31, Mar. 21, 1988, at Univ. of Calif., Los Angeles
AET Corp. 1824J Tribute Road, Sacramento, CA 95815
(916) 927-3861

Mailing address: Acoustic Emission Group

308 Westwood Blvd., Box 364
Los Angeles, CA 90024-1647 USA

Fundamentals 01 AE Technology
June 15-17, and Oct. 19·21, 1987, Sacramento, California

Users Training Course lor AET 50008
Editor-Publisher
Editorial Assistant
Cover Design
Production

June 18, 19, and Oct. 22, 23 1987, Sacramento, California
PAC. P.O. Box 3135, Princeton, NJ 08540
(619) 452-2510, (800) 257-5140

Kanji Ono
(213) 825-5233
Barbara Brooks
Robin Weisz
UCLA Publication Services

School 01 Acoustic Emission lor SNT·TC·IA
Publication Date of This Issue:

July 13 - 17 and Nov. 28· Dec. 2, 1987, Princeton, New Jersey
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1 June 1987

AVAILABLE BOOKS ON

ACOUSTIC EMISSION
Progress in Acoustic Emission III (1986) The Proceedings of the 8th International AE Symposium,
800 pages. $100.00 (surface post included).
Proc. Second International Conference on AE (1985) Proceedings of the Lake Tahoe Conference,
October 1985. about 350 pages $ 50.00
Acoustic Emission - A Bibliography with Abstracts (1979) T.F. Drouillard 806 pages. Published
by Plenum Press. $ 135.00 post paid (surface)
Fundamentals of Acoustic Emission (1979) Ed. K. Ono - microfiche version only 360 pages.
Published by Univ. of Calif. $ 10.00 (add $2 for oversea shipping)
$ 50 per volume
Journal of Acoustic Emission, Vol. 1 - 3 (1982 - 4),
Journal of Acoustic Emission, Vol. 4, 5 (1985 - 6)
$ 80 per volume
Journal of Acoustic Emission, Vol. 6 (1986)
$ 85 per volume
(for overseas add $5 for sea mail or $20 for air mail per volume)
Above books are available from

Acoustic Emission Group
308 Westwood Blvd, Box 364
Los Angeles, CA 90024-1647

First International Symposium on AE from Reinforced Plastics (1983) Proceedings of the San
Francisco Symposium, July 1983. about 400 pages - $ 50.00 + shipping.
Second International Symposium on AE from Reinforced Plastics (1986) Proceedings of the
Montreal Symposium, July 1986. about 225 pages - $ 65.00 + shipping.
Available from Publication Sales, SPI, 355 Lexington Ave., New York, NY.
Acoustic Emission (1983) J.R. Mathews 167 pages - $ 39.50 Available from Gordon & Breach, New
York.
Advances in Acoustic Emission (1981) Eds. Dunegan & Hartman 385 pages - $ 68.00 Available
from W.F. Hartman, Knoxville, TN or ASNT, Columbus, OH.
Third Conf. on AElMicroseismic Activity in Geologic Structures and Materials (1982) Eds.
Hardy & Leighton. Available from Trans Tech Publications, 16 Bearskin Neck, MA 01966.
Acoustic Emission (1980) tr. A.R. Nicoll 385 pages - $ 63.00 Available from DGM Metallurgy
Information, 150 E. 27th St., New York, NY 10016
Acoustic Emission (1980) R.V. Williams 140 pages - $ 29.00 Available from A.Hilger Ltd, Bristol.
UK or Heyden & Sons, Philadelphia.
Progress in Acoustic Emission III (1986) The Proceedings of the 8th International AE Symposium,
800 pages. $ 100.00 (surface post included). Proceedings of earlier AE Symposia in Japan are also
available. Proceedings of the 5th AE Symposium (1980) $115 a copy, Progress in
AE (Proc. 6th Int'l AE Symposium, 1982) $115 a copy and Progress in AE II (Proc. 7th Int'}
AE Symposium, 1984) $115 a copy. The above price (calculated at ¥1401$1) subject to revision due
to currency fluctuation. These are all in English. Order through AE Group at above address or
directly to the Japan Soc. NOI, Hashimoto-Bldg, 5-4-5 Asakusabashi, Taita-leu, Tokyo 111, Japan.
ASTM-STP's:
Acoustic Emission (1972), STP-505, $22.50
Monitoring Structural Integrity by Acoustic Emission (1975), STP-571, t23.75
Acoustic Emission Monitoring of Pressurized Systems (1979), STP-697, $26.50
Acoustic Emission in Geotechnical Engineering Practice (1982), STP-750, $25.00
Available from ASTM, 1916 Race St, Philadelphia, PA 19103.
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Progress in Acoustic Emission III
Proceedings of the Eighth International Acoustic Emission Symposium, Oct.
21-24, 1986, Tokyo, Japan. Edited by K. Yamaguchi. K. Aoki and T. Kishi. Hard
cover. 800 pages including index. Published by Japan Soc. for Nondestructive
Inspection. Tokyo. Japan. Contains 93 papers. including two Keynote papers by C.B.
Scruby and R. Davies.
Headings are:
Acoustic Diagnosis,
Structural Integrity,
Superconducting.
Fracture,
Metal,
Composite,
Waveform Analysis.

Location,
Instrumentation,
Magnetomechanical AE,
Medical Application,
Subsurface.
Concrete,
Ceramics/Coating and

$100.00 *
send your order to
Acoustic Emission Group
308 WESTWOOD BLVD, BOX 364
LOS ANGELES, CALIF 90024 -1647

USA

* Take advantage of this special rate while supplies last. This rate Is available due to a pre-Symposium
order. After supplies on hand are exhausted, price will be $140 due to a higher price charged by Japan
Soc. NOI, the publisher, and a different exchange rate.

(Domestic surface post included. Add for Canada and Oversea Shipping: $5/copy surface; $25/copy
air delivery to West. Europe and S. America; $321copy air delivery to other country). Make check payable
to Acoustic Emission Group. The check must be in US $, drawn on a US bank.

The 31st Meeting of Acoustic Emission Working Group
The next AEWG meeting is set for 21-24 March 1988 at University of California (UCLA), Los
Angeles, California 90024-1600. Meeting organizer is Prof. Kanji Ono, Room 6532, Boelter
Hall, UCLA, Los Angeles, California 90024-1600; telephone no. (213) 825-5233.
The ftrst day will be devoted to workshops on Acoustic Emission Testing and Instrumentation and
on AE Signal Processing. Both will be primarily laboratory sessions with limited enrollments.
Modem AE equipment and mechanical testing facilities will be used to conduct tensile and fracture
tests of metal and composite samples. Methods for high and low temperature testing will be
demonstrated. In the workshop on Signal Processing, experiments on data acquisition and analysis
will be conducted using high speed digitizers and several computers. Both ICEPAK on illMlPC
and the n...s software on a super-minicomputer will be used. Participants will obtain data from one
of experiments and analyze them with pattern recognition softwares.
The AEWG meeting will follow normal schedule, but presentations on AE applications will be
especially welcomed. On-campus housing (not in dormitories) will be available starting on
Saturday, 19 March so that one can combine pre-meeting relaxation in sunny California (using
inexpensive airfares available with Sat. night stay-over). Details will be announced as they are
finalized. Room reservations will be taken any time, so plan early and write to the organizer now.
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ICIPAK™

Waveform Digitizers (Transient Recorders)
Kanji Ono

Many new waveform digitizers (or transient recorders) have appeared in the
U.S. market place. Although some features may be unnecessary for AE work,
many units are quite versatile and should be useful in AE studies. Given below are
samples of what are being offered.

Makes YOU
the EXPERT!
You've heard the buzzwordsarllflclal Intelligence, expert systems,
pallern recognition-and you've wondered when they would come up to the
practitioners' level where the real problems are.
The wait is over.
ICEPAK (Intelligent Classifier Engineering Package)· is the lirst general
purpose software-based system to smash
the barrier between laboratory curiosity
and practical application.
tCEPAK incorporates elements of
signal processing. pattern recognition,
and adaptive learning into a comprehensive. interactive-and user-friendlysoftware environment
ICEPAK can be taught by the user to
recognize signal features that separate
noise from flaws in eddy current testing,
or one lIaw size from another in ultrasonic
testing, or one emission mechanism from
another in acoustic emission testing. With
over 100 signal features in 5 different signal domains. and up to 20 user-delined
variables. ICEPAK can handle the tough
signal identification problems.
The other nice news is ICEPAK runs
on your favorite computer systems-the
IBM PC/XT/ATu and compatibles: HP
Vectrat: VAXIVMSt and RT-11t systems.
Whether your job is research,
methods development, or production NOT,
we can supply you with an ICEPAK system meeting your needs. Options include
complete PC-based systems with PCcompatible transient recorders, and customized software for on·line production
applications.

can or write now for more information
that will make you the expert:
Acoustic emission Technology Corp.
1824J Tribute Rd.,
sacramento. CA 95815:
916-927-3861 or Telex 171-356 AET.
Represented Worldwide.
*ICEPAK is a product
01 Tektrend Interna·
tiona I, Inc., Montreal,
Canada, and marketed
worldwide by AET
Corp.
.. IBM PC/XT / AT are
trademarks 01 Intema·

lIonaI Business Machines.
tV8Ctra Is a trademark
01 the Hewlett-Packard
Corp.
tVAXIVMSandRT-11
are trademarks 01 Dig·
ital Equipment Corp.

The fastest ones are from Tektronix; their 7250 digitizer has 6.5 GHz
bandwidth, while 7912HB has a 750 MHz bandwidth, 10 pslpoint (l00 GHz
sampling rate) and 9 bit resolution. The two instruments are based on the scan
converter technology. Because of this, record length is limited to 512 points
(Electronic Products, April I, 1987). While not that fast, LeCroy 6880 goes to a
1.3 GHz sampling rate with 400 MHz bandwidth and 8 bit resolution. Similarly,
the Model 3100 digitizer from Sequence achieves sampling intervals of 1 ns (l
GHz sampling rate) with 10 bit resolution. It uses a hybrid AID conversion
system based on a parallel-processing architecture and obtains usable input
bandwidth of de to 350 MHz with over 50 dB dynamic range. However, the
memory size is limited to 1024 words. This unit is available from Sequence, San
Jose, CA (EON News, March 16, 1987). On the super-fast side, an expensive
($160,000) sampling oscilloscope can go up to 70 GHz bandwidth and 5 ps
sampling from Hypres, Elmsford, NY. This is not a waveform digitizer, however
(Electronic Products, March 15, 1987).
In the range of more practical interest, there have been many new digitizers.
For many AE workers, Data Precision Data 6000 remains to be popular with its
Model 610 plug-in that goes up to 100 MHz, with 8 bit resolution. With their
CPU up-grade, the memory capacity has been raised to about 300 kwords. They
have also come out with lower speed, higher resolution plug-ins such as 16 bit, 1
MHz (650 plug-in) and just announced Model 6100, although no specification has
arrived in the mail. A similar 100 MHz, 8 bit acquisition is possible in other
units, such as leCroy Model 9440 Digital Oscilloscope (also their TR8818A
module). These units have good memory capacity, adequate for most AE work,
and also allow waveform processing and programmability. Another unit, Gould's
4070 050, goes even faster at 400 MHz, 8 bit. This one is available in 2 or 4
channels with 100 MHz bandwidth. The PM 3320 Digital Oscilloscope from
Phillips has a higher resolution at 10 bit and goes to 250 MHz digitizing rate.
However, memory capability is rather limited; 4096 words in one-channel
operation.
Higher resolutions at lower digitizing rates are provided in others. Nicolet
Model 4094 Digital Oscilloscope (also 4570 plug-ins) gives 12 bit resolution at
10 MHz with 16 kword of memory. Higher resolution does give a great advantage
in the dynamic range; 12 bit theoretically means 72 dB, although the practical
dynamic range is a bit lower. Still, this matches typical dynamic ranges of
amplifiers being used for AE signal acquisition. At the same 12 bit level, leCroy
has 6810 module that digitizes at 5 MHz (2.5 MHz bandwidth).
Some digitizers are in the form of plug-in boards for IBM PC and compatible
microcomputers. One example is made by RC Electronics, 5386 Hollister Ave.,
Santa Barbara, CA 93111. This board can digitize at 1 MHz at 12 bit resolution,
transfer to a hard disk at 70 kHz data rate and allow 16 megasamples of storage.
While the digitizing rate is too low for AE source characterization studies, it is
probably adequate for pattern recognition analysis of composites where the usable
upper frequency limit is around several hundred kHz. A 20 MHz, 8 bit plug-in
board is available from another source, and some manufacturers are said to be
working on 100 MHz plug-in boards. Since one of recent AE instruments is based
on IBM Pc/AT, such plug-in boards will no doubt gain popularity.
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Notes for Contributors
1. General
The Journal will publish contributions from all parts of the
world and manuscripts for publication should be submitted
to the Editor. Send to:
Professor Kanji Ono, Editor - JAE
6532 Boelter Hall
University of California
Los Angeles, California 90024 USA
European authors may submit manuscripts directly to:
Dr. Roger Hill, Associate Editor - Europe
Robt Gordon's Inst. of Technology
St. Andrew St.
Aberdeen ABI IHG United Kingdom
Authors of any AE related publications are encouraged to
send a copy for inclusion in the AE Literature section to:
Mr. T.F. Drouillard, Associate Editor· JAE
Rockwell International
Energy Systems Group
P.O. Box 464
Golden, Colorado 8040I
All the manuscripts will be reviewed upon submission to
the Editor. Only papers not previously published will be
accepted. Authors must agree to transfer the copyright to
the Journal and not to publish elsewhere, a paper submitted
to and accepted by the Journal.
A paper is acceptable if it is a revision of a governmental or
organizational report, or if it is based on a paper published
in a conference proceedings volume of limited distribution.
An abstract not exceeding 200 words is needed for Research
and Applications articles, while it should be shorter than
100 words for other articles.
The language of the Journal is English. All papers should
be written concisely and clearly.

2. Page Charges
No page charge is levied. One hundred copies of off-prints
will be supplied to the authors free of charge.

3. Manuscript for Review
Manuscripts for review need only to be typed legibly;
preferably, double-spaced on only one side of the page with
wide margins and submitted in duplicate.

The title should be brief. Except for short communications,descriptive heading should be used to divide the
paper into itscomponent parts. Use the International
System of Units (SI).
References to published literature should be quoted in the
text citing authors and the year of publication. These are to
be grouped together at the end of the paper in alphabetical
and chronological order.
Journal references should be arranged as below.
H.L. Dunegan, D.O. Harris, and C.A. Tatro, (1968) Eng.
Fract. Mech., I: 105·122
Y. Krampfner, A. Kawamoto, K. Ono, and A.T. Green
(1975) "Acoustic Emission Characteristics of Cu Alloys
under Low-Cycle Fatigue Conditions" NASA CR-134766,
University of California, Los Angeles and Acoustic
Emission Tech. Corp., Sacramento, April.
A.E. Lord, Jr. (1975) Physical Acoustics: Principles and
Methods, Vol. 11, ed. W. P. Mason and R. N. Thurston,
Academic Press, New York, pp. 289-353.
Abbreviations of journal titles should follow those used in
the ASM Metals Abstracts. In every case, authors' initials,
appropriate volume and page numbers should be included.
lllustrations and tables should be planned to fit a single
column width (110 mm or 4.3") or a double width (230
nun or 9"). For the reviewing processes, these need not be
of high quality, but submit glossy prints with the final
manuscript. Lines and letters should be legible after the
illustrations are reduced to 77%.

4.

Review

All manuscripts will be judged by qualified reviewers. Each
paper is reviewed by one of the editors and typically sent for
review by members of the Editorial Board. The Board
member may seek another independent review. In case of
disputes, the author may request other reviewers.

5. Electronic Media
In order to reduce any chance of typographical error, the
authors are encouraged to submit a floppy disk copy of the
text. We can read Macintosh, mM PC, CP/M 8" SSSD
formats. Those who can connect to computer networks,
such as BITNET, ARPANET, ASIANET, EARN,
NETWORTIf, UUCP, CSNET, JANET, Oz. you can send
to "ono@locus.ucla.edu".
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Railroad Bridge Monitoring via AE in Australia by CSIRO

JOURNAL OF ACOUSTIC EMISSION
Editor: Kanji Ono Associate Editors: A. G. Beattie
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1.

Aims and Scope of the Journal

Journal of Acoustic Emission is an international
journal designed to be of broad interest and use to both researcher
and practitioner of acoustic emission. It will publish original
contributions of all aspects of research and significant engineering advances in the sciences and applications of acoustic
emission. The journal will also publish reviews, the abstracts of
papers presented at meetings. technical notes, communications
and summaries of reports. Current news of interest to the acoustic
emission communities, announcements of future conferences and
working group meetings and new products will also be included.
Journal of Acoustic Emission includes the following
classes of subject matters;
A. Research Articles: Manuscripts should represent
c<1mpleted original work embodying the results of extensive
investigation. These will be judged for scientific and technical
merit.
Applications: Articles must present
B. Engineering
significant advances in the engineering applications of acoustic
emission. Material will be subject to reviews for adequate
description of procedures, substantial database and objective
interpretation.
C. Technical Notes: This class provides publications of
works of current interest, and new or improved experimental
techniques and procedures.
D. Communications: Short items of current interest, discussions of published articles and relevant applications.
E. AE Literature: This section will colleci the lilies and
abstracts of papers published elsewhere and those presented at
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Acoustic Emission Wave Characterization: A Numerical
Simulation of the Experiments on Cracked and Uncracked
Specimens
T. Aizawa, T. Kishi and F. Mudry
the transfer function of the transducer, Go(t) is the Green's
function describing the relations between the strength of the
dipole forces at the source and the displacements at the transducer location, and Set) is the unknown time function of the
source. As usual, '" denotes the convolution operation.

Abstract
Acoustic ermSSlon wave characterization (AEWC) is
an experimental technique for comparing the signal emitted by
a microcracking event to that of a simulated source such as
pencil or capillary breaks. Using simple equations to relate
the source function to the response measured on a transducer,
it is possible to measure the source function of the microcracking event if the simulated source is well known. However, the equations are theoretically restricted to infinite
plates. The objective of this work is to investigate the applicability of AEWC in finite test pieces such as Yobell specimens or compact-tension (CI) pre-craCked specimens. For
this purpose, a two dimensional finite element method has
been used to simulate experimental conditions. The displacements at a point, simulating the transducer position, are
numerically computed for a microcracking event or for the
sudden release of a load. It is shown that AEWC is a powerful technique for microcrack characterization in most finite
test pieces. The equations are still applicable when a nearby
free-boundary is present, or when the transducer is improperly
positioned. However, the distance from the microcrack to the
macrocrack is a very important parameter which has a
significant effect on the waves emitted from the microcrack.
It is shown that microcracking at the tip of a macrocrack cannot be modeled either as a monopole or as a dipole: it is an
intermediate case. A simple solution is known for the Mode
m situation. This may give some insights for the more complex Mode I case.

In deriving equation (I), it is assumed that the relative
position of the transducer and the source is constant. Moreover, the size of the source and that of the transducer are
negligible in comparison to their mutual distance. In equation
(I), Go(t) and T(t) are usually not well known. Therefore, an
additional experiment is performed. It involves the sudden
release of a compressive load on the specimen at the same
position as the microcracking event. This simulated source
may be the fracture of a pencil (see Fig. I). This acoustic
emission source is modeled as a monopole. Therefore. the
output of the same transducer as previously used will be given
by:

(2)
where V0(1) is the measured output of the transducer, GM(I)
is the Green's function for a monopole source, and So(t) is the
time function of the simulated source.
Provided that the time function of the simulated source
is well known and reproducible, it is possible to find Set) as a
function of So(t). Vet) and VoCt). For this purpose, we need
an additional equation relating the Green's function of a
monopole to that of a dipole. If the test piece is approximated by an infinite plate, the following equation can be used
(see Fig. I):

1. Introduction
(3)

1.1 Acollstic Emission Wave Characterization (AEWC)

where a is the velocity of the longitudinal waves. This equation is derived using rather strong assumptions.

AEWC is a very promising technique which makes it
possible to characterize a microfracture event in a material.
Acoustic waves emitted from a microcracking event are measured with a sensitive transducer, and its output is stored in a
digital memory. A microcracking event is modeled as a sudden release of a dipole force. Therefore, the measured output
of the transducer is related to the source function of the dipole
through the following formula:
Vet) = S(t)*Go(t)"'T(t)

(I)

where Vet) is the measured output of the transducer, T(t) is
Received 23 May 1986; in final form, 20 March 1987. T. Aizawa and T.
Kishi are afliliated with the University of Tokyo, InstilUle of Interdisciplinary Research, 4-6-1 Komaba. Meguro-Ku, Tokyo. JAPAN. F. Mudry is
with Ecole des Mines de Paris, 60, Bd Saini-Michel. 75006 Paris,

The transducer is located on the epicenter of the
dipole, and its plane is parallel to the microcrack, i.e.,
perpendicular to the load line (see Fig. I).

2.

The monopole load is parallel to the dipole forces.

3.

This equation is only valid for times which are close
to the arrival time of the first longitudinal wave.

4.

For a transducer located at the epicenter, simple ray
theory can be used. The longitudinal waves are
reflected like an optical ray in a mirror.

Under these assumptions, let G(t) be the Green's function for a load release in an infinite body, the Green's func-
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Pencil breaking
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M

Fig. 1 Schematic representation of the acoustic emission wave characterization technique.
Upper pan: left·-measure of a microcracking event; right: a simulated event using the rupture
of a pencil lead. Lower part: approximate boundary conditions used for the description of
the acoustic emission events.
lion for a dipole for the same infinite body will be:
G'(T)

S(oo)

= oG(t)

oz

Many investigators have used this technique; for example, Scruby and Wadley (1981), Wadley et al. (1981), Kishi
and Ohira (1982) together with Yobell or compact tension
(0) specimens.

GD(t) = 2G'(t)

hence GD(t)

=4G(t),

Usually, the measured soun:e-function is almost a
step-function (see Fig. 2). From it, the volume of the microcrack and the speed of the microcracking event can be
evaluated. The volume V is computed from the amplitude of
the step Do, which is the final strength of the dipole. The
relation used is:

OGM(t)
=2"1 ----a;-'

Using hypothesis 2, the derivative with respect to space can
be approx.imated by a derivative with respect to time. This
leads to equation (3).

V = DJ(A

where A. and

Using equations (1) to (3), the source function for the
microcracking event can be evaluated as:
Set) = T(t) ...

0VO

[ ot

•

]-1 ... S (t)
_1_
2cx

0

(5)

Since Vo(t), Vet) and So(t) are known, these equations provide
a mean to measure the source function Set).

where z is the coordinate parallel to the loads. Introducing a
free boundary at the location of the transducer and another
free boundary boundary at that of the load (only for the
monopole case) and using hypothesis number 4, we have

GM(t)

=V(oo) . So(oo) . -2cxCJ)
V) .
0(00

~

are

Lam~'s

+ 2~)

(6)

constants.

The size of the cracle. a, is estimated assuming that the
crack is circular (penny-shaped crack).

(4)

= ~ 3EV

(7)

where E is the Young's modulus and

a is the applied stress in

a

where the superscript -I denotes a deconvolution operation.
In the frequency domain, we can write
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2.2 Comparison with Theoretical Results

Strength:

Rise-time 1:.

Monopole{N):

F

Dipole{N.m):

Do

time

The numerical results were compared to the analytical
solutions. For this purpose, a plate with 30 mm thickness and
300 mm diameter was simulated. These dimensions were
selected so that lateral reflections of the waves are not important for the test durations used. Moreover, these dimensions
are those of the equipment used for the calibration of the
transducer (Enoki, et aI., 1986). The material constants used
are: Young's modulus (200 GPa), Poisson's ratio (0.3) and
density (7.8 Mg/m3 ).
The mesh used and the boundary conditions of the
problem are given in Fig. 3. We used a two-dimensional
mesh, taking advantage of the axis of symmetry. For the
monopole loading, all the boundaries are stress-free, except
for the axis of symmetry. The external load, simulating the
pressure of a pencil-lead, is entered on two mesh elements
near the axis of symmetry as an external pressure. The pressure varies with time, following the step.function of Fig. 2
with a rise-time equal to 2 J1s.

Fig. 2 Time dependence of the source which was used in the
calculations. Definition of the rise-time and of the strength of
the source (Do for a dipole and F for a monopole).
the vicinity of the microcrack. The average speed of the crack
it can be evaluated using the rise-time t of the event: it::; alt.
Therefore, this procedure gives interesting information on the
fracture micromechanisms.

For the dipole loading, all nodes on the lower part of
the plate are clamped, simulating one-fourth of a 600 mm
thick-plate. The same external loading as in the previous case
is entered on the two mesh elements near the axis of symmetry. This procedure simulates the release of a dipole load.
Two other types of boundary conditions on the microcrack
faces have been tested. One is the release of the forces of the
nodes along the microcrack, as computed in a static calculation, and the other was an imposed upward displacement on
these nodes leaving the lateral displacements free.

1.2 Objectives o/This Study
However, in real experiment equation (2) may not
apply, since the assumptions are not valid. In real test pieces,
boundary conditions are not located at infinity. In particular,
in cr specimens, the main crack is located close to the
microcrack, and the boundary conditions are different from
those of an ideal dipole. Wadley and Scruby (1983) found
contradictory results in CT specimens and have suggested that
Rayleigh waves traveling along the macrocrack faces may be
responsible for the discrepancies.

Figure 4 shows the computed displacements of the
point on the upper part of the plate on the axis of symmetry
(epicenter position). Theoretical curves are also given for
comparison. For the monopole case, the theoretical expression given by Knopoff (1958) was used. For the dipole case,
results given by Ceranoglu and Pao (1981) were used. The
theoretical results by Pao and Ceranoglu include a slight mistake as pointed out by Vasudevan and Mal (1985). A factor
1t is missing. Slightly different results are found depending
on the procedure used to model the release of the microcrack
faces. More precisely, the amplitude of the first longitudinal
wave varied by 10%. However, the displacements afterward
were almost identical. In these comparisons, the monopole
strength was evaluated as the total load on the loaded meshes.
The dipole strength was evaluated using equation (6) from the
final volume of the microcrack. This volume is known from
the displacements of the nodes simulating the microcrack
faces.

The objective of this work is to investigate the applicability of equation (3) in real test pieces, where the boundary
conditions are not ideal. For this purpose, a finite element
simulation of the test piece was performed. The displacements of sample points, simulating the input of a transducer,
are computed. These results are compared to analytical solutions. The displacements of the same point are computed
with a simulated monopole source and with a simulated dipole
source. The displacements computed are compared to each
other.

2. Calculation Procedure
2.1 Nwnerical Scheme
Two multi-purpose finite element analysis programs
are used. Both provide solutions of the elastic dynamic equations using Newmark's beta integration scheme. No damping
effect is included in the calculation. Eight node isoparametric
elements are used and the mass matrix is not diagonal. One
computer code was the commercial one ADINA. The other
one, DYNAF, was developed by one of the author (Yagawa et
aI., 1984). The results from both programs agreed to within
1%.

Although the numerical results agree with the theoretical curves, some discrepancies are seen. The amplitUde of the
discrepancies is dependent on the refinement of the mesh.
Unlike static calculations, these dynamic calculations require
small mesh sizes not only near the microcrack but also in
other locations. The comparison is improved when the mesh
elements are refined. The results given are representative of a
mesh which was judged as sufficiently refined. Therefore, the
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Fig. 3 Comparison of numerical and theoretical calculations on an infinite plate. Upper left:
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the boundary conditions used.
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Fig. 4 For the problem depicted in Fig. 3. this figure compares the displacements at the epicenter for the monopole and dipole loading. The first case was transfonned using equation
(8).
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Fig. 5 Same comparison as that made in Fig. 4 for a different geomeny that is given in the
lower pan of the figure: a slender plane-sttain specimen.
numerical simulation appears to be sufficiently accurate for
modeling of the wave propagation in real test pieces.

-4-

2.3 Calculations Performed

Different problems were solved in order to check the
influence of different boundary conditions. For example, the
large plate used above (Fig. 3) was restricted to a cylinder
with a diameter of 60 mm. This introduces lateral reflections
during the wave propagation. Plane-strain calculations were
performed by changing a point load to a line-load. We also
studied other shapes, such a slender plane·strain specimen
shown in Fig. 5, and a cr specimen whose dimensions are
given in Fig. 6. In all cases, a monopole or a dipole loading
was simUlated. The dipole was simulated using an imposed
displacement on the microcrack faces.

I

._~

...

75

25

w=

100

Fig. 6 Geomeny of the cr specimens used in the calculations. All dimensions in nun.
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3. Results

The same kind of comparison was made for the
different shapes computed. In all cases, except for the cr
specimens, the displacements predicted using equation (8)
agreed with numerical computations. The errors involved
were always less than 20%. and in most cases, the microcrack
size would be measured with an accuracy of 6% and the risetime almost exactly. For example, Fig. S shows the results
for a slender specimen with a line soutee. It is seen that
equation (8) is approximately verified even if the sample point
is not at the epicenter. Other calculations showed that this
agreement remains for a longer rise-time, for a point-source
instead of a line-source, etc.

The aim of the simulations was to investigate the
applicability of equation (3). For this purpose, we computed
the normal displacement of a single sampling point on the
upper surface of a specimen for a monopole loading and for a
dipole loading. From equation (3), the displacement for the
dipole case can be predicted from the results in the monopole

case:
VD(t)

Do

=F

I
20. VM(t)

(8)

where VD is the predicted displacement of a point for the
dipole loading, VM is the velocity of that point for the monopole loading, F is the strength of the monopole, and Do is the
strength of the dipole, respectively.

From all these results, it can be concluded that equation (3) can be reliably used in a number of situations.
AEWC should prove to be a valuable ~hnique for many test
pieces. However, results from the cr specimens showed a
different behavior. The displacements on the top surface of
the specimen were dependent on the distance between the
microcrack and the main crack. Figure 7 shows the result
obtained for a monopole source and for a dipole source.
Clearly, there seems to be a continuity between a monopole
loading on the crack faces and a dipole loading ahead of the
crack. All results were intermediate between a true dipole
and a true monopole for the same geometry. The predictions
made using equation (8) are inaccurate as can be seen on Fig.
8 which shows the predicted displacements from two different

This predicted displacement is compared to the numerical results for the dipole loading. Figure 4 shows the results
for the large plate shown in Fig. 3. It is seen that, for the simple geometry, equation (8) is well verified. Some differences
are seen on this figure, especially for the amplitude of the first
longitudinal wave. However, it is important to keep in mind
that a 20% error on the estimated dipole strength will result in
only 6% error on the crack size (see equation (7», so that an
accurate prediction of a microcrack size can be obtained even
with errors shown in Fig. 4.

d Is the dis tance between the source
and the crack-tip

Uz{mm)

Q

.J
10.3

2

Monopole on the fracture surface of a
broken C1 specimen
cLao

[ ] Monopole 6.5aIlI "behind" crack-tip

/4".•

1

Fig. 7 Displacement computed at a point on the upper face of the cr specimen of Fig. 6 for
different locations of the source. Monopole force on the macrocrack -faces, dipole forces
ahead of the crack-tip.
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Fig. 8 Comparison of the displacement of the point on the
upper part of the cr specimens of Fig. 6 for a dipole 3.5 mm
ahead of the crack-tip and for two monopole forces. one 6.5
mm from the crack-tip and the other on the fracture surface of
a cr specimen after fracture.
monopole experiments and the results for a dipole. Gearly,
errors involved are quite large.

Fig. 9 Schematic representation of a microcracking event at a
macrocrack tip in Mode I (boundary conditions). Boundary
conditions for a monopole (upper figure) and for a dipole
(lower figure) are also given.

4. Discussion
From many numerical experiments on square specimens, it can be concluded that equation (3), used in AEWC,
is actually a very reasonable approximation as long as no
neighboring macrocrack is present. The technique can be
applied even if the specimen is thin and the source need not
be exactly a point-source and the rise-time can vary widely.
However, the results of the simulation of the cr specimen
clearly show that the technique must be used with caution
when a macrocrack is present The large discrepancy seen on
Fig. 8 arises from the complexity of the boundary conditions
at the tip of a macrocrack, where stress and strain singularities
are present. This may be handled with only moderate
efficiency by the finite element model.

I •.

Il (u / F)
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~I
1 I:IOIlOPO 10

2 crack .. Up
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It is worth stressing that, because of the symmetry
hypothesis, the monopole loading represents actually two
symmetric loads on the upper and lower crack faces. Keeping
this in mind, there seems to exist a limiting case in which a
dipole load is released at the very tip of a crack. The boundary conditions of such a problem are given in Fig. 9. Boundary conditions away from the crack-tip, such as the lateral
stress-free faces of the specimen are not very important. if we
are only interested in the epicenter response. As shown on
this figure. this problem is an intermediate case between a
monopole loading and a dipole loading. Unfortunately, no
analytical solution is available for this problem in Mode I,
though a very general method was developed by Afanasev
and Cherepanov (1973). In many fracture mechanics problems of this kind, a solution in Mode m is easier and often
gives insights into the solution in Mode I. Of course, this
Mode m loading is far from an acoustic-emission event. It
involves forces and displacements only in a direction parallel
to a crack and only one possible wave velocity needs to be
considered.

J dll>Ole

1------------2
J3

(t / r)

I.S

2

Fig. 10 Displacements due to a monopole, a dipole and a
microcrack at a macrocrack-tip in Mode m. The curves
correspond to equation (9) when the source functions are
given by the curve on Fig. 2.
The solutions for the monopole on a free surface, the
dipole in an infinite body and a dipole at a crack-tip are the
following (see e.g., Aki and Richards, 1980).
Ilu(r,e,t) = F(t) [

met - r/J})

ftJ.L"'t2 - rl/132
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] -

llo(r,9,t)

=OCt) sin9

r137rJl'\Jt

IlK(r,9,t)
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=K(t) sin9/2 H(l~(3)
Il 21tr

where r and 9 are the polar coordinates around the crack tip,
~(r, 9, t), Ilo(r, 9, t) and ilK (r, 9, t) are the displacements in
monopole. dipole and crack-tip cases of loading, respectively.
In each case. the load functions are denoted as F(t), 0(0, and
K(t), respectively. Their dimensions are N/m. Nand N/..Jiil.
respectively. K(t) can be interpreted as: Kllf&(l) where Kill
is the stress intensity factor and &(t) is the time function for
a crack jump of length da and ~ is the shear wave velocity.
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Raw Growth in Alumina Studied by Acoustic Emission

M.A. Ramstad, P.M. Thompson and R.D. Young
Abstract

peak amplitudes were only a few dB above the AE sysrem
threshold. Other findings of this study included: 1) the
inherent accuracy of arrival time of the analog AE data
requires use of at least a 0.25 IJS clock; 2) placing the AE
sensors on the ends of the beam results in significantly higher
amplitude AE signals and thus more located events; and 3)
the controlling flaw was easily distinguished by the AE data
in a multi-flaw sample.

Research on development of accurate acoustic emission (AE) source location in alumina ceramics during fourpoint bend testing is reviewed followed by results of a study
of flaw growth to failure as monitored by AE for natural flaws
vs. artificial flaws in alumina subjected to bending. The
parameters considered in source location studies included: 1)
actual location vs. AE location; 2) AE system delta T clock
speed; and 3) AE event peak amplitude vs. location accuracy.
By optimization of AE test parameters to improve accuracy,
each AE event originating at a known anificial flaw was
located within approximately ± 2.5 mm of the real flaw location. AE characterization of flaw growth to failure was possible due to accurate AE source location capabilities. Parameters studied included: 1) growth of natural vs. artificial flaws;
2) failure under constant crosshead position loading; and 3)
changes in AE event parameters as ftaws grew to failure. AE
was able to distinguish the controlling flaw in natural flaw
samples at a relatively low percentage of the failure load.

The objective of this work was to use AE source location data to examine the flaw growth history of both natural
flaws and anificial flaws in alumina four-point bend samples.
Since the AE data from the controlling artificial flaw can be
separated from all of the rest of the AE, a similar result was
expected for natural flaws. Hence, the details of the growth
process for both types of flaws could be examined and compared. These details include: 1) the growth of damage with
increasing load; 2) the AE amplitudes of the damage growth
increments; and 3) flaw growth to failure under constant
crosshead position.

1. Introduction

2. Test Procedures and Specimens

Ceramic materials, because of their strength at high
temperatures, could be used in a number of high-temperature
structural applications. In many cases those applications have
not occurred because of the wide distribution in the failure
strengths of ceramic materials. Significant amounts of
research have been undertaken both to improve the properties
of ceramic materials and to develop methods of nondestructive evaluation (NDE) to' detect the flaws that lead to failure
in ceramics. One approach has applications to both research
goals. That is the method of acoustic emission (AE). AE has
been used to study the development and growth of damage in
ceramics (Evans et al., 1974; Dalgleish et aI., 1980; Lankford.
1978). It has also been used as a NDE technique in ceramics
(Evans and Linzer, 1973). These applications have had one
serious limitation. This limitation has been the lack of use of
AE source location capabilities.

The four-point bend tests were carried out with a test
fixture mounted in an Instron test machine operated at a crosshead rate of 0.05 mmlmin. The fixture used was based on a
recommended design (MIL-S1D-1942, anon., 1983). Failure
locations indicated some potential difficulties with the original
fixture. Modifications were made to allow better alignment of
the individual components of the fixture to the cenrer of the
load cell. After those modifications the vast majority of
failures occurred in the gage section away from the inner
loading points. Figure 1 shows a schematic of the test fixture
with a test specimen in place and sensors mounted.
The alumina plate material was supplied by Alcoa
Laboratories. The plates were fine grained (about 2 ~)
material of unknown quality with respect to defect size, and
distribution. The samples were ground to precise dimensions
using fine finishing cuts following the scheme outlined in
MIL-STD-1942 (anon., 1983). A test specimen larger than
the recommended sample size was used for all the deformation tests. The purpose of the larger sample was for ease of
attachment of the AE sensors. The dimensions of the test
sample are given in Fig. l.

In a study (Hamstad et aI., 1986)on source location
during four-point bend tests in ceramics, it was found that
artificial flaws induced by a diamond indentor could be
located very accurately (within 1.3 mm) even when the event
Received 20 March 1987. M.A. Hamsrad and P.M. Thompson are with
Depanment of Engineering, University of Denver, Denver, CO 80208.
RD. Young is with Alcoa Laboratories, Product Engineering Division,
Alcoa <:enter. PA lS069. This paper filSt appeared in the Proceedings of
Intemauonal Conference of Nondestructive Evaluation for Advanced
Materials and Monitoring Applications on the Basis of Acoustic Emission
Technology, organized by Professor K. Yamaguchi. Institute of Industrial
Science, University of Tokyo, October. 1986.
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A microprocessor based AE system was used. This
Dunegan Corporation (DC) Model 8000 system uses the penetration of a fixed threshold by the log-envelope of the AE signal to determine the arrival time. The system is bipolar in the
sense that both positive and negative parts of the AE signal
0730-00SG'87106093~
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9.42 kmIs. This velocity was used to relate measured
locations on the specimens for all tests.
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For all four-point bend tests, three calibration lead
breaks were made at the center of the specimen, about 3.2
mm from the side of the sample. These breaks were made
with a mechanically held Pentel pencil (2H, 0.3 mm dia., lead
length about 3.2 - 3.3 mrn). The initial purpose of these calibration lead breaks (done while the sample was preloaded to
III N) was to check the AE system, sensors, and coupling.
Later we discovered that deviations between the position
located by AE and the actual location of a lead break seemed
be related to propagation variations (Hamstad et aI., 1986).
At that time we added off-center calibration lead breaks.

VI

A")

79.58 mm

Samples with artificial flaws were nonnalIy proof
cycled to 1780 N several times. They were then removed
from the test fixture and flawed midway across the sample at
one to three locations along the sample length using a hardness tester. The purpose of the proof cycles was to make use
of the Kaiser effect so that the AE generated after the flaw
procedure would be primarily limited to the artificial flaw
location. Most flaws were made at a load of 98 N (this flaw
resulted in failures below 1780 N) using a 135° Vickers diamond pyramid indentor. To date no measure has been made
of the size and geometty of the actual flaw created. The
specimen and indentor were arranged so that the maximum
dimension of the indentation was parallel to the specimen
ends. Samples with natural flaws were those which failed
during the proof cycles.

7.62mm

r-I- - - - - - - - - , I - l . D
1
11-.
.;.;;;27;;.;;.oo=mm::.:.......
.1 t
~10.16 mm

-l

Fig. I SChematic of bend-test fixture.
Table 1. Set-up of the Dunegan 8000 AE system
Sensor:
Threshold:
Preamp:
Filter:
Event Recognition:
Data Mode:

PAC ~ 30
27dB
0-1801 (40 dB) lQ0-400 kHz
Wideband
Decay Rate 90 dB/ms
Peak discrimination time 20 ~s
No analysis

3. Results and Discussion

8000 system was used to measure the velocity of propagation

Figure 2 shows a comparison of located events for
three artificially flawed samples with two samples that failed
due to naturally occurring flaws. It is clear from this figure
that it is much easier to determine which events are associated
with the controlling flaw for the artificially flawed samples.
Figure 2a demonstrates for artificial flaws that typically four
time "slots" (a range of I ~) cover the range of ~T values
for such a flaw (Hamstad et aI., 1986). The following question can then be asked: what is the range of ~T's for events
originating at an artificial flaw? We suggest using the same I
~ range. The basis for this suggestion is presented in Fig. 3
where we have separated the located AE events for sample
No. 35 into the first and second load cycles. This specimen
failed during a hold at 1780 N on the second load cycle.
Since it is reasonable to expect that all the located AE events
for the second cycle originated at the controlling flaw (assuming that the Kaiser effect holds for non-critical flaws), then we
see that the range of AE data from the natural flaw is also
about I ~ or four time "slots". Hence, in all further analysis
we will use four time slots centered about the maximum of
the event location histogram to limit our considerations to
those events which originate at a particular natural or artificial
flaw. With this approach we are assuming that all the events
that are located outside this region originate at other natural
flaws in the sample.

in the alumina. Lead breaks at a measured location on the
lateral surfaces were used for this purpose with sensors on the
ends of the sample. The average velocity was found to be

Figure 2 also illustrates an important distinction
between natural and artificial flaws. Namely, there are

are used to determine arrival times. The source location clock
speed can be changed down to a minimum of 0.25 ~ intervals. Table I gives details of the "set-up" of the AE system.
The AE sensors used were Physical Acoustics Corporation Model ~ 30. This single-ended resonant sensor (300 kHz) was chosen primarily for its convenient size (9.55
mm diameter by 12.7 mm height. micro-dot side connector).
The sensors were coupled to the specimens using vacuum
grease as a couplant and rubber bands to hold the sensors in
place.
A few preliminary tests were run to examine the presence of extraneous noise originating at the loading points.
Teflon tape at these points did not make significant
differences in the AE data. Further, located AE events did
not show significant numbers of events at these locations.
Hence, the Teflon tape was abandoned and only a rigorous
cleaning of the samples (with acetone), fixture, and loading
pins was used to control extraneous AE from fractures of dirt
particles.
Prior to beginning source location experiments, the DC
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Fig. 5 Summation of flaw-region AE events vs. load for
natural and artificial flaws.
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Fig. 3 Location histograms of proof and failure cycles for a
sample with natural flaw (No. 35).
significantly more AE events sensed as natural flaws grow to
failure compared to artificial flaws. Table 2 compares the
number of AE events recorded for natural flaws vs. artificial
fiaws.

Natural
74
100
71
Artificial
36
31
9
38
36
34

1,770
1,780
1,550
1,560
1,860
1,130
1,150
1,580
1,560

of ftaws, Fig. 5 shows that the growth of ftaw·induced AE
events becomes exponential as the load approaches failure.

The growth pattern as a function of load is another
difference between artificial and natural flaws. Figure 4
shows most of the flaw-induced AE events in'the artificially
flawed sample occur close to the failure load. At most, only a
few events occur at earlier loads at artificial ftaws. On the
other hand: natural flaws begin to generate AE events at a
much lower percentage of the failure load, and they generate
AE events continuously as the load increases. For both types

In general, the peak amplitudes of AE events in the
alumina ceramic are not very large. Figure 6 shows that typically the number of events generated at the flaws increases
exponentially as the threshold is lowered for both natural and
artificial flaws. These results indicate that, if the sensitivity of
the AE system could be increased, then many more events
might be located and a better description of damage growth
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mechanisms in the flaw region could be obtained. In addition
the percentage of the failure load at which AE locates the
controlling flaws might be lowered as well. This would be
useful for application of AE to nondestructive evaluation of
alumina structural items. For the current sensitivity, Table 3
gives the percentage of the failure load at which the controlling flaw first emitted. The percentage of the failure load at
which the flaw could be identified as the controlling flaw
would be higher. For the artificial flaws the percentage seems
to be quite high since most of the flaw originating events
occur fairly close to failure. For the natural flaws the percentage is somewhat lower, but more samples (than are presently
available) will be required to detennine the typical value.
This determination wil1 require a three-dimensional plOI that
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Fig. 6 Number of AE events from flaw region vs. threshold
of AE system for natural and artificial flaws.

Proof cycle

Fig. 8 Scanning electron micrographs of fracture surface for
natural flaw (top) and artificial flaw (bottom).
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Table 3. Percentage of failure at which controlling flaw
first emitted AE
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shows an event location histogram as a function of load.
For those interested in studying the damage progression at flaws in alumina, Fig. 7 shows some interesting information. In this figure the peak amplitude is shown for each
AE event (originating at the flaw) in sequence as the test time
increased. The first observation is that there does not seem to
be any sharp difference between natural and artificial ftaws.
Second. the peak amplitudes do not progressively increase as
the damage grows. Hence, this data is not consistent with a
damage growth model which is based on crack growth taking

~;u.r.~~u:z;:u...LI;;U..LLL.u..L.I:1-L.a.&;I

o

45
58
67

30

Fig. 7 Amplitude sequence of events from flaw region for
natural and artificial flaws.
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place in increasing steps as the load is raised. The data indicates the possibility of more than one mechanism generating
AE in the flaw region and/or flaw growth that takes place in
steps of varying size. Again an AE system with a higher sensitivity might increase the AE information about damage
development at the controlling flaw.
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4. Conclusions
For both artificial and natural flaws:
• The number of AE events originating at the controlling flaw increases exponentially with increasing load
and decreasing threshold.
• The AE events do not show a progressive increase in
amplitude as the flaw approaches failure.
The following differences were observed for natural vs.
artificial flaws:
• Damage initiates at a significantly lower percentage
of failure load.
• The process of damage growth indicated by AE
shows a consistent growth with increasing load.
• About twice as many AE events originate in the flaw
region during growth-to-failure.
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The XVI-th EWGAE MEETING
The next EWGAE meeting is scheduled to be held in London between 14 - 18 September 1987 in conjunction with
the Fourth European Conference on Nondesttllctive Testing. Programme appears in Conferences and Symposia.

The 31 st Meeting of Acoustic Emission Working Group
The next AEWG meeting is set for 21-24 March 1988 at University of California, Los Angeles (UCLA) , California
90024-1595. Meeting organizer is Prof. Kanji Ono, Room 6532, Boelter Hall, UCLA; telephone no. (213)
825-5233. The first day will be devoted to workshops on Acoustic Emission Instrumentation and on AE Signal
Processing. Both will be primarily laboratory sessions with limited enrollments.

The 9th International AE Symposium
The 9th lAES will be held at International Conference Center Kobe in Kobe, Japan on 14 - 17 November 1988. It
will be sponsored by the JSNDI. Prospective authors are asked to send 200-300 words abstract by 31 May 1988 to
Dr. I. Kimpara, Dept. of Naval Architecture, University of Tokyo, Hongo 7-3-1, Bunkyo, Tokyo 113, Japan.
Manuscripts will be due on 30 September 1988.

The 3rd International Conference on AE
The 3rd ICAE will be held in Charlotte, North Carolina on 20 - 23 March 1989. It will be sponsored by the AEWG
in cooperation with ASNT, SEM, IEEE and ASTM. Look for further announcements.

Third Intemational Symposium on AE from Composites,
The Third International Symposium on Acoustic Emission from Composite Materials will be held 17 - 21 July 1989
in Paris, France. Write to Dr. D. Valentine (Program Chairman), Ecole des Mines de Paris, Centre des Materiaux,
BP 87, 91003 EVRY Cedex, France for further infonnation.

AEWG(I) 1st International Conference on AE
AEWG of India is planning to hold an International Conference on AE at Bangalore, India Venue will be Hotel
Ashok, a reson hotel in Southern India. Dates are being explored, but will be late August to mid-Setember, 1989
(which is a time of generally fair weather). Further information can be obtained from Dr. C.R.L. Murthy, Dept. of
Aerospace Engineering, Indian Institute of Technology, Bangalore 560 012, India.
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Acoustic Emission Characteristics in Concrete and Diagnostic
Applications
Masayasu Ohtsu
In order to utilize AE techniques as a diagnostic
method in concrete, we also started extensive studies of basics
and applications in Japan (Niwa, Kobayashi and Ohtsu, 1977,
1978, 1980, 1981; Ohtsu, 1982a). In the present paper, some
of the fundamental results are summarized. We then discuss
recent developments on diagnostic applications. Diagnostic
studies consist of a source location technique, a test of a
core-drilled concrete specimen, and a BEM analysis of crack
propagation. An iterative procedure for the source location is
briefly discussed. It is based on the least square method and
possibly takes into account the effect of velocity anisotropy.
The deterioration of concrete structures was examined by an
AE measurement of core-drilled specimens from structures.
We developed a method to determine critical stress intensity
factor Ktc from AE observation and the BEM analysis. By
employing Klc values as the mechanical criterion of crack initiation, the prediction of crack propagation was performed.

Abstract
We have studied basic properties of acoustic emission
(AE) in concrete, including stress dependence of AE events,
Kaiser effect, amplitude distribution, and frequency spectra.
On the basis of these results, we applied AE to the diagnosis
of cracking in concrete structures. Applications encompass
the three-dimensional source location, the evaluation of
deterioration by testing of core-drilled specimens, and the
prediction of crack propagation based on the boundary element method (BEM).
The three-dimensional source location technique was
developed for the application on practical concrete structures.
Since the structures usually contain reinforcement, the effect
of velocity anisotropy was taken into account in the location
technique, which was tested in bending tests of reinforced
concrete beams. Reasonable agreement between located
sources and surface cracks was observed. The deterioration
of concrete slabs in bridges in service was examined by tests
of core specimens under uniaxial compressive loading. To
evaluate the degree of the damage, the concept of the rate
process was introduced, and was found to be promising.

2. Fundamentals of AE in Concrete
2.1 1mpJementation
Each channel of AE monitoring system consists of an
AE transducer, a filter of variable band-width between 10 kHz
and 2 MHz, and an amplifier unit with 60 dB total gain. Two
kinds of AE transducers were employed. One is a diskshaped PZT-8 element of 8 mm diameter and 2 mm thickness,
which was mainly used in the source location. Since the
locations of the transducers were fixed, these were directly
bonded to a specimen with an adhesive. The other is a commercially available transducer with nominal resonance frequency of 1 MHz (1 cm diameter, Model 905S; NF Circuit
Block). This transducer was coupled with a specimen with a
thread. AE waveforms were recorded up to six channels by
transient recorders. The transient recorders digitized AE
waveforms at 1 MHz for six-channel recording, although 20
MHz sampling rate can be achieved for two-channel recording.

The critical stress intensity factor Klc was utilized as
the mechanical criterion of crack propagation in concrete.
The critical values were determined from AE observations and
numerical analysis using the BEM. Crack propagation located
by AE in experiment using asymmetric loading agreed with a
reasonable accuracy with the BEM analysis.
1. Introduction
The deterioration and cracking of concrete structures
have become significant problems in Japan. Because a large
number of concrete structures approach the end of service life,
diagnostic methods for evaluating the structural integrity are
urgently required. One of promising methods is acoustic
emission (AE). AE studies in concrete were found in the early
1960's (Rusch, 1959; L'Hermite, 1960, Yokomichi et aI.,
1964; Robinson, 1965). By employing crude devices, the
generation of elastic wave was observed during the fracture
process of concrete materials. Later, modern AE research in
concrete was started in the 1970's. These studies were related
with practical applications to monitor microcracks (Green,
1970; McCabe et aI., 1976; Kobayashi et aI., 1980).

For AE measurement in concrete, the frequency dependence of attenuation is a critical factor to determine the frequency range of a system. An attenuation property in rocklike materials is normally represented by a Q value. The
amplitude X(d) at the distance, d, from a source of original
amplitude, D, is represented by the following relationship,
Xed)

=D exp(-mdJ(vpQ».

(1)

Here, f is the frequency and vp is the P·wave velocity.
Received 27 March 1987. The author is affilialed with the Deparunenl of
Civil Engineering, Kumamoto University, Kurokami 2·39·1. Kumamoto

In order to determine the frequency range to be utilized, we conducted a through-pulse experiment by employing
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Fig. I Frequency dependence of attenuation in concrete.
concrete specimens. Elastic waves were generated at a point
by an AE transducer, supplying an electrical pulse from a
function generator. Propagating elastic waves 'were detected
using two different samples with the distances of d l and d 2,
and recorded onto a transient recorder. Fourier spectra of
these waveforms were obtained. Q values were determined
on the basis of equation (1),
10~(X(d)IX(d2»= -Jt

(d) - d2)f/(vpQ).

The result of a through-pulse experiment for a concrete specimen is shown in Fig. 1. A solid curve shows the .Iogarithmic
frequency spectrum representing Xed!) divided by X(d2). Following the least square approximation, Q value was determined as 11.91. A dashed line indicates 10!k(X(d)/X(d2 in
the case Q = 11.91. From results of this and other experiments, Q values in typical concrete materials were found to
be 10 to 100 (Bagoshi, 1980). Substituting d) - d 2 = I m, f =
I MHz, vp = 4000 mis, and Q = 100 in equation (1), the
amplitude becomes D exp(-7.854), which corresponds to the
attenuation of 68 dB/m. For Q = 11.91, it becomes 573
dB/m. It implies that high frequency components in the MHz
range are attenuated strongly due to the frequency dependence
of attenuation. For lower Q values of around 10, even 100
kHz range is attenuated severely. Consequently, high frequency components of AE are impractical to be detected in
concrete.
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Fig. 2 The effect of frequency-bands on AE waveform.

2.2 AE Activity in Concrete Structures

(Ohtsu, 1976). A typical AE behavior of a concrete sample
under a uniaxial compression test is shown in Fig. 3 (Ohtsu,
1982b). AE count rate per 20 second is compared with longitudinal strain, £1' transverse strain,
volumetric strain,
!:NN, and Poisson's ratio, v. In the beginning of loading,
AE events are generated due to the contact between the specimen and loading platens. Up to the proportional limit strain.
AE events are observed constantly at low rates. AE events
occur with increasing rates as the specimen approaches the
final failure. From a variety of experiments, it has been found
that AE activities in concrete materials during loading tend to
be similar in compressive, tensile, bending, or torsional tests.
except for the number of events (Ohtsu, 1976). AE events are
generated at low rates up to the proportionality limit, and then
becomes increasingly active just prior to final failure.

As shown in Fig. 2, AE events in concrete are of burst
type and event counting is suitable for measuring AE activity

The relationships between the fracture process in reinforced concrete (RC) beams and AE events were investigated.

Figure 2 shows AE waveforms detected in a mortar
specimen of 10 cm diameter under uniaxial loading (Niwa et
aI., 1978). These represent one AE signal at six different frequency ranges. After it was recorded in the transient
recorder, the signal was played back and filtered with variable
bandwidth. Since the top three waveforms are almost identical, it is obvious that high frequency components above 500
kHz are negligible. In fact, AE waveform in the 10 kHz-300
kHz range represents the essential features of the AE signal.
Consequently, we adopted the frequency range of 10 kHz up
to 300 kHz in measuring AE from concrete materials.
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Fig. 3 Stress-strain relations and AE event counting (count rate) in a uniaxial compression test
of concrete.
These were simple beams of dimensions, 10 cm x 17 cm x
160 cm, reinforced with two steel ban of 10 to 16 mm diameter. In the fracture process of RC beams, two types of failure
modes are known (Okamura, 1984). One is referred to as
bending-mode failure. In the beginning of loading, tensile
cracks are nucleated at the bottom of the center portion of the
beam due to bending moment When the beam is underreinforced. steel reinforcement ban yield and tensile cracks in
the moment span (a portion between two loading points) propagate upward io final collapse. The other is called shearmode failure. When the beam is over-reinforced, final failure
results from the sudden generation of diagonal cracks in the
shear span (a portion between a support and a loading point).
Results of AE observation in these two types of failure are
shown in Fig. 4 (Ohtsu, 1976). When the reinforcement
yields, sliding between the reinforcement and concrete occurs.
Thus, AE count rate increases exponentially. When the reinforcement withstands, AE events are observed at a constant
rate. An AE occurrence in an RC beam of bending-mode
failure (Specimen N4 with 10 mm diameter reinforcement) is
completely different from that of shear-mode failure (Specimen NS with 13 mm reinforcement). In all tests of RC
beams, similar results were obtained. These demonstrate a
potential for the prediction of failure modes of RC beams by
AE observation (Niwa et aI., 1977).
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The feasibility of in situ measurement was investigated
in field tests of T-shaped steel reinforced concrete (SRC)
models under torsional loading (Ohtsu, 1976). Figure S indi-
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Fig. 4 Load and AE activity in RC beams during four-pointbending tests.
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3. Diagnostic Applications
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AE event counting provides information on the generation of cracks in fracture processes which is essential for diagnostic applications. Additionally, we must know the position
of a crack and a three-dimensional source location technique
was developed.
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3.1 Location of Crack Nucleation

..,'"<:

I

,/

- - - L.o4ld

8DO

I

200

3.1.1 Location procedure
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Basic concepts of a source location technique are well
known. Devices for the two-dimensional AE source location
technique are commercially available. To apply a location
technique to massive concrete structures, a three-dimensional
source location method was developed (Niwa et aI., 1978;
Ohtsu. 1982b).

cates one of the tests. AE events were observed to increase
just prior to the primary change of loading curve (chain line).
In the field tests. it was confirmed that AE events were sensitive to local instability of the structure. However. the prevention and elimination of noise were the most important problem of in situ AE observation (Ohtsu. 1982b).

array of transducen To> .... T j • ..., TN (the number of AE
transducer.; = N+I). To is the reference transducer located at
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Fig. 5 AE activity in aT-shaped SRC model under tonion.

Figure 6a shows an AE source S at (x. Y. z) and an

z
,

2.3 Kaiser Effect and Other Parameters
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A series of experiments showed that Kaiser effect is
observed in concrete specimens and RC beams (Niwa et al.
1977). The finding is remarkable in inhomogeneous materials. The phenomenon was considered to be closely related to
local stability in the fracture process. However. the Kaiser
effect in concrete was found to be sensitive to a number of
factors, such as loading history. loading direction. moisture
content. and other environmental changes. Consequently.
efforts are required to reproduce the original conditions in a
practical application. This led to a conclusion that the evaluation of previous stress based on Kaiser effect is not possible.
when these facton cannot be controlled.
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Other AE parameter.;. such as amplitude distribution
(Niwa et aI.• 1977) and frequency spectra (Niwa et aI.• 1980),
were investigated in concrete. Although results confirmed
that these parameten were related to the fracture process. no
specific information was obtained. Therefore. it was con·
c1uded that AE event counting is the most useful parameter in
AE observation.
With respect to AE waveforms recorded, source
mechanisms of AE were investigated (Niwa et at. 1981:
Ohtsu, 1982a and 1983). Later. theoretical developments
were summarized as a generalized theory of AE (Ohtsu and
Ono. 1984). The results demonstrate the possibility of determining crack types and crack orientations in addition to crack
locations (Ohtsu and Ono, 1986).

b)
Fig. 6 (a) A sketch of AE source S and AE transducen T.
(b) Examples of AE wavefonn data.
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the origin of the coordinates system. Transducer T j is located
at (iii, bj, Cj)' Distances Ro(x,y,z) and Rj(x,y,z) from the transducers To and T j to the AE source S are expressed as:
Ro(x,y,z) "x2 + + z2

=

r

="(x -

1Ii)2 + (y - bj)2 + (z -

Rj(x, y, z)

=Rj(x., Y., za) + lndx + ludy + liJdz.

(7)

where

and
Rj(x,y,z)

ci.

and

(2)

Considering the time difference Ii between P-wave propagation to transducer T j and that to transducer To as seen in Fig.
6b, we obtain nonlinear equations with three unknowns, x, y,
and z.
Rj(x,y,z)/vp - Ro(x,y,z)/vp
(i

lj)

=lj.

= 1,...,N)

where

{~ }= [E],

Cj)lRj(x., Ya' za)'

3.1.2 Results of the source location

(3)

To solve the nonlinear equations, a difference of the squares
of the i-th and the (i+l)-th equations are obtained. Thus, we
have N-I linear algebraic equations with unknown x, y, and z,

[A, a, C]

=(za -

Substituting equations (6) and (7) into equation (3), a set of
linear algebraic equations with unknown dx, dy, and dz are
obtained and solved. This iteration procedure is repeated until
a converged solution for Rj is obtained.

We employed a six-channel AE monitoring system in
experiment. Output signals of all the channels were fed into a
transient recorder using 1 MHz sampling frequency, and hard
copies were made utilizing the pen-recorder as seen in Fig.
6b. Reading from the hard-copy records the arrival time data
of P-wave was determined.

(4)

A, a, C, and E are column vectors, having elements of,

To evaluate the accuracy of the source location method
developed, we conducted preliminary tests by applying simulated AE signals to a specimen. The result demonstrated that
an appropriate aJTay of transducers and the accurate arrival
time measurement ensure the location accuracy to within 10
mm (Niwa et al., 1978).

Aj = - 2(lIili+l-lli+lli),

and

Ej

=vp2(~llj2 _ljlj;I)-(8j2 +b j 2 +Cj2)~1
+ (8j;1 +b;1 +cJI)lj.
(i = 1,...,N-I)

Figure 7 shows sources located in two RC beams during bending tests (Ohtsu, 1982b). In the experiment, P-wave
velocities in three directions were determined and utilized in
the source location. Results of source locations in the RC
beam failed in bending-mode are shown in Fig. 7a. Source
locations are indicated by circles and cracks observed on the
surface are shown by solid lines. These are classified by the
load level. Locations of the sources are concentrated in the
moment span, except for some events near reinforcement
which is indicated by broken lines. It is observed that the
sources moved upward as the load was increased to final
failure. The sources are located close to the surface cracks
observed. In this RC beam, AE sources are the propagation
of tensile cracks and sliding between the deformed reinforcement and concrete.

(5)

To solve equation (4) with unknown x, y, and z, at least three
linearly independent equations are necessary. In this case, NI = 3 and total number of transducers are N+1. Therefore, a
five-channel system is required. In the case of a system with
more than five channels, the least square procedure is applicable for solving equation (4).
In RC beams, the velocity of P-wave is usually anisotropic. P-wave velocity of each direction is different from the
mean value of omni-direction velocities within approximately
20% variations. Therefore, we developed an iteration procedure to account for effects of the velocity anisotropy.

Located sources in the RC beam failed in the shearmode is shown in Fig. 7b. Locations of AE sources are also
in good agreement with the positions of observed surface
cracks. AE sources at the high load level were mainly
observed close to the diagonal cracks in the shear span.
These results confirm that the source location technique is
applicable to monitoring internal cracks in practical concrete
structures.

P-wave velocities in the x, y, and z directions are
assumed as Vx, vy ' vz' respectively. The direction cosine from
the AE source to a transducer T j is (lil' Ij2' liJ). P-wave velocity Vj in this direction is obtained from the relationship
(Rothman et al., 1974),
Vj

=,,"'(-vx-lj-I)""'2-+-(-v-yl-iV"'2:-+-(v-z-Ii3-)~2•

(6)

3.2 Evaluation of the Deterioration by Core-drilled Speci-

First, we use the mean value of P-wave velocity,
(v x + vy + vz)/3. Solutions of equation (4) thus obtained are
referred to as the first approximation (x a, Ya' zJ. Next, solutions (x, y, z) are assumed to be located at
(x a + dx, Ya + dy, Za + dz). Taylor's expansion of the distance Rj becomes,

mens
In order to assure the structural integrity. the degree of
concrete deterioration must be evaluated. The effect of the
previous loading is essentially manifested in Kaiser effect,
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Fig. 7 (a) Results of source location in a RC beam of bending-mode failure and (b) those of
shear-mode failure.
where N is the total event counts of AE up to V. Here. V is
normalized by the maximum load and varies between 0 and
100. The probability density function f(V) is referred to as a
rate and is assumed to be dependent on the amount of microcracks. Thus, fM was taken to be:

which results from the fact that a nucleated crack advances
only when the next critical stale is reached.
3.2.1 Test of core samples and rale process
The observation of Kaiser effect suggests that the
amount of critical microcracks in concrele can be evaluated
by AE monitoring of core-drilled samples extracted from concrele structures. When concrete contains a number of critical
microcracks, AE is expected from low loading levels due to
the propagation of the critical cracks. While AE activity is
considered to be low in the leSt of a core sample containing
few critical cracks or only stable cracks.

f(V)

=dNlN,

(9)

where a and b are constants. Figure 8 suggests two possible
relations between the probability density function f(V) and
load level V. If the value of "a" is positive, the probability of
AE occurrence is high in the low load range. The probability
of AE occurrence is low in the low load range when "a" is
negative. Since the value of "a" is considered to depend on
the number of critical cracks due to the previous load, a simple method to evaluale the derivation of concrele can be
developed on the basis of the value of "a".

To quantify the AE activity in the uniaxial compression test of core samples, the concept of a rale process was
introduced. According to the theory of rale process, the probability density function fM of AE activity from a load level
V to V + dV is expressed as follows;
f(V)dV

=aN + b,

In order to verify the effectiveness of this method,
core samples were tested under uniaxial compressive loading
and AE events were counted up to final failure. From equations (8) and (9), a relationship between total AE event counts
N and load level V is represented, as follows;

(8)
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Fig. 8 Relations between probability density function f(V)
and load level V.

(b)

N

=

CVa exp(b V),

40

Core specimen

2000 .

(10)

a

where C is an integration constanL These constants a, b and
C are detennined from a least square procedure. Results of
these tests are discussed nexL

D-2

= 0.10

1600 .
II)

+3

s::

3.2.2 Results of the core test

Q)

>
Q)

Core-drilled specimens of 10 cm diameter were
extracted from concrete slabs from two bridges in service. In
one of the bridges, a few cracks perpendicular to the length of
the bridge were found on the surface of asphalt overlay. The
asphalt overlay was removed and the cracks were examined.
It was concluded that the surface cracks were created by torsional loading due to heavy traffic. Concrete and reinforcement themselves were judged to be still sound. From this
bridge, core-drilled samples were extracted. These were
tested under uniaxial compressive loading after capping the
specimens. AE events during the test of Specimen Sol are
shown in Fig. 9a. Few AE events were observed up to 80%
of the failure load. A relation between AE events and loading
levels were approximated by equation (10). The result of the
approximation is indicated in the same graph. It is observed
that an essential feature is recovered by the rate process
approximation. Note that constant a is negative (a = -2.79) in
this case.

~

+3
0
+3

1200 .

800 •

fz1

<

400 .

Fig. 9 Relations between AE total events and load level in
core tests. Top: <a) Core specimen S-1. Bottom: (b) Core
specimen 0-2.
These results suggest that one can quantitatively estimate concrete damage by the core test of concrete on the basis of the
rate process theory, in particular, using the value of a. An
extensive systematic study is required, however, to link the
value of a to the residual strength of a concrete slab.

In the other bridge, it was noted that asphalt overlay in
the right lane was severely damaged. To evaluate the
deterioration of this concrete slab, core specimens were
extracted from both lanes of the bridge. The result of one of
the core specimens from the left lane was similar to the result
shown in Fig. 9a, with the value of 8 : I -1.59. Figure 9b
shows the result of a core specimen from the right lane Specimen (0-2). A number of AE events were observed from the
beginning of loading. This AE behavior was also approximated by equation (10). In this case, the constant was positive (8 .. 0.10). The results imply that the concrete slab of the
left lane is sound, but that of the right lane has deteriorated.

33 Prediction of Crack Propagation
When cracks are found in a field investigation of a
concrete structure, the prediction of crack propagation is of
significant importance in the evaluation of the structure. In
this case, numerical analysis of crack propagation must be
perfonned in advance of proper repairing.
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3.3.1 Mechanical criterion and BEM analysis
To calculate the stress intensity factor from relative
displacements at nodes on crack elements, the one-point formula (Smith and Mason, 1982) was adopted. It means that
the stress intensity factor was determined from displacements
at the quarter-points.

To predict crack propagation, a mechanical criterion
for crack instability is necessary. For this purpose, we utilize
a stress intensity factor in homogeneous materials. Due to
inhomogeneity, anisotropy, and composite nature of concrete
materials, the applicability of the stress intensity factor to concrete has been considered doubtful. In particular, the size
effect on the stress intensity factor is known to be inherent in
concrete materials (Carpinteri, 1982). To remove this effect,
a method for determining critical stress intensity factor K lc for
mode I cracking was proposed (Ohtsu and Fukunaga, 1986).
This method employs AE observation and the boundary element method (BEM). For AE studies, they monitored AE
generation during four-point-bending tests of notched beams.
In a similar manner to that shown in Fig. 3, just prior to the
final load level, AE events suddenly increased. This load
level (PAE) corresponds to the initiation of unstable crack propagation. A value of critical stress intensity factor K lc was
numerically determined by the BEM analysis, employing the
load P AE in the computation.

The analysis of crack propagation in the arbitrary
direction is based on the hypothesis that a crack grows in the
direction perpendicular to the largest tensile stress at a crack
tip (Erdogan and Sih, 1963). A relationship between angle 9
and the stress intensity factors is obtained, as follows;
Kl sin9

m.

em.
3.3.2 Results of crack propagation tests
Specimens of three mix proportions were tested and
analyzed. These were made of steel fiber reinforced concrete,
air-entrained concrete, and mortar. In concrete specimens, the
maximum gravel size was 20 mm. Steel fibers of dimension
0.5 mm x 0.2 mm x 30 mm were mixed at I % volume ratio.
Air entrained agent was added by 4% of cement weighL

The BEM formulation assumes that a body has a regular surface S and a crack surface C. A boundary integral
equation for displacement Uj at point x on S is given as follows;

Is+<: (Uij(X'Y)~(y)
(ye S+C)

(12)

where K I is the stress intensity factor of tensile crack (mode
I) and K II is that of in-plane shear (mode
In the first step,
the interface boundary was taken to lie along a possible path,
and stress intensity factors K I and K II at a notch tip were
computed. The angle of crack elements in the next step was
obtained from equation (12). Then, the stitching interface was
made from a new crack tip to a boundary point on the top
surface. Here, the length of the crack element was set to I

By utilizing Klc as the mechanical criterion of crack
instability, the BEM analysis was also performed to predict
crack propagation in concrete beams. In contrast to complicated efforts required in the finite element method, the BEM
analysis can trace without difficulty the path of crack propagation. It is treated as the nucleation of a new stress-free boundary (crack surface) in the arbitrary direction. This difference
stems from the nature of the BEM; that is, no internal point is
required in the BEM analysis.

CUj(x) =

+ KII(3cos9 - I) =0,

Notched beams of dimension IS cm x IS cm x 55 cm
and 10 cm x 10 cm x 40 cm were made. To create a notch at
the center of a specimen, a steel plate of 3 mm thickness with
the apex angle of 30degree was employed in the formwork.
In the large specimens the depth of the notch was 1.5 cm. 3
em, or 6 cm. In the small specimens, the notch depth was 3
em or 5 cm. Therefore, ratios of notch depth to beam depth
were 0.1, 0.2,0.4,0.3 and 0.5, respectively.

- Tij(x,y)Uj(y»ds,
(11)

where c is the configuration coefficient, which is equal to 112
on the smooth surface, and ~(y) and Uj(y) are the traction and
displacement on the boundary S+C, respectively. Here, U jj is
the fundamental solution in the two-dimensional elastostatic
field and corresponds to Green's function in an infinite space,
whereas Tij is the associated traction (Brebbia, 1983).

We tested these specimens on four-point bending. During experiment, AE activities were monitored by event counting. By determining the load of crack initiation via AE, Klc
values were determined using the BEM analysis. In the
numerical analysis, the notch configuration of the specimen
was considered exactly. Results of Klc values determined
from the experiments are shown in Fig. 10. Although it is
known that Klc values obtained by the conventional method
are sensitive to the notch depth, Klc values determined by the
present method are stable and appear to be independent of the
notch depth. Averaged values of three materials are shown
by broken lines and indicated in the figure. From these
results, it is concluded that the critical stress intensity factor
can be utilized as the mechanical criterion for the crack propagation.

An ideal crack configuration involves a surface discontinuity. Because two coplanar surfaces present an ill-posed
problem, equation (11) becomes singular. To overcome this
problem, the multi-region modeling approach was employed
(Cruse and Polch, 1986). Equation (II) was formulated for
regions on either side of the crack, and was joined using the
conditions of displacement continuity and traction equilibrium
along the uncracked interface. At the interface, the variation
of displacements and stresses near a crack tip were modeled
by a crack element, which is an isoparametric element of quadratic shape functions with a shift of the mid-point node to
the quarter-point For the joining interface, isoparametric elements with the mid-point node (conforming element) were
utilized in the same manner as the regular boundary.

Four-point bending tests of asymmetric loading were
conducted. Correswnding to these tests, we analyzed crack
propagation in an ~itrary direction, using the critical values
of Klc indicated in Fig. 10. In the computation when KI
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1.

To locate the crack nucleation, a method of threedimensional source location was developed. The location technique accounts for effects of velocity anisotropy. It was applied to the source location of reinforced concrete beams under bending load. AE source
locations agreed with the positions of observed cracks.

2.

To assess the deterioration of concrete structures, a
method to monitor the AE activity of core specimens
under uniaxial compressive loading was evaluated.
Results show that the AE activity becomes high when
the concrete contains many critical microcracks. This
tendency can be quantitatively evaluated on the basis
of the theory of rate process.

3.

A method to determine the critical stress intensity factor Klc is developed by combining AE observations
and the boundary element method (BEM). K values
obtained from the conventional method are strongly
dependent on the notch depths. In contrast, Klc values
obtained by the present method are independent of the
notch depth.

Fig. 10 Relations between critical stress intensity factors and
notch depths obtained in experiment.
determined for a particular notch configuration was larger than
K ,c• the external load was decreased to the level of K 1 K lc
and new crack elements were created in the
direction.
When K I at the notch tip was smaller than K the external
load was increased to K lc ' These procedures were successively repeated to final failure.

,c•

e

=

Analytical results of crack propagation were compared
with crack traces obtained from a hard copy produced from a.
video-tape recording. As an example, the result of an airentrained concrete specimen is shown in Fig. 11. Since the
length of a crack element was fixed to 1 cm, the crack path
was not smooth in the analysis, but it foDowed cracks traced
by the video-tape recordings. In other specimens, similar
results were obtained. The discrepancy between the analysis
and experiment was the largest in steel fiber reinforced concrete. This may arise from the fact that only elastic constants
(Young's modulus and Poisson's ratio) were used as the
material properties. Therefore. the effect of steel fiber reinforcement was not properly estimated.

,c

4.

The present results imply that the prediction of crack
propagation is feasible by employing the BEM analysis based
on critical stress intensity factor. However. further improvements are required for applying the procedure to practical
problems.

Using the critical stress intensity factor as the criterion
of crack initiation, we analyzed crack propagation in
an arbitrary direction. Crack patterns determined by
the BEM analysis agree well with those obtained in
experiment.
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4. Conclusions
Basic characteristics of AE in concrete have been studied. These results are used in exploring diagnostics applications to concrete structures. The diagnostics consist of the
location of crack nucleation, the evaluation of deterioration by
the core test, and the prediction of crack propagation.
107

M. Ohtsu (19813), "Source Mechanism and Waveform
Analysis of Acoustic Emission in Concrete," 1. Acoustic
Emission 1(2), 103-112.

References

T. Bagoshi (1980), "Frequency Spectra of Acoustic Emission
in Concrete," M.S. Thesis, Kyoto University, Kyoto.

M. Ohtsu (1982b), "Acoustic Emission Characteristics of Concrete and Fundamental Mechanisms," Ph.D. Thesis, Kyoto
University, Kyoto.

C.A. Brebbia (1983), Progress in Boundary Elemelll Methods,
Vol. 2, Pentech Press, London, Plymouth.
A. Carpinteri (1982), "Application of Fracture Mechanics to
Concrete Structures," Proc. ASCE, Vol. ST-I08, No.4, 833848.

M. Ohtsu (1983). "Radiation Pattern of Acoustic Emission,"
zairyo, 32(356). 577-583 (in Japanese). Translated into
DRIC-T-7599 (1985). Defense Research Information Center,
London.

T. A. Cruse and E.Z. Po1ch (1986), "BEM for Fracture
Mechanics Analysis," Proc. BEM Symposium, JASCOM,
Tokyo, pp. 111-133.

M. Ohtsu and K. Ono, (1984), "A Generalized Theory of
Acoustic Emission and Green's Functions in a Half Space," J.
Acoustic Emission. 3(1), 27-40.

F. Erdogan and G. C. Sih (1963), "On the Crack Extension in
Plates Under Plane Loading and Transverse Shear," Journal
Basic Engineering, Transactions of ASME, 85, 519-527.

M. Ohtsu and Y. Fukunaga (1986), "Investigation on Crack
Propagation and K1 Values in Concrete Members," Memoirs
of the Faculty of Engineering, Kumamoto University, 31(1),
1-13.

A. T. Green (1970), "Stress Wave Emission and Fracture of
Prestressed Concrete Reactor Vessel Materials," 2nd Interamerican Con!. Materials Technology, ASME, V-I, pp. 635-649.

M. Ohtsu and K. Ono (1986), "Crack Orientations and
Moment Tensor Solutions in Acoustic Emission," Progress in
Acoustic Emission III, eds. K. Yamaguchi et a1.. The
Japanese Society for Non-Destructive Inspection OSNDI),
Tokyo, pp. 771-778.

A. S. Kobayashi, N. M. Hawkins, Y. L. A. Chan and I. J. Lin
(1980), "A Feasibility Study of Detecting Reinforced-bar
Debonding by Acoustic Emission Technique," Experimental
Mechanics, 20, September, 301-309.

H. Okamura (1984), Limit State Design for Concrete Structures, Kyoritsu Shuppan, Tokyo.

R. G. L'Hermite (1960), "Volume Changes of Concrete,"
Proc. 4th Inti. Symp. Chemistry of Cemelll, V-3, NBS, Washington D. C., NBS Monograph, No. 43, pp. 659-694.

G. S. Robinson (1965), "Methods of Detecting the Formation
and Propagation of Microcracks in Concrete," Proc. Int.
Con[. on the Structure of Concrete and It's Behavior Under
Load, Cement and Concrete Assoc., London, pp. 131-145.

W. M. McCabe, R. B. Koerner and A. E. Lord, Jr. (1976),
"Acoustic Emission Behavior of Concrete Laboratory Specimens," ACI Journal, American Concrete Institute, 73, July,
367-371.

R. L. Rothman, R. 1. Greenfield and H. R. Hardy, Jr., (1974),
"Errors in Hypocenter Location due to Velocity Anisotropy,"
Bull. Seism. Soc. Am., 64(6), 1993-1996.

Y. Niwa, S. Kobayashi and M. Ohtsu (1977), "Studies of
Acoustic Emission in Concrete Structures," Proc. of the Japan
Society of Civil Engineers OSCE), No. 261, 101-112 (in
Japanese).

H. Rusch (1959). "Physical Problems in the Testing of Concrete," Zement·Kalk-Gips, 12(1), 1-9.

Y. Niwa, S. Kobayashi and M. Ohtsu (1978), "Studies of
Source Location by Acoustic Emission," Proc. JSCE, No. 276,
135-147 (in Japanese).

R.N.L. Smith and J.C. Mason (1982), "A Boundary Element
Method for Curved Crack Problems in Two Dimensions,"
Boundary Element Methods in Engineering, ed. C.A. Brebbia, Springer-Verlag, Berlin.

Y. Niwa, S. Kobayashi and M. Ohtsu (1980), "Frequency
Analysis of Acoustic Emission," Proc. 23rd Conr. Japan
Congress in Materials Research, the Japanese Society of
Materials Science OSMS), Kyoto, pp. 347-351.

H. Yokomichi, 1. Ikeda and K. Matsuoka (1964), "Propagation
of Elastic Waves due to Cracking in Concrete," Cement and
Concrete, No. 212, The Cement Association in Japan. pp. 2-6
(in Japanese).

Y. Niwa. S. Kobayashi and M. Ohtsu (1981), "Source
Mechanisms of Acoustic Emission," Proc. JSCE, No. 314,
125-136 (in Japanese).
M. Ohtsu (1976). "Studies of Acoustic Emission Charateristics," M.S. Thesis, Kyoto University. Kyoto.

108

Measurement of the Maximum Applied Loads to Automobile
Components by Acoustic Emission Technique
Tatsuhiko Yoshimura and Shigeto Kano
Abstract

2.1 Tensile Specimens

Kaiser effect of acoustic emission was investigated in
order to estimate the maximum applied loads to automobile
components. Preliminary tensile tests were performed on steel,
aluminum alloy and cast iron samples to confirm the Kaiser
effect All the samples exhibited the Kaiser effect. The upper
control arms that are used for 4-links type rear suspension of
an automobile and the bolts with a reduced shank were used
for the present study. It is found that the estimated loads
given by the Kaiser effect methods are 10 to 12.5% lower
than the actual values previously applied to the tested components.

The materials of tensile specimens are S3OCHNR,
S3OCQ.T [carbon steels for structural use], ADT4 [aluminum
casting alloy], and FCD40HA [ductile iron casting]. The
nominal compositions are listed in Table 1 and the shape of a
tensile specimen is shown in Fig. 1. Table I also shows the
mechanical properties of the test materials.
Tensile tests were performed by continuously increasing loads. We investigated the stress at which the first AE
event count was generated and Kaiser effect by repeated loading and unloading.
All of the specimens were tested in an Instron-type
testing machine at a constant crosshead speed. Figure 2
shows the block diagram of the AE instrumentation system.
AE signals were detected using two PZT transducers resonant
at 200 kHz. These were attached on the plane surfaces of the
specimen [see Fig. IJ. The signals from the transducers were
amplified 46 dB by pre-amplifiers and 44 dB by main
amplifiers. The amplified signals were spatially discriminated
to eliminate spurious noise. AE event counts were recorded
only from the gage section of the specimen. Each specimen
was pre-loaded before a tensile test. Figure 3 shows the
method of pre-loading.

1. Introduction
Prior to the design of a machine component, it is
important to estimate the loads to which the machine component is subjected during field operations. Although there
are many methods to measure loads applied to components,
e.g. the method using strain gauges with measuring instruments like a data-recorder, the method using the fatigue life
gauge (Harting, 1965) or the films of electrodeposited-copper
(Okubo, 1953), all of these methods need elaborate preparations before the measurements.
The purpose of this report is to study a method of
measuring applied service loads to components without any
preparation.

Table I Mechanical Properties of Specimens

C

Material

S30C
2. Experiments

FCD40
It has been reported that almost all metals exhibit
Kaiser effect (Kaiser, 1953) except when the loading is
reversed and the metals show Bauschinger effect We
prepared specimens with the materials generally used for automobile components and tested in tension to confirm the
existence of Kaiser effect Next, AE method was applied to
automobile components. The upper control arms which are
used for 4-links type rear suspension of an automobile and the
bolts with a reduced shank were used for the investigation.

Mn

Si

P

S

Cr

0.27
0.60 0.15
<0.030 <0.035 <0.20
-0.33 -0.90 -0.35
3.5
.. 0.8
- 4.2

Material

Cu

Si

ADT4

2.0
- 4.0

.7.5
- 9.5

2.0
<0.1
-3.3

<0.02

Mg

Zn

cO.3

< 1.0

Fe

Mg

Fe

0.20

-

Remainder

- -

0.02
Remaituler
-0.06

Ni

Ti

.. 1.3 .. 0.5

<0.3

AI
Remainder

Material

S30C HNR

n.T
ADT4
FCD40 HA

S30C
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Notched Specimen

Fig. 4 The 4-links type rear suspension.

Fig. I Specimen geometries.

AE Sensor
AE Monitor
AE Sensor
Fig. 2 Block diagram of the AE instrumentation.

Crosshead
Fig. 5 The AE measurement method of upper control arm by
tensile test
specimen [see Fig. I). The signals from the transducers were
amplified 46 dB by pre-amplifiers and 44 dB by main
amplifiers. The amplified signals were spatially discriminated
to eliminate spurious noise. AE event counts were recorded
only from the gage section of the specimen. Each specimen
was pre-loaded before a tensile test. Figure 3 shows the
method of pre-loading.
2.2 Upper Control Arm

Figure 4 shows the schematic diagram of the 4-links
type rear suspension. The role of the upper control arm is to
connect the rear suspension to the body. When the automobile suddenly accelerates, the upper control arm is subjected
to tensile axial load. The AE method using Kaiser effect is
applied to obtain such a tensile axial load, or take-offaxial
load.

Fig. 3 Method of pre-loading.
All of the specimens were tested in an Instron-type
testing machine at a constant crosshead speed. Figure 2
shows the block diagram of the AE instrumentation system.
AE signals were detected using two PZT transducers resonant
at 200 kHz. These were attached on the plane surfaces of the

The take-off axial loads of the upper control arm were
measured by means of the strain gauges before tensile tests.
110

Figure 5 shows the methods of the tensile tests and the AE
measurements.
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When the bolts with a reduced shank were fastened,
the fastening axial load was measured by means of a
piezoelectric load cell. Previously fastened bolts were tested
in tension to measure the AE signals using the method shown
in Fig. 6.
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3. Results and Discussions
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3.J Confirmation of Kaiser Effect

Figures 7 and 8 show the experimental results using
an S30CHNR smooth specimen and an S3OCQ.T smooth
specimen, respectively. The first AE event count was generated at the yield point for the S30CHNR which clearly
shows the yield point On the other hand, the first AE event
count was generated when the plastic strain started for the

Fig. 8 Results of AE measurement on an S3OCQ.T smooth
specimen.
S3OCQ.T smooth specimen which showed continuous yielding. The result of an S3OCQ.T U-notched specimen was
essentially identical to Fig. 8, when the local strain at the
notch root was plotted as abscissa. In the case of the notched
specimen, the first AE event count was generated when the
local plastic strain started from the notch.
Figures 9 and 10 show the results of FCD40HA
smooth specimen and ADT4 smooth specimen, respectively.
In the case of the cast specimens, the first AE event count
was generated at rather low stresses in comparison to the
yield stress level.
Figure 11 shows the experimental result indicative of
Kaiser effect on an FCD40HA smooth specimen, tested by
repeated loading. It is evident that the stress at which the first
AE event count is generated upon reloading is in good agreement with the stress previously reached. Figure 12 summarizes the experimental results exhibiting Kaiser effect on all the
materials tested. It shows that all the specimens demonstrate
the Kaiser effect

Fig. 6 AE measurement method of a bolt

Detection of the Maximum Applied Service Load for
Components

3.2
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3.2.1 Axial load of upper control arm
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Figure 13 shows experimental results of AE measurements for upper control arms which had been subjected to
take-off tensile axial loads before tensile tests. The loads at
which the first AE event count was generated were typically
lower than the measured axial loads using strain gauge measurements. The measured axial loads are indicated by arrows
on the absicissa of Fig. 13. Figure 14 shows the relation
between the measured axial loads and the estimated axial
loads using AE. The results show that the estimated axial
loads are 10% lower than the measured axial loads. The origin of this difference was not studied, but the take-off loads
were applied dynamically while tests for Kaiser effect were
performed statically. Thus, effects of strain rate are the possible cause of this observation.
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Fig. 7 Results of AE measurement on an S30CHNR smooth
specimen.
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Fig. 10 Result of AE measurement on an ADT4 smooth
specimen.
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Fig. 13 Results of AE measurement on upper control arms

Fig. 11 Results of AE measurements on FCD40HA smooth
specimen. (Repeated loading).
3.2.2 Axial load of bolt with reduced shank
Figure 15 shows experimental results of AE measurements for bolts with a reduced shank. The unloaded bolt
which was measured for comparison generated the first AE
event count at the axial load of 750 kgf and generated AE
event counts at much higher rates above the axial load of
2100 kgf. Source location results for this test show that AE
events which were generated at the axial load from 750 kg to
2100 kgf were localized at the screw parts, while AE events

Measured Axial load
Fig. 14 Relationship between measured axial load and
estimated axial load using AE.
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Fig. 15 Results of AE measurements on unloaded and previously loaded bolts.
which were generated at the axial load over 2100 kgf were
localized mainly at the reduced section. The loaded bolt
which had been fastened at the axial load of 2400 kg! generated upon reloading the first AE event count at the axial
load of 2100 kgf and generated AE events at high rates from
the axial load of 2380 kgf. The load at which the AE event
rate increased sharply was close to the previously applied
load. When we use the usual criterion of the first AE event
observed, this implies that the previous load is estimated as
2100 kgf. The estimated maximum fastened axial load using
Kaiser effect is thus 12.5% lower than the measured axial
load for the bolt with a reduced shank. Such an underestimate is undesirable and further studies are needed to precisely
estimate prior load on bolts with a reduced shank.

4. Conclusions
Kaiser effect of AE was investigated to estimate the
maximum applied loads to tensile specimens and automobile
components.
The main results are as follows.
1.

S3OCHNR, S3OCQ.T, ADT4 and FCD40HA tensile
specimens show Kaiser effecL

2.

The first AE event is generated when both smooth and
notched specimens of stroctural steels yield. On the
other hand, the first AE event was generated at lower
stresses than the yield stresses for cast materials.

3.

The estimated maximum applied loads using Kaiser
effect are 10 wig 12.5% lower than the measured maximum applied service loads for the upper control arms
and the bolts with a reduced shank.
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Effects of Heat Treatment on the Acoustic Emission Generated
During the Deformation of 7075-T651 Aluminum Alloy
Zu-Ming Zhu and S.H. Carpenter
Abstract

manner to those samples used in the previous exfoliation
study (Zhu and Carpenter. 1986) was measured and characterized. In addition to the AE and mechanical properties, the
Charpy impact strength was also measured. As expected,
samples annealed for 8 hours at 163°C showed a distinct
behavior which could be related to the previously reponed
exfoliation measurements.

The acoustic emission (AE) generated during the tensile defonnation of 7075-T65l aluminum alloy has been
measured and characterized as a function of prior aging treatment and sample orientation. Longitudinal (L), long
transverse (f) and shon transverse (S) tensile samples were
tested after aging at 163°C for selected times. A peak in the
AE, as measured by the nns voltage, was found in all samples
after plastic defonnation greater than 1%. The height or magnitude of the peak, as well as its location in strain, was found
to depend on the length of the prior aging treatment. The
location and characteristics of the AE peak were found to be
consistent with the fracture and/or debonding of inclusions as
the principle source of the measured AE. The most surprising
result was: the significant loss of AE when samples were
heat treated for 8 hours at 163°C, and almost total recovery of
the AE when heat treated for 10 hours. This result is
believed to be due to a weakening of the interface between
the inclusions and the matrix as a result of the heat treatment.

2. Experimental Procedures
AE measurements were carried out with a standard
one-channel system at gain of 100 dB and a bandpass of
1OQ..300 kHz. A resonant transducer (resonant frequency 140
kHz) was used for all measurements. The nns voltage was
measured with a 3400A Hewlett-Packard voltmeter. All rms
data are referenced to the transducer and have been corrected
for noise. The tensile tests were carried out at constant stroke
or deflection of 0.0254 mmlmin.. in an MTS-880 testing
machine. The test material was a commercially available 2.54
em thick plate of 707S-T6Sl rolled aluminum plate. Coupons
30.5 mm x 30.5 em x 2.54 cm were cut from the original
plate and were heat treated in air at 163°C, for selected times.
The heat treatments ranged in time from 1 hour to 64 hours.
Table I below lists the heat treatments and the resulting
mechanical propenies for a transverse or T type sample,
different orientations gave comparable results.

1. Introduction
In a recent publication, Zhu and Carpenter (1986)
reponed on the AE generated during the exfoliation of 7075T65l aluminum alloy rolled plate. Exfoliation, also known as
layer or lamellar corrosion, is a specific type of selective corrosion resulting from a rapid lateral attack along multiple narrow paths parallel to the metal surface. It is commonly
observed in heavily rolled microstructures. The previous
work demonstrated that the severity of exfoliation was dependent on prior heat treatmenL For samples heat treated for
various times up to 64 hours at 163°C, the samples annealed
8 hours exhibited the most severe exfoliation. although no
clear reason could be established for this behavior. Because
of the lamellar and intergranular nature of exfoliation, it is
sensitive to the nature and make-up of the large inclusions
along the grain boundaries of the 7075-T651 material. It has
been known for some time that the AE generated during the
plastic deformation of 7075-T651 is due to the
fractureldebonding of these inclusions (Graham, 1976; Hamstad et a!.. 1977; Carpenter and Higgins, 1977; McBride et al..
1981). To better understand the behavior of these inclusions
as a function of heat treatment. the AE generated from the
plastic deformation of tensile samples heat treated in a similar
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Fig. 1 Schematic of tensile samples used showing dimensions
and transducer placemenL
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After heat treatment, tensile samples were machined from the
coupons. Two types of tensile samples were used as shown
in Fig. I. The schematics in Fig. I indicate the type of sample used for the different sample orientations as well as
dimensions and transducer placement. The length of the grip
portions were shortened for the short-transverse or S type
sample. This will be referred to as type 2. Charpy impact
samples were 10 mm x 10 mm x 50 mm, with a 45° notch at
a depth of 8 mm. The notch radius was 0.25 mm.
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3. Experimental Results
The AE generated during the tensile deformation of
7075-T65 I aluminum alloy is in general characterized by an
AE maximum at 2-3% strain. Figure 2 shows typical AE and
Fig. 4 Maximum of the AE peak and the yield stress as a
function of annealing time for samples of the L type orientation.
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Fig. 5 Maximum of the AE peak and the yield stress as a
function of annealing time for samples of T type orientation.

Fig. 2 AE (measured in terms of the rms voltage) and
applied load as a function of time for an as-received sample
of the L type orientation.
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been annealed for 8 hours at 163°C.
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The amplitude distribution of the AE generated was
measured at various strains during all of the tensile tests. The
amplitude distributions are simply the number of events per
amplitude interval for the AE sampled at a particular strain.
All distributions were characterized by a maximum number of
events at a specific amplitude. The distribution maximum
(measured in dB) was found to vary with strain. In all tests
the amplitude at which the maximum number of events
occurred reached a maximum at the rms voltage maximum.
Careful measurements were carried out to determine the
amplitude distribution of the AE at the rms voltage maximums. Figure 9 shows data for the amplitude at which the
maximum number of events occurred (measured at the rms
voltage maximum) as a function of heat treatment time.
Again the unique behavior near the 8 hour annealing time is
observed. Charpy impact tests were also carried out to see if
correlations with the measured AE could be found. Figure 10
displays the data obtained. The significant change in behavior
at the 8 hour annealing time is again evident

applied stress as a function of strain for an as-received tensile
sample of the longitudinal or L orientation (type 1 tensile
sample). The major effect of heat treatment at 163°C on the
AE was to cause a change in the magnitude of the AE peak.
Figure 3 gives data for an L type sample that had been
annealed for 8 hours, notice the decrease in the nns peak
height. Figures 4, 5 and 6 show the magnitude of the AE
peak and the value of the yield stress as a function of the heat
treatment time for L, T and S samples, respectively. The
almost discontinuous behavior of the AE data around the
eight-hour annealing time is very apparent. Differences in the
absolute value of the AE data are believed to be due primarily
to sample orientation effects and transducer placement. The
AE generated during deformation of samples of the Sorientation is slightly different in that there is a significant
amount of AE produced in the elastic range. Figure 7 shows
typical data for an S-type sample, indicating the lift off of the
rms voltage trace while still in the elastic range. AE in the
elastic range has been observed in a number of steels when
tested in the S-orientation and has been studied extensively by
Ono and his group at UCLA (Ono et aI., 1978; Teoh et aI.,
1984; Roman et al., 1984). In general, the AE is in the form
of bursts and has been called pre-yield burst emission
(PYBE). Ono and coworkers have shown that the PYBE is
due to the weak interface and geometry of MnS inclusions in
the steels tested. As seen in Fig. 7, large bursts are not
observed in the 7075 aluminum. The observed activities are
simply an early stan of the measured AE. The initiation of
AE (lift off of the nns voltage curve) as a function of
deflection (crosshead displacement) was measured by varying
heat treatment time for S-type samples, as shown in Fig. 8.
The stress at AE initiation normalized by the yield stress is
also shown in Fig. 8 as a function of heat treatment time. For
both sets of data, the sudden change near the eight hour
annealing time is evident.
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Fig. 7 AE and applied stress as a function of time for an asreceived sample of the S type orientation.
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4. Discussion
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Previous work has clearly shown that the source of AE
generated during tensile deformation of 7075-T6S 1 aluminum
is the fracture/debonding of the large inclusions in this
material. The differences in AE as a function of anneal time
reported in this investigation must then be related to changes
in the fractureldebonding process produced by the heat treatments. Optical microscopy (up to l000X) indicate no delectable changes in the size or distribution of the large inclusions.
To elucidate the fracture/debonding behavior, it is necessary
to investigate the internal stress on the inclusions during tensile testing. Using the theoretical analysis of Shibata and Ono
(l918a; 1918b), and the experimental data of Coate et al.
(1981), Heiple and Carpenter (1982) have shown how 10
determine the internal stress on the inclusions in 7075-T651
aluminum alloy. The internal stress on the inclusion is the
sum of three individual stresses: (1) the misfit stress due to
the difference in the thermal expansion coefficients of the
matrix and the inclusions, (2) the inhomogeneity stress due to
the difference in the ellllitic constants of the matrix and the
inclusion and (3) the plasticity stress due to the accommodation stresses between the matrix and the inclusions. The
misfit stress is generated during heat treatment and is dependent upon the magnitude of the heat treatment temperature.
In this investigation all of the test samples were heat treated
at the same temperature, hence the misfit stress should be the
same for all samples. It has been shown (Heiple and Carpenter, 1981) that the calculated misfit stress can on occasion
exceed the measured yield stress, since it is impossible for a
sample 10 maintain an internal stress in excess of the yield
stress. it has been postulated that in these cases the misfit
stress would be equal to the yield stress. Notice from Figs. 4,
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Fig. 12 Plastic strain at which the maximum of the AE peak
occurred as a function of annealing time for T type samples.
5 and 6 that, if this were the case, the misfit stress would be a
slowly decreasing quantity with increasing heat treatmenl
time. The inhomogeneity stress has been shown (Shibata and
000, 1976a; 1976b) to be proportional to the applied stress.
Since aU data comparisons have been made at the rms voltage
maximum, it is instructive to examine the applied stress at
that point Again from Table 1, it is clear that the applied
stress at the rms maximum. and hence the inhomogeneity
stress, is also a slowly decreasing quantity with increasing
heat treatment time. The plasticity stress has been shown
(Shibata and Ono, 19700; 1976b) to be proportional to the
value of the plastic strain. Figures 11 and 12 show the value

Table I Yield stress and stress at the maximum of the AE
peak as a function of annealing time.
Anneal time (Ius)

0

4

6

7

8

9

10

16

32

64

Yield Slress (MPa)

538

517

S03

496

483

490

483

476

455

441

407

Sttess. rms peak (MPa)

593

579

565

558

545

552

538

545

524

496

469
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5. Conclusions

2C

The AE generated during the tensile deformation of
rolled 7075-T651 aluminum plate has been measured and
characterized as a function of prior aging time and sample
orientation. From the data obtained and the analysis of that
data the following conclusions are possible:
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1.

There is a significant drop in the magnitude of the rms
peak, which occurs at 1·3% plastic strain, when
annealed fo~ 8 hours at 163°C. The AE almost totally
recovers when the heat treatment is extended to 10
hours. Similar data are obtained for all sample orientations.

2.

The maximum in the AE amplitude distribution
reaches its highest value at the maximum of the rms
voltage peak. The maximum in the amplitude distribution as a function of heat treatment time behaves in a
similar manner as the rms voltage peak.

3.

Both the Charpy energy and the tensile ductility as a
function of heat treatment time show a sudden increase
at the 8 hour anneal time.

4.

Analysis of the stresses acting on the inclusions in the
7075-T651 material shows that there is a distinct and
sudden change in the plasticity stress on the inclusions
when annealed for 8 hours.

5.

All of the above results can be explained and are consistent with the belief that the 8 hour heat treatment
causes a significant weakening of the bonding of the
inclusions with the 7075-T651 matrix.
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Fig. 13 Ductility measured during tensile testing as a function of annealing time for T type samples.
of the plastic strain measured at the maximum of the nns
peak as a function of annealing time for a series of L and T
type samples. The results are quite surprising in showing a
peak in the plastic strain at the 8 hour annealing time.
It appears that all of the experimental results can be
explained if (l) the 8 hour heat treatment causes a significant
weakening or loss of bonding strength between the inclusions
and the matrix, and (2) the strength is restored by the 10 hour
anneal. The strongest suggestion that this case is the measured increased in plastic strain at the rms maximum. This
result indicates that the matrix must be strained and work hardened more to produce fractureldebonding of the inclusions.
If the inclusions are essentially already debonded, then the
matrix would have to be worked to a greater level to produce
the stress necessary to cause fracture of the inclusions. The
poor bonding of the matrix to the inclusions would also allow
the matrix more ductility and higher Charpy energy as was
observed. The ductility as a function of heat teatment time
for a series of T type tensile specimens is shown in Fig. 13.
The postulate of weakened bonding when annealed for 8
hours also explains the inclusions and the matrix would allow
the easy passage of the corrosive solution along the length of
the inclusion and into the interior of the test specimen. In
tum, the easy passage of the corrosive solution produces the
severe exfoliation. The loss of AE after annealing for 8 hours
can easily be explained if the bonding between matrix and
inclusion is weakened. The majority of the AE would then
have to come from fracture of the inclusions, with the contribution from debonding being greatly reduced. This would
also explain the observed PYBE behavior. The AE amplitude
data indicate that debonding produces higher amplitude events
than fracture does.
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An Overview of Acoustic Emission Codes and Standards

J.C. Spanner, Sr.
If you question the second statement, consider what
happens when a bidder responds to a bid package that
requires compliance with an industrial standard; and the
bidder offers a technical approach that is not consistent with
that standard. Such bids are often automatically disqualified.
The burden of proof for showing that the method offered is at
least equivalent to the standard method rests solely with the
bidder. The buyer may often exercise total discretion in
accepting or rejecting such bids; even if the technology
offered is clearly superior to the standard technology specified
in the bid package.

Abstract

Although the availability of industrial standards tends
to encourage wider usage of a given technology, the standardization process itself also tends to inhibit further development
of the technology. In view of these and other factors discussed in this paper, standards-writing groups should be
guided by judgmental criteria as well as technical criteria.
The availability of American and other acoustic emission
(AE) standards is reviewed from a historical perspective. The
ASME and ASlM standards that have evolved over the past
15 years are emphasized because the author has been directly
associated with these activities. The titles of selected industrial standards are listed along with their year of issuance (if
available) to illustrate the extent and degree of standardization
that has occurred within the AE technology to date.

Serious consideration of the preceeding suggests that
standards-writing groups should be guided by judgmental criteria, as well as technical criteria. Such judgmental criteria
are difficult to quantify, but I suggest that the following merit
consideration:

1. Introduction

The maturity of any given technology can rarely be
precisely defined. However, relative indicators such as professional society activities; major technical symposia; the
availability of equipment, services, and training; and the publication of industrial standards seem to be among the more
relevant factors.
The paper is based on a presentation given during a
panel discussion at the 1986 ASNT national conference in
New Orleans, LA. As a member of this panel, I had been
asked to discuss my philosophical views on the industrial
standards writing process, to review the track record on publication of acoustic emission (AE) standards, and to highlight
the AE-related activities within the ASME Boiler and Pressure
Vessel Code. The emphasis on these three topics is reflected
in this paper which provides a historical overview of AE standardization activities over the past 15 years.

Standardization is appropriate only when the industrial
need is sufficient to justify the effort.

2.

A standard should not be written until an adequate
technology and experience base is available.

3.

Standards should only be developed by groups with a
balanced representation of users and suppliers. (In this
context. regulatory and similar interests are considered
to be users.)

4.

Industrial standards should emphasize the buyer's
interests since the seller intrinsically possesses a
greater knowledge of the technology.

5.

No industrial standard should be based on the
exclusive use of proprietarY methods or techniques.

In my experience, not all standards committee
members recognize or fully appreciate the importance of such
criteria. On occasion, I have observed poorly attended committee meetings where most of those present represented supplier interests. When such meetings are either poorly attended
or unbalanced with respect to user and supplier interests, the
basic strength of the consensus process is jeopardized.

2. Philosophical Viewpoints

Webster's Unabridged Dictionary defines the term
standardize as follows: ..... to adopt a specified method as the
only one to be utilized." This definition implies that whenever a group attempts to standardize a particular NDT

In the economic climate of the past few years, it seems
me that reduced participation in codes and standards activities has been more evident among the users than the suppliers.
This simply doesn't make sense and is another example of the
short sightedness that U.S. industry and most government
agencies have exhibited for the past decade or more. It seems
imperative that the users recognize and accept their responsibilities for protecting themselves and the public. However, I
must commend the suppliers for their continued willingness to
to

method, sufficient development and application experience is
available to support the requirements that are specified. It is
appropriate to consider the consequences of this implication.
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serve on such committees.

Critical Balance Point

Whenever work is initiated on a new standard, the
committee should carefully assess:
•

the true need for the standard,

•

the available technology and experience base, and

•

the need to maintain a balance of interests on the committee.

These considerations are depicted in Figs. I and 2 where the
concept of a critical balance poiTll is used to illustrate the key
factors that should guide and influence any standards writing
group.

Key Factors

Key Factors

•
•
•
•

•
•
•
•

Technology Base
Experience Base
Technology Forecast
Economic Aspects

Market Size and Need
Equipment Availability
Operator Availability
Foreign Competition

Fig. 1. Key Factors to Consider when Initiating Work on a
New Standard

It is also appropriate to consider whether the technology is sufficiently strong to drag the anchor that will be
attached to it when the standard is published. If not strong
enough, the technology will probably not advance as it might
have without the standard.

Critical Balance Point
3. Historical Aspects
Historically, standardization of the AE technology by
the American Society for Mechanical Engineers (ASME) and
the American Society for Testing and Materials (ASTM)
began at about the same time. The ASTM E07.04 Subcommittee on Acoustic Emission was organized under the E-7
Committee on Nondestructive Testing in mid-1972, and the
ASME Section V Subcommittee on NDE established an Ad
Hoc Working Group on AE in 1973. Throughout the 1970s,
and continuing still, there has been a very close cooperation
between these two groups; through both formal liaison
representatives and the co-memberships held by some of us.

Key Factors

Key Factors

•
•
•
•

•
•
•
•

Profit Potential
Marketing Aid
Technical Advantage
Knowledge Advantage

User Interests (TeChnIcal)
Public Interests (Safety)
Assure Competition
Knowledge Disadvantage

Fig. 2. Key Factors to Consider when Selecting Committee
Members

In retrospect, the effort to standardize AE within the
ASME Code in the early 19705 was probably somewhat
premature. Although this group was responsible for issuance
of the first document intended to be a U.S. standard for applying AE technology, this effort was not a satisfying experience
for most of the participants. A document entitled "Proposed
Standard for Acoustic Emission Examination During Application of Pressure" was issued for trial use and comment in
1975 under the designation ASME E-00096. This document
was not issued as a part of the ASME Code. Rather, it was
issued as somewhat of a trial balloon, and industry was
requested to use and evaluate the proposed requirements and
submit comments to the secretary of the Boiler and Pressure
Vessel Committee. To my knowledge, no fonnal comments
on the use of this document were ever received by ASME.

Again in retrospect, the ASME Main Committee was
correct in its actions and probably helped, rather than hindered, the overall best interests of the AE technology. Had
those requirements been added to the ASME Code as proposed, and recognizing that the ASME Code constitutes legal
requirements in most states, I suggest that Code adoption of
those rules might have set the AE technology back by 10
years or more.
Concurrent with the issurance of E-00096 in 1975, the
ASME Section V Ad Hoc Working Group on AE was
discharged. More recently, Section V's interest in AE has
revived and a Special Working Group on Acoustic Emission
(SWGAE) was organized in 1981. To date, the SWGAE has
achieved final acceptance of (1) a Code Case for small Section VllI vessels, and (2) new Code rules for AE examination
of fiber-reinforced plastic (FRP) vessels.

The document was issued in this form because the
ASME Boiler and Pressure Vessel Main Committee disapproved incorporating it into Section V as had been proposed
by the Subcommittee. While this document was widely used
as a guideline by many Commercial AE field service companies, and was referenced in service contracts issued by the
petrochemical industry, it was never accepted as an ASME
Code requirement.
122

4. Current Industry Standards on AE

The American Petrolewn Institute (API) issued a 1986
specification for drill-through equipment (API-16A) that
allows the use of AE to satisfy certain volumetric examination
requirements.

The ASTM £07.04 Subcommittee on A£ has proven to
be a highly productive forum for the initial development and
dissemination of consensus standards on AE. Since 1972,
eleven separate documents covering a variety of AE applications have proceeded through the consensus process and been
published in the ASTM Book of Standards. In addition, five
more documents are now in various stages of development
within this subcommittee. The ASTM standards issued by
E07.04, and the year of their initial issuance, are as follows:
• E 569-82, Acoustic Emission Monitoring of Structures During Controlled Stimulation (1977)

Internationally, the European Working Group on
Acoustic Emission (EWGAE) has developed and issued several
documents to standardize AE applications. At least seven
different codes were identified for work by this group. Five
of these have been finalized and distributed to the European
AE community; ~ode VI is in course of preparation; and
Code VII will probably be comprised of a series of Case Studies that are in various stages of completion. Some of these
EWGAE documents are as follows:

• E 610-85, Definition of Terms Relating to Acoustic Emission (1977)

• Code I, Acoustic Emission Examination, Location of
Sources of Discrete Events (1981)

• E 650-85, Mounting Piezoelectric Acoustic Emission Contact Sensors (1978)

• Code II, Acoustic Emission Leak Detection (1984)
• Code III, Acoustic Emission Examination of Small Parts
(1984)

• E 749-85, Acoustic Emission Monitoring During Continuous Welding (1980)

• Code IV, Definition of Terms in Acoustic Emission (1985)
• E 750-80, Measuring the Operating Characteristics of
Acoustic Emission Instrumentation (1980)

• Code V, Recommended Practice for Specification, Coupling, and Verification of the Piezoelectric Transducers Used
in Acoustic Emission (1985)

• E 751-85, Acoustic Emission Monitoring During Resistance
Spot-Welding (1980)

• Code VI, Recommended Practice for Verifying the Performance of Acoustic Emission Equipment Prior to Testing

• E 976-84, Guide for Determining the Reproducibility of
Acoustic Emission Sensor Response (1984)

The Japanese Society for Non-Destructive Inspection
has published at least three standards pertaining to AE applications. These Non-Destructive Inspection Standards (NDIS)
are as follows:

• E 1067-85, Acoustic Emission Examination of Fiberglass
Reinforced Plastic Resin (FRP) TanklVessels (1985)
• E 1106-85, Primary Calibration of Acoustic Emission Sensors (1985)

• NDIS-2106, Evaluation of Performance Characteristics of
Acoustic Emission Testing Equipment (1979)

• E 1118·86, Acoustic Emission Testing of Reinforced Thermosetting Resin Pipe (RTRP) (1986)

• NDIS-2109, Acoustic Emission Testing of Pressure Vessel
and Related Facilities During Pressure Testing (1979)

• E 1139-87, Continuous Monitoring of Acoustic Emission
from Metal Pressure Boundaries (1987)

• NDIS-2412, Acoustic Emission Testing of Spherical Pressure Vessel Made of High Tensile Strength Steel and
Classification of Test Results (1980)

The Committee on Acoustic Emission from Reinforced
Plastics (CARP) was established in mid-1978 with the Society
of the Plastics Industry (SPI) serving as its umbrella organization. To date, the CARP group has issued one guideline
document for applying AE to FRP tanks and vessels, and
another for FRP pipe. CARP has also drafted a guideline
document on the certification of AE personnel. The documents issued by CARP to date include the following:
•

Recommended Practice for Acoustic Emission Testing
of Fiberglass TanksNessels (1982)

•

Recommended Practice for Acoustic Emission Testing
of Reinforced Thermosetting Resin Pipe (RTRP)
(1983)

5. ASME Boiler and Pressure Vessel Code Activities
Code Case 1968 was published in early 1985 and is
entitled "Use of Acoustic Emission Examination in Lieu of
Radiography." This Code Case specifies the conditions and
limitations under which AE monitoring conducted during a
hydrostatic test may be used in lieu of radiography for examining circumferential closure welds in small section vm
pressure vessels. This Code Case applies to vessels whose
volume is 7 cubic feet (0.2 m3) or less, and are made of carbon steel with a maximum weld thickness of 2-112 inches (63
mm). This Code Case represents the culmination of a nearly
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ASlM group was initially the most productive. This is
regarded as a direct consequence of the difference in the way
that ASME and ASTM documents are applied in industry.
ASlM standards provide a framework for the normal
buyer/seller agreement and their requirements are negotiable:
whereas, the ASME Code often has the force of law and its
requirements are not negotiable when imposed by a regulatory
authority.

three-year effort on behalf of an equipment supplier in the
petroleum industry. Perhaps more importantly, this Code
Case was based on actual AE and other NOT data accumulated during the examination of over 1200 vessels during a 2112 year period. These data were made available to various
Committee. These six sequential committees, however,
represented a formidable obstacle course; especially since this
Code Case was the first set of AE rules to be approved for an
ASME Code application.

The codes, standards, and specifications developed for
acoustic emission by various standardizing groups have
represented a significant activity during the past fifteen YC8IS.
Furthermore, the ASME Code committees are now able to
build upon the foundations laid by other organizations, and
. recognition of the viability of the AE method is gaining
momentum within the ASME Boiler and Pressure Vessel
Code.

In about 1980, the ASME Section X Subcommittee on
Reinforced Plastic Pressure Vessels requested that ASME Section V develop and publish roles for examining FRP vessels.
This request resulted in the formation of the SWOAE in 1981,
and the preparation of Article 11 in Section V entitled
"Acoustic Emission Examination of Fiber Reinforced Plastic
Vessels." This Article took about three yC8IS to prepare and
was first published in late 1985. The document describes
roles for applying AE to examine new and in-service FRP
vessels under pressure, vacuum, or other applied stress. The
examination must be conducted using a test pressure not to
exceed 1.5 times the maximum allowable working pressure,
although vacuum testing can be performed at the full design
vacuum. These roles may only be applied to vessels with
glass or other reinforcing material content greater than 15%
by weight
The SWOAE has essentially completed another new
Article for Section V in response to a request from the Section vm Subcommittee on Pressure Vessels. This Article is
entitled "Acoustic Emission Examination of Metallic Vessels
During Pressure Testing," and these roles are applicable only
during the acceptance pressure test Work on this document
is nearing completion since it was approved by Section V in
early 1987, and has subsequently been submitted for Main
Committee consideration.
In 1986, the ASME Section XI Subcommittee on
Inservice Inspection authorized a task group to develop a nonmandatory appendix on "Acoustic Emission Monitoring of
Nuclear Reactor Pressure Boundaries During Operation." The
initial draft of this document was circulated within the task
group in early 1987. It is expected that this document will be
ready for consideration by Section Xl's Subgroup on Nondestructive Examination (SONDE) in late 1987 or early 1988.

6. Conclusions
Standards writing groups should be guided by judgmental, as well as technical, criteria. Whenever work is initiated on a new standard, the committee should carefully consider: (1) the need for the standard, (2) the available technology and experience base, and (3) the need to maintain a balance of interests on the committee. In addition, the technology should be sufficiently advanced to withstand the inhibitions that standardization will impose on future development.
Although the AE standards writing activities within the
ASME and ASTM were both initiated in the early 1970's, the
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Acoustic Emission Applied to Pressure Vessels

Brian R.A. Wood
Abstract

2. Acoustic Emission Equipment

Industrial pressure vessels often operate in hostile
environments, and are therefore costly and difficult to test for
statutory certification. Acoustic emission (AE) is one of the
few technique having the potential for structural integrity
evaluation in these situations. It is often difficult to positively
interpret the results of an AE test because of the many factors
governing the propagation of the acoustic wave on the vessel
surface. A number of studies have been made on medium and
large pressure vessels and these have been supported by
laboratory research programs. Two tests to failure of fun size
pressure vessels gave much useful data and the results are discussed in this paper. Wave propagation measurements provided information that facilitated the correct interpretation of
test data.

A number of vessels have been tested under different
conditions, mostly as part of an integrity evaluation, and two
vessels tested to failure. Background data on wave propagation was obtained using the pencil lead break source (Nielson,
1980; Wood, 1982) to generate reproducible surface waves on
the vessels. The detected acoustic waves were analyzed using
the CSIRD-EAR computer system (Wood, 1984) and the raw
AE signal also displayed on a digital storage oscilloscope
which enabled visual assessment of AE signal parameters.
Usually a total gain of 60-80 dB was used with the actual
level being dictated by the environmental conditions. Source
location was done with a modified Southwest Research Institute, Flaw Locating and Imaging Computer (FLIC) in support
of the CSIRO-EAR unit. Both computer systems could
access the same raw data.

1. Introduction
3. Technique Application
The operation of pressure vessels is of concern to both
the certification authority and the operators of these vessels.
They operate in hostile environments, under varying conditions usually within the established tolerances, but the operator has little control over the actual operating conditions
which can change very quickly as a result of changes remote
from the vessel. Most nondestructive inspection is made in
controlled conditions, and frequently during a shut down so
that the vessel is in a non-operational condition. Acoustic
emission (AE) tests are often performed during pre-shut down
operation in an effort to identify areas requiring special
maintenance, or during special tests while under slightly
varied operational conditions. These tests often leave
unresolved the identification of the activity detected and
significance of the results. Minor crack extension could be at
less than 1% or over 90% of the critical crack size, and the
AE detected in both cases would be similar and almost impossible to differentiate until continuous emission was detected
and at that point the vessel would have failed. In an attempt
to improve the interpretation of AE data, a series of tests have
been made on operating vessels, static vessels and vessels
deliberately tested to failure. Data on wave propagation and
failure mechanisms has been recorded and used to develop a
reliable AE integrity evaluation technqiue.

There are a number of uses for AE techniques. It is
possible to use basic techniques or to design a dedicated system around a particular set of problems. The two main applications are integrity evaluation using measurements carried
out for a short-time period and long-term monitoring.

3./ Integrity Evaluation
The most common use of AE is for structural integrity
evaluation. AE techniques can be applied both to locate
active sources and gain some information about the active
defects producing that activity. These short-term tests may be
conducted at short notice and with little disruption to the
operation of the plant or vessel being tested; however, there
are a number of requirements that need to be fulfilled to
ensure the validity of the test. The major requirement is that
the structure must be subjected to a new peak stress level in
the area of surveillance to overcome the Kaiser effect. This
hysteresis effect means that AE ceases for the condition of
either constant or reduced local stress, and the emission will
only recommence when the source of the emission is activated
by a new higher local stress. Material recovery or stress
relaxation can cause some lessening of this effect so that AE
will occur at lower stresses. However, under most operating
conditions, any recovery would require long times. It is
therefore often an advantage to reduce the local stress levels
by 10% to 15% for a substantial period prior to the test and
then any serious defect activity will be detected as the stress
level is raised from this lower level to the normal level, and
hence reduce the possible damage that could be caused by any
abnormal stress increase, that would otherwise be required to
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give a high degree of confidence in the testing.

43 Transducer Characteristics

3.2 Long-Term Monitoring

The selection of a suitable transducer is important, and
will depend on the information required and the installation
geometrY. Most of the information in an~ signal generated
from a source within a metal occurs tn the 1-2 MHz
frequency range; however, at ~ese frequen~ies,. the signal
attenuation is high, so that the higher frequencIes tn the stress
wave are soon attenuated to near the background noise over
relatively shon distances, usually measured in meters. However, the lower frequency components of the wave in. the 50500 kHz frequency range can transmit over larger dIStanceS,
due to less attenuation. The lower frequency signals in the 50
kHz range may be detected over relatively large distances on
an uncoated surface. This means that some general source
location may be perfonned using the lower frequency components of the AE signal for large transducer separations, p~
vided the signal attenuation (which increases when a vessel IS
coated and/or buried) does not reduce the surface wave to the
extent that the true signal is lost in the background noise.

The future development of AE techniques is likely to
be in long-tenn or pennanent monitoring of struc~res, such
as pipelines, pressure vessels, storage tanks and cnt~cal areas
in an industrial plant. This technique allows ~e equIpment to
be dedicated to a specific use and usually requ.treS ~ess ~xpe?
sive equipment, but will still allow. some ~verslficatlon m
application. It is possible to monttor enure plant and/or
vessels or to concentrate on specific areas of concern, for
long ~riods. However, unless the monitoring .is ~ont~nuous,
important data can be missed, as no overpressu~zauon IS used
to stimulate defect activity. Continuous surveIllance ensun:s
that activity occurring at unpredictable times will be monttored.
Data from such a system would give advance warning
of areas requiring inspection, and with the l~ng-tenn data,
potential problem areas could be located and m. s~me cases
the source may be identified from the characten~U~s of the
AE signals. This application could be used to mdicate the
requirements and timing of maintenance and shut down pro-

Source identification, however, requires the use of
wide-band transducers operating at high frequencies and
located as close as possible to the source of the emission.
Only then is it possible to get some indication of the original
wavefonn, and even then it will have been modified by its
passage through the material to the surface so that care must
be used in interpretation.

grams.
4. Interpretation of Results
The detected AE signal will be different from that generated by a source due to the nature of elastic wave propagation and transducer characteristics so that a simple analysis of
the detected AE signal will not readily provide reliable information. This is true for both source identification and source
location. Some factors that effect the detected AE signal
include:

4.4 Material Effects

The chemical composition of the vessel material is an
important factor when considering AE generation. Generally,
clean high-strength materials deform without much AE.
Steels high in phosphorous, or sulphur, and metals with inclusions are generally noisy. It is absolutely essentially to determine the AE characteristics of the material prior to any monitoring program, for without this knowledge any analysis tends
to be subjective.

4.1 Source Anribures
The shape of the initial stress wave will depend on the
defect type, size, shape, orientation and location in the
material and will also vary from one material to another.
Different wave shapes will be obtained from different deformation mechanisms such as slip, twinning, fracture, etc.

Material characteristics are a greater problem with
glass and carbon fiber reinforced plastic materials. These
materials can be successfully monitored with AE techniques.
However, the wave velocity differs between fiber and plastic
and the end of a fiber can act as a secondary source as it will
act like a "loud speaker" and the propagating wave will be
"broadcast" into the surrounding matrix, resulting in a complex and spurlous signal. It is possible to differentiate between
fiber failure, matrix cracking, fiber-matrix debonding and fiber
pull-out from the detected wavefonn if the propagation pa~ is
understood. Similar conditions apply for metal vessels which
have fiber reinfon:ed plastic coating. These have the added
complication of different material elasticity.

4.2 Basic Signal Propagation Effects
At first this stress wave radiates from the source as a
bulk wave which ideally is spherical but in reality is more
complex due to anisotropy. On reac~ing a surface. or. interface the wave will be reflected back mto the matena] In any
of the possible modes of propagation; energy will be transmitted into the adjoining medium; and a series of surface waves
will be established which travel along the interface. Some
modes of wave motion are dispersive, that is, different frequency components of the wave travel at different velocities.
Two fonns of surface wave usually dominate, so that a precursor wave known as a Lamb wave is often present as well
as the dominant Rayleigh wave. This Lamb wave has a
higher velocity than the Rayleigh wave and can cause errors
in source location and interpretation of AE signal parameters.

4.5 Geometrical Effects
The geometry of a vessel and its associated pipework
has an effect on the transmission of the generated AE. The
vessel behaves as a bent plate and there is a significant
influence on the signal attenuation from this curved surface.
This effect is funher complicated as this curved plate is actually a continuous loop and there can be several transmission
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paths between a source and a ttansducer especially on small
diameter vessels. If an active defect is horizontally separated
from the the transducer, there is a direct path from source to
transducer with a response corresponding to a flat plate which
results in a minimum attenuation due to geometric effects. If
the active source is at 90° to the ttansducer, then there is a
maximum attenuation due to geometric effects arising from
the propagation along a curved plate having the maximum
curvature. This results in a range of peak amplitudes being
detected at the same source to transducer separation, depending on the relative positions of the source and transducer on
the vessel, as illustrated in Fig. I.

is primarily controlled by the vessel material properties, and it
is possible to detect signals above background noise for
source to transducer separations of many hundreds of meters.
The usual bitumen/plastic/epoxy type coatings absorb a lot of
the energy in a propagating wave. It is common for the amplitude of the signal to be reduced to the level of the background
noise within distances measured in tens of meters in the most
severe cases. Buried vessels exhibit an even worse situation.

RAYLEIGH WAVE

The following sequence of events is involved in AE
measurements made at the surface of a vessel:
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Fig. I
Variation in Peak Amplitude depending on the curvature of the propagation path.

4.6 Material Attenuation Effects
When an elastic wave travels through a crystalline
solid, energy may be lost from the wave by:
Redirection of the energy through processes such as
scattering (when the wave impedance of the medium
changes), diffraction at an obstacle, or mode conversion at a surface;

b.

Conversion of the energy into some other form such as
thermal motion associated with the motion of defects,

ii.

vessel response,

iii.

vessel to transducer interface transfer,

iv.

transducer response,

v.

characteristics of the detecting equipment.

In terms of a frequency transfer function, the measured
output due to the above sequence of events is given by the
transfer functions of source. vessel. interface, transducer and
equipment. In order to determine the transfer function of the
source, and so possibly identify the cause of the emission, all
other transfer functions must be known. One of the most
difficult to measure is the transfer function of the vessel
which is a complex function of the vessel's geometry, microstructure and material properties.

900

a.

AE from source,

Signal analysis may be conducted either in the timedomain or frequency-domain, with the latter allowing for a
simpler statement of the problem.

x
0

2

i.

Before the cause of the emission can be unambiguously identified as a particular defect or fracture process, a
model for the process must be available from which the
transfer function of the source can be computed. It may then
be possible to compare the computed and experimentally
determined transfer functions, and from this information a
more accurate description of the initial AE signal may allow
the identification of the nature of the source. However, the
wideband response characteristics and critical positioning of
the transducer required for this type of analysis precludes its
use at this time for AE testing with large transducer separations.

etc.
In terms of simple wave propagation, an attenuation
coefficient may be defined which expresses the energy loss
per meier of travel of a wave in the vessel malerial. In general, it is found that the attenuation coefficienl increases with
increasing frequency.

6. Practical Applications of AE
Integrity evaluation using both AE and conventional
NDT techniques has been made on a number of vessels, varying in size from 4 meters long and I meter in diameter to 30
meters high and 30 meters in diameter. Two steam receiver
vessels having diameters about I meter and 4 and 5 meters in
length had been in service for about 10 yean; for one vessel
and 40 years for the other. The vessels were tested to failure

4.7 Coatings
The amplitude of a propagating surface wave at
increasing distances from the source will depend on the
characteristic impedance of the adjoining material at the
vessel surface. For exposed, uncoated vessels the attenuation
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failure was later confirmed by independent fractography
examination.

in conjunction with the Australian Welding Research Association and extensive post-test examination conducted by a
number of laboratories.

The failure was almost entirely brittle in character and
appeared to be from localized exhaustion of ductility, with no
apparent involvement of any significant pre-existing defect. It
appeared to propagate axially along the vessel from the initiation point, then to branch circumferential1y between nozzle
Nos. 2, 3 and 4 shown in Fig. 2. Half of the vessel then
lifted and separated, causing an axial fracture diamettically
opposite the underside of these nozzles. This fracture acted
as a hinge which allowed this section to lift. The only evidence of ductile fracture was in a narrow shear lip adjacent to
the external surface of the vessel and along this "hinge,"
shown in Fig. 3. The failed vessel is shown in Fig. 4.

6.1 Test to Failure - Vessell
The first test to failure involved a vessel, shown in
Fig. 2, that had been in service for over ten years and was
operated at a normal pressure of 9.6 MPa at 550°C. The
defects causing its removal from service were extensive
cracks in the nozzle reinforcement. These cracks ran circumferentially around the nozzle penetration, and those on the
inside surface of the vessel were up to 2S mm deep. The test
program was designed to pressurize the vessel to failure after
many pressure cycles designed to accelerate the growth of
flaws in the nozzle by cyclic fatigue. Numerous pressurizations were carried out at progressively increasing pressures,
including a group of 995 cycles in the range of 6.9 to 24.1
MPa.

The absence of a flaw at the point of initiation was
somewhat surprising; however, the highly localized AE
activity and subsequent failure may have resulted from a Sleep
strain gradient adjacent to the reinforced and highly restrained
nozzle penetration. The failure of the pre-existing cracks to
propagate confirms predictions of stress analysis that they
were not located in highly stressed regions during simple
pressurization. Their formation during service resulted from
loadings imposed by external supports and pipework, rather
than from internal pressure.

The last four cycles were monitored with AE. The
last three cycles were up to 58 MPa, and in the final pressurization, the failure of the vessel occurred at 62.1 MPa. There
was considerable AE activity detected in the early stages of
the test program, but this is thought to have come from movement of the vessel supported by observations using television.
After the pressure had exceeded 56 MPa. this AE activity
diminished concurrently with the vessel becoming more settled on its supports. Two active source areas were localized
at the bottom of adjoining nozzles. It was noted in this test
that some of the location patterns were distorted due to some
propagation paths being around nozzle holes in the vessel.
During the final stages of the test, AE event rate further
diminished, which was partly due to the reduced pumping rate
caused by the vessel expansion. More AE activity was
detected from the base of the central nozzle (No.3) than most
of the other locations, and this primary initiation point for

The conditions encountered in this test are clearly
different from those that would exist in a nondestructive proof
test. The vessel suffered extensive plastic deformation at
pressure considerably higher than any conceivable proof test
pressure. Also, the failure occurred by the local exhaustion of
ductility in a highly strained region, rather than by the initiation of yielding in a highly stressed region. However, the
ability of the equipment to identify localized AE sources was
clearly demonstrated.
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Drawing of vessel used in Test 1.
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Fig. 3

Fracture Sulface and shear lip from Vessel 1.
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Fig. 5 Drawing of the vessel used in Test 2. AE transducer
layout on the vessel is shown. The AE monitoring transducers
are indicated by locations Ml to M8 and the source location
transducers are represented by Fl to F6. C's and L's show the
circumferential and longitudinal welds and N's are the nozzles.

Fig. 4

Vessel I after failure.

6.2 Test-to-Failure - Vessel 2
The second vessel tested, shown in Figs. 5 and 6, had
been in service for over 40 years and was pressurized to
failure with three hold periods to allow data to be obtained
under constant load conditions. This test provided a large
amount of information about the failure processes operating in
the vessel.

Fig. 6

Test vessel 2 prior to test program

the first pressurization period AE activity was detected from
both ends of the vessel. This activity is thought to have come
from the new blocking plate material at both ends and the
associated welds. On repressurization, only a little activity

The ~st commenced and had reached a pressure of 4
MPa when a leak in the pipe fittings needed repair, so the
pressure was reduced to zero and the test recommenced. In
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was detected as a consequence of the Kaiser effect, and this
was fumer supponed by the fact that a significant increase in
the detected activity occurred as the previous maximum value
of 4 Mfa pressure was exceeded. The AE activity detected in
the repressurization period was associated with some
significant defects mainly in the longitudinal welds which
were deforming as a consequence of the poor quality of the
welds detected by the pre-test NOT examination.

AE activity from the large nozzle should have produced a
higher peak amplitude at the source, but the material attenuation between source and transducer including the cracked
weld C1 would have reduced the voltage levels measured at
transducer 1. This source was detected a number of times
during the test period with the transducer located at position
F2 in Fig. 5 providing a better surveillance of the activity
from the large nozzle.

The pressure was held at 4 MPa for about 15 minutes,
and during this hold a number of high peak amplitude AE
events were detected from the domed end identified as end 2.
The fact that this activity was detected in a hold period
would, under nonnal conditions, have stopped the test as the
vessel would have been deemed to suffer a severe loss of
mechanical integrity. During the pressure increase up to 6
MPa low amplitude AE activity was detected from end 1 and
located around the bottom of the vessel near the large nozzle.
AE activity continued to be detected and located during this
pressure increase. Sources located included the welds designated CI. Ll, C2, C3 and 13; the inlet nozzle; and the large
nozzle 1. During the 8 MPa hold period the active AE
sources were located in both domed ends, but diminished after
about 3 minutes. There was a slight pressure drop in this
hold period, and the Kaiser effect was again observed to
operate with activity recommencing only when the 8 MPa
level was exceeded.

On four occasions; at 9.7 MPa; at 13 MPa; at 14.1
MPa; and at 15.8 MPa, a sudden increase in low peak amplitude activity was detected accompanied by an audible hissing
noise. This was also re6ected in the low frequency components of the detected signals. This effect lasted for 1.5
minutes at 9.7 MPa, 36.5 minutes at 13 MPa, 39 minutes at
14.1 MPa, and 2 hours at 15.8 MPa to the end of the test.
This effect is thought to be associated with the yielding of the
domed ends.

During these periods of low amplitude AE activity,
there were also many other events recorded for a range of
peak amplitudes. Source location, AE signal parameter measurements and visual examination of the AE signals indicated
that many different sources were active throughout the tesL
During the test 350 selected sets of data were
obtained. After an examination of each of these data sets,
printed out as histograms, in conjunction with the information
from the 6aw location computer, a pattern associated with AE
activity and crack propagation emerged. The AE activity
began as soon as the pressure was applied. However after a
settling down period, the following patterns were observed.
In all cases the perspective is as viewed from outside the
vessel; thus 3 o'clock position on end 1 will be the opposite
side of the vessel to 3 o'clock position on end 2.

This AE activity pattern continued throughout the test.
There were a number of sources located at both ends of the
vessel; an area around the large nozzle (No. I); the base of
both small nozzles; the junction of the longitudinal and circumferential welds and a number of locations mainly on the
longitudinal welds. Other AE sources less active than those
identified above included areas around the large nozzles (No.
4, 5 and 6). These sources were active at various times
throughout the entire test, although, not all sources were
active all the time or at the same times.

1.

Q-4 MPa period: slight activity detected at 5 o'clock

position on end 1.

The AE event data was also recorded as peak amplitude distributions for each transducer monitored. The peak
amplitudes of the detected AE events were measured and the
peak voltage level of each event stored. The data was
presented as a histogram indicating the number of events
detected together with the corresponding peak voltage level.
The histograms show that a significant amount of low peak
amplitude activity occurred from the surveillance area of
transducer I, and considerably less but still significant activity
from the other transducers. The activity from transducer I
located on end I, and transducer 8 located on end 2, indicate
a number of high peak amplitude events thought to be associated with crack extension, while the low peak amplitude
activity detected from transducer 8 is thought to be associated
with metal deformation such as yielding and rust cracking.
This type of activity was also detected from end I, but with
more AE activity of very low amplitude. Source location at
this time in the test indicated AE activity at about the 3
o'clock position on the large nozzle I, so it may be assumed
that a significant amount of the data from transducer I was
from that large nozzle as well as from the domed end. The

2.

6-8 MPa period: low amplitude activity at 5 o'clock
position on end I, low amplitude activity at 3 o'clock
position on nozzle I, low amplitude activity at 5
o'clock position on end 2.

3.

8·10 MPa period: low amplitude activity at 2 o'clock
position on end I, low amplitude activity at nozzle I,
low amplitude activity at 3 o'clock position on end 2,
high ampltiude activity at 3-4 o'clock position on end

2.
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4.

10-12 MFa period: low peak amplitude activity at 2-4
o'clock position on end I, high peak amplitude activity
at 3 o'clock position on end I; low ampltiude activity
at nozzle I, high peak amplitude activity on nozzle I;
low peak amplitude activity at 12 o'clock position on
end 2, high peak ampltiude activity at 3-4 o'clock
position on end 2.

5.

12·13 MPa period: low peak amplitude activity at
]2-2 o'clock position on end I; high peak amplitude
activity at 4-5 o'clock position on end 1; low ampJi-

tude activity at nozzle 1; high peak amplitude activity
on nozzle 1; low peak amplitude activity at 11 o'clock
position on end 2; high peak amplitude activity at 2-4
o'clock position on end 2.
6.

13 to 14 MPa period: low peak amplitude activity at
about 11 o'clock on end 1; high peak amplitude
activyt at about 1 o'clock on end 1; low amplitude
activity at nozzle 1; high peak amplitude activity on
nozzle 1; low peak amplitude activity at about 9
o'clock on end 2; high peak amplitude activity at
about 1 o'clock on end 2.

7.

14-15 MPa period: low peak amplitude activity at 811 o'clock position on end 1; high peak amplitude
activity at 4-6 o'clock position on end 1; low amplitude activity at nozzle 1; high peak amplitude activity
on nozzle 1; low peak amplitude activity at 4-6
o'clock position on end 2; high peak amplitude activity
at 9-11 o'clock position on end 2.

8.

15-15.5 MPa period: low peak amplitude activity at
6-8 o'clock position on end 1; high peak amplitude
activity at 6-8 o'clock position on end 1; high peak
amplitude activity at 6-8 o'clock position on end 1;
low amplitude activity at nozzle 1; high peak amplitude activity on nozzle 1; low peak amplitude activity
at 5 o'clock position on end 2; high peak amplitude
activity at 4 o'clock position on end 2.

Fig. 7

Leak at nozzle 1.

Fig. 8

Defonned end 2 of vessel 2 after failure.

From this data it appears that the crack which eventually became a leak at the flange of nozzle 1, shown in Fig. 7,
was the result of a growing defect which had became active
just after the start of the test. The low peak amplitude data
indicated the yielding of the material around the ends, and the
large peak amplitude events tended to roughly follow this pattern so that it appears that the material underwent local yielding prior to cracking and that this cracking began at about 10
MPa and continued in the unslress-relieved area around the
new welds which positioned the end plates as shown in Fig.

8.
The statement in the pre-test NOT report, "The overaJ/
picture confirms thai the quality of welding on the vessel is
extraordinarily poor, yet we have been unable 10 detect any
examples of service induced cracking; a most unusual result
given a service life of some forty years," simply adds 10 the
mystery of this vessel as it may be claimed that it did not fail
as a result of its original condition, but basically failed in area
affected by modem welding techniques when the end plates
were welded into position.

minor modification to the transducer design because of
the lagging on the vessel. The AE generated during
this test did locate a number of minor active defects,
as well as detecting and locating a number of welds
from the AE generated by the lighl rust layer that had
developed along the heat-affected zones. It was found
that the surface wave propagation did not follow great
circles as had been assumed. AE data gave source
locations a few meters off the surface of the vessel,
until it was realized that the material within the heataffected zones had a different wave velocity 10 the
parent metal. The problem was soon overcome and
good results obtained, but the need for adequate drawings of the structure for both transducer placement and
interpretation of results was highlighted.

The real failure of the vessel must be the leak which
caused the test to be terminated. That defect became active at
the earliest part of the test, and grew thoughout the test until
the growing crack finally broke through the metal, not at a
weld, but in the parent metal on the flange shown in Fig. 7.

6.3 Integrity Monitoring of Pressure Vessels
1.

2.

A large 20 meter diameter Honon-sphere was tested as
part of a recertification program. This lest required
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Monitoring of liquid ammonia storage tanks is becoming a set procedure around the world. A number of
these vessels have been monitored in Australia and

Permanent or long-term monitoring will allow an accurate, real-time integrity evaluation of operating pressure
vessels. Any potential failure site will be detected long
before it becomes critically active, especially under start-up
procedures. In both these tests failure resulted from defects
not detected by normal nondestructive inspection, but both
were identified and located by AE early in the test even
though they were not recognized as the failure mechanisms
till failure was evidenL Thus, AE is a reliable technique.
However, conducting an integrity evaluation test, which may
take five hours, on an operating vessel that has been inservice for say 100,000 hours (5 years) means that the test
must be carefully planned. Is it really wise to test a vessel
for 0.005% of its working life without technical integrity
evaluation data of the past operation of the vessel, and use
that data to validate its use into the future?

good maintenance procedures of the operators can
soon be identified during these teslS. The main precautions in these teslS include the use of satisfactory
waveguides through the perlite insulation and good
contact between the waveguide and the vessel. Transducer location should be carefully made in conjunction
with the final working drawings of the vessel. Frequently, serious delays in the test program result when
AE activity is detected and cannot be identified, then it
is finally proved that the vessel does not comply with
the drawings supplied. Internal ladders are a typical
source of this problem. Wind loading effects, fonnation, cracking and falling of ice, and radio and television signals will all affect the vessel and the instrumentation during a test program.

3.

4.

5.

Monitoring of fiber reinforced plastic (FRP) tanks is
another use of AE techniques, with the major problems
being associated with poor manufacturing techniques
which allow dust and other foreign objects to be mixed
with the resin. The wave propagation in fRP is complex and reliable test results require a knowledge of
the many propagation paths and velocities that have
modified the signal between source and transducer.

The surface and surrounding conditions of a structure
require special attention. These boundary conditions will
attenuate, distort, and modify the propagating wave, resulting
in incorrect conclusions. Reflections can modify waveforms,
and sections of a signal can be amplified or reduced, depending on the relative phases of the two waves. Incorrect locations are often the result of the middle of a signal being
amplified by a reflected wave and the computer recognizes
this incorrect maximum peak amplitude and all the calculations will be erroneous.

Monitoring large liquified petroleum gas storage tanks
is also becoming a standard practice. The main problems associated with this type of test program include
the different propagation paths and attenuation
coefficients caused by the geometry of vessel, the
correct transducer locations and spacing, and correct
drawings. Two large vessels 30 m diameter and 30 m
high were monitored and the technique was sufficiently
accurate to detect an arc strike on one section of the
vessel wall and the difference in age of the wall to
base welds. The newer weld sections filling in the
drain holes were detected by AE activity.

As operating conditions become more critical, pressure
vessels are required to operate closer to maximum design conditions, AE is the only viable monitoring technique capable of
providing a real-time integrity evaluation provided the test
conditions are of adequate duration.
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CONFERENCES AND SYMPOSIA
Third Symposium on Acoustic Emission

inspection for loose parts, leakage testing, and monitoring the
straightening process of shafts.

Bad Nauheim, F.R.G., 19-20 March 1987

The proceedings of the meeting will be published by DGM
in English in early 1988. At present, abstracts of the papers and
a collection of the slides presented, along with captions, are
available.

The 3rd Symposium on Acoustic Emission was held at Bad
Nauheim from 19·20 March. It was organized by Deutsche
Gesellschaft fUr Metallkunde (F.R.G) jointly with Deutsche
Gesellschaft flir Zerstorungsfreie Priifung (F.R.G.) and attracted
workers from F.R.G., Austria, Belgium, Greece, G.D.R.,
France, Israel, Italy, the Netherlands, Switzerland, U.K., and
U.S.A. The papers reflected the state of the art of acoustic
emission analysis both in fundamental research and in
application including inspecting production components
(welding, straightening, levelling, coating), re-inspection of
pressure vessels and piping, as well as equipment monitoring in
trouble-prone fields of industry (nuclear engineering,
petrochemistry, mining, aircraft construction, and space
industry). Particular focus was seen on the use of novel
composite materials, especially those involving oriented graphite
fibres. Scientific interstimulation between seismicity and
acoustic emission analysis was one of the highlights; a whole
afternoon was devoted to this subject area.

Winfried Morgncr
Technical University, Magdeburg

Fourth European Conference on NonDestructive Testing and 16th EWGAE
Conference, September 13 - 18, 1987,
London, England
Registration information can be obtained from
Conference Associates NOT
27A Medway Street
London, SW1P2BD UK
Telex: 934346 CONFAS 6
Telephone: 01-222-9493

The Symposium included an exhibition with four
companies being represented: Battelle, KWU, Acoustic
Emission Technology Corporation, and Physical Acoustic
Corporation (PAC). One day before the meeting, the PAC and
Fischer, Pierce & Waldburg orgainized an intensive seminar. In
particular, it revealed how expert systems encroach on the
territory of acoustic emission analysis, being advantageously
employed in the petrochemical, aircraft construction, and space
industries.

Specialist Symposium on Acoustic Emission
Tuesday, 15 September
Acoustic Emission Presentation
Acoustic emission· theory and practice C B Scruby (UK)

Inspection of pressure vessels is still the centre of attention.
This problem area has been focussed on considering how
acoustic emission analysis can detect flaws at a test pressure
which, generally, is far below crack initiation level. From the
theoretical viewpoint, this would be possible only for relatively
large defects which is in contrast to the present positive results.
In order to improve the detectability limit even for minute flaws,
methods involving thermal exposure (thermal shock) as well as
other reversible alternating load procedures which lead to fatigue
crack growth were proposed.

Acoustic emission sources modeling, theory and quantitative
measurements P Reischmann (France)
Acoustic emission testing (AET) - its application for repeated
tests of small pressure vessels P Tscheliesing (Austria)
Acoustic emission as a basis for plant integrity monitoring Ray
Davies (USA)
Monitoring fatigue in offshore structures L M Rogers (UK)

Advances in component and plant surveillance by means of
acoustic emission analysis were characteristic of the papers.
presented at the meeting. This was exemplified by using the
acoustic emission occurring in case of cavitation as a controlled
variable for pumps, the sensor being fitted on the pump casing
outside and control accomplished through a microprocessor
module. Similar applications suggested were valve testing,

Acoustic emission investigation of fracture processes in metals
and welded joints Margarit Lozev (Bulgaria)
Acoustic emission electron beam weld monitoring S J
Vahaviolos (US)
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Acoustic and Electromagnetic Barkhausen Emission from Nickel
R Hill and A Cowking (UK)

Potential contribution of the data analysis methods to the
development of NOT methods and particularly acoustic
emissions James Roget (France)

Metals 2

Acoustic emission source location in bidirectionally reinenforced
composites J Summerscales (UK)

Temperature Dependence of Acoustic Emission Activity in
Aluminum Alloys S L McBride, J Harvey and P Bowman

Acoustic Emission Poster Papers

(Canada)

Application of acoustic emisssion to the local surveiliance of a
crack in a pressure vessel B Tirbonod (Switzerland)

Study of Acoustic Emission Associated with Fatigue Damage
M Cherfaoui and J-Roget (France)
Acoustic Emission Study of Inter and Transgranular Crack
Growth in Aluminium- Copper Alloy During Cyclic Fatigue
Test F Zhang, P Fleischmann and R Fougeres (France)

Online acoustic emission analysis of thermo stress cracking in
nuclear power plants under difficult environmental conditions
Klaus Buchholz (FRG)

Applications 1

Problems of the acoustic emission testing in the chemical
machine-building industry Todor Takov (Bulgaria)

AE Inspection of Nuclear Components P lax, G Schulze and V
Streicher (FRG)

Acoustic emission testing of the structural integrity of multicore
cable J Summerscales (UK)

Monitoring Crack Growth in Full Scale RPV Plate Weldments
by Acoustic Emission A M Penrick and L M Rogers (UK)

Monitoring of wire ropes by acoustic emission J L Taylor (UK)

Pressure Testing by AE E Fontana (Italy)

Acoustic emission amplitudes distribution during the Martensitic
transformation of Cu-Zn-AI alloys LI. Manosa (Spain)

Acoustic Emission Applications at Gaydon Technology A
Barlett (UK)

Acoustic emission - thermocycling of coated metals H Jones
(UK)

Thursday, 17 September

A 36 channel AE source location and analysis system and initial
applications Ma Yukuan (pRC)

Applications 2

16th EWGAE Conference

Dominant Acoustic Emission Sources During Corrosion Fatigue
of Offshore Steels M Eriksen and C Thaulow (Norway)

Wednesday 16 September
Composites

Crack Growth Monitoring During Flight S L McBride, J
MacPhail and M D Pollard

Study of Fibre Failures in a Single Fibre Carbon-Epoxy Model
Composite by Using Acoustic Emission C Rouby and J P
Favre (France)

Verification of Erosive Leakages of In-Bed Heat Exchange
Surface in a Fluidized Bed Combustion Plant by Means of
Acoustic Emission P Jax, W Leuker and V Streicher (FRG)

Acoustic Emission Examination of Composite Structural
Components J C Lenain (France)

Leak Detection in Flat Bottom Storage Tanks P Tschieliesing

(Austria)

An Acoustic Emission Study of Stress Corrosion Cracking in
GFRP R Hill, A Cowking and A Carswell (UK)

Applications 3

Acoustic Emisssion Monitoring of Simulated and CorrosionInduced Cracking in Reinforced Concrete R Belchamber, M
Collins and J Mackenzie (UK)

Tool Monitoring by Acoustic Emission During Machining 1
Roget, P Souquet and N Gsib (France)

Metals 1

Early Detection and Surveillance of Tribological Pin-DiscProcesses by Acoustic Emission Analysis K P Nerz
(Switzerland)

Thermal Pulses of Acoustic Emission During Fatigue Crack
Propagation L I Maslow and 0 M Gradov (USSR)

Monitoring of Fatigue in a Rig Test of a Rotating Aero Engine
Disc P Cox (UK)

The Monitoring of Stress and Micro-Structure by Magneto
Acoustic Emission C B Scruby, OJ Butttle, GAD Briggs and
J P Jakubovics (UK)
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Instrumentalion (Calibration and SOlUce Location)

Slykhous, Chairman of the AE Personnel Qualification
Sub-eommittee.

Acoustic EmissionlMicroseismic Source Location in Geotechnical Applications H R Hardy, R M Belesky and M Ge (USA)

Society for the Plastics Industry
The Committee for Acoustic Emission from Reinforced
Plastics (C.A.R.P.) chaired by Marvin Hamstad, has been
invited to become a part of ASNT. The change has come about
due to restrictive membership requirements in SPI and the large
number of ASNT members who are active in CARP.

Some Factors Affecting AE Source Location Outside the
Transducer Array J Taylor and E A Culpan (UK)
Location of Discrete Sources of Acoustic Emission in Complex
Tubular Joints E J Keen and L M Rogers (UK)

James R. Mitchell
Physical Acoustics Corp.

The Use of a Portable Laser System as a Simulated Source of
Acoustic Emission E A Culpan, S Jemison and J Taylor (UK)
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Acoustic Emission Code/Standards Activity
within ASME and ASNT
American Society ofMechanical Engineers
ASME Main Committee has approved a general procedure
for using AE to test metal pressure vessels. The designation of
the document is ARTICLE 12. and is available through ASME
SECTION V, Secretary: Gary Mancini, 212-705-7645. The
document was prepared for Section VIII (Unfired Pressure
Vessels) by the SPECIAL WORKING GROUP ON AE, which
is chaired by Dennis White of Section V. The new code is of
great significance to the AE industry in that it signifies
acceptance of AE by the leading experts governing metal
pressure vessel fabrication and inspection. Remaining work
relating to this document is ACCEPT I REJECT CRITERIA
which is now being prepared by Section VIII.
Section XII (inservice inspection of nuclear pressure
vessels) has established a working group to prepare a document
describing the use of AE for continuous surveillance. The
primary focus is to locate cracks and other significant defects.
Leak detection will also be addressed.
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American Society for Nondestructive Testing
ASNT is in the process of becoming a NATIONAL CODE
WRITING BODY. The Imt effort is to produce a national
ANSI STANDARD for certification of NOT personnel. The
Code Writing Committee Chairman is George Wheeler, former
President of ASNT. The new document is similar to
SNT-TC-I A but will satisfy the growing need for tougher
standards in certifying NOT personnel in all methods, including
AE. The one remaining task which must be completed before
full acceptance of AE is the completion of test questions for
Levels I, II and III. This effort is being conducted by Stewart
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Professor S.H. Carpenter
1987 University Lecturer
Dr. Steve H. Carpenter, professor
of physics at University of Denver, has
been selected to deliver the 1987
University Lecture. He presented it on
Wednesday, May 27, 1987 at the
Lindley Auditorium of the University
of Denver.The lecture was established
in 1954 to recognize annually a faculty
member for academic distinction. The
citation for the award foUows:
Dr. Carpenter joined the faculty of
the University in 1965 as a lecturer and
research physicist in the Department of
/
Physics and Metallurgy. He has been a
::..-----.
full professor in the department since
1974. Professor Carpenter served as
chairman of the Department of Physics
(1976-1980) and also as head of the
Physics Division, Denver Research
Institute (1976·1977). He was a guest
scientist at the Physics and Engineering Laboratory, Lower HUlt, New Zealand
(1972-1973); an invited Fullbright-Hays lecturer at the Byelo Russian Polytechnic
Institute, Minsk, USSR (1976); and a guest lecturer at the Institute for Metals Research,
Shenyang, China (1982). In June 1986, he was presented with the Achievement Award
by the Acoustic Emission Working Group.
A specialist in the area of acoustic emission, Dr. Carpenter has authored and
coauthored a great number of articles and papers, and contributed several chapters to books
on that subject and in the fields of physics and metallurgy. He has lectured
internationally, is a reviewer for several scholarly journals, and serves as a consultant to
Fortune 500 companies.
Dr. Carpenter is a member Sigma Xi, the American Society for Metals, the
American Institute of Metallurgical Engineers, the American Society for Nondestructive
Testing, a fellow of the American Physical Society, and a charter fellow and secretary of
the Acoustic Emission Working Groups. Dr. Carpenter received his Ph.D. from the
University of Utah, having earlier earned his B.S. from the same institution. He and his
wife Marie are the parents of Michelle, Kerri, Stephanie and Christopher, and are active
members of the Church of Jesus Christ of Latter-Day Saints.

-

-

Materials (Like People) Cry When Stressed
Materials are much like people. They cry (or emit sounds of disuess) when they are
stressed, abused or placed in unfriendly environments. Acoustic emission is the term used
to describe the science/technology of investigating the sounds produced and deciphering
the useful information contained therein.
Acoustic emission technology covers a number of related but separate areas: (1) It is
a powerful diagnostic 1001 which can be used to probe the basic mechanisms of
deformation and failure; (2) It is a useful inspection tool to locate and determine the
presence of flaws and establish material or part quality; and (3) It is a unique tool which
can be used to establish the remaining service life of parts and structures.
Our work at the University of Denver has been primarily concerned with developing
a fundamental and basic understanding of the deformation and failure of materials. The
data generated, however, have been of great importance in furthering the application of
acoustic emission to real life applications. The lecture will introduce the basics of
acoustic emission, show the application to the study of deformation and failure, and
discuss wide-ranging applications of acoustic emission such as the monitoring of airplane
wings, bridges, large storage tanks, and even microchips.
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Notes for Contributors
1. General
The Journal will publish contributions from all parts of the
world and manuscripts for publication should be submitted
to the Editor. Send to:
Professor Kanji Ono, Editor - JAE
6532 Boelter Hall, MSE Dept.
University of California
Los Angeles, California 90024-1595 USA
European authors may submit manuscripts directly to:
Dr. Roger Hill, Associate Editor - Europe
Department of Physical Sciences
Trent Polytechnic
Clifton Lane
Nottingham NG 11 8NS England United Kingdom
Authors of any AE related publications are encouraged to
send a copy for inclusion in the AE Literature section to:
Mr. T.F. Drouillard, Associate Editor - JAE
Rockwell International
Energy Systems Group
P.O. Box 464
Golden, Colorado 80401
All the manuscripts will be reviewed upon submission to
the Editor. Only papers not previously published will be
accepted. Authors must agree to transfer the copyright to
the Journal and not to publish elsewhere, a paper submitted
to and accepted by the Journal.
A paper is acceptable if it is a revision of a governmental or
organizational report, or if it is based on a paper published
in a conference proceedings volume of limited distribution.
An abstract not exceeding 200 words is needed for Research
and Applications articles, while it should be shorter than
100 words for other articles.

The title should be brief. Except for short communications,descriptive heading should be used to divide the
paper into itscomponent parts. Use the International
System of Units (SI).
References to published literature should be quoted in the
text citing authors and the year of publication. These are to
be grouped together at the end of the paper in alphabetical
and chronological order.
Journal references should be arranged as below.
H.L. Dunegan, D.O. Harris, and C.A. Tatro, (1968) Eng.
Fract. Mech., 1: 105-122
Y. Krampfner, A. Kawamoto, K. Ono, and A.T. Green
(1975) "Acoustic Emission Characteristics of Cu Alloys
under Low-Cycle Fatigue Conditions" NASA CR-I34766,
University of California, Los Angeles and Acoustic
Emission Tech. Corp., Sacramento, April.
A.E. Lord, Jr. (1975) Physical Acoustics: Principles and
Methods, Vol. II, ed. W. P. Mason and R. N. Thurston,
Academic Press. New York, pp. 289-353.
Abbreviations of journal titles should follow those used in
the ASM Metals Abstracts. In every case, authors' initials,
appropriate volume and page numbers should be included.
Illustrations and tables should be planned to fit a single
column width (110 mm or 4.3") or a double width (230
mm or 9"). For the reviewing processes, these need not be
of higll quality, but submit glossy prints with the final
manuscript. Lines and letters should be legible after the
illustrations are reduced to 77%.

4.

Review

The language of the Journal is English. All papers should
be written concisely and clearly.

All manuscripts will be judged by qualified reviewers. Each
paper is reviewed by one of the editors and typically sent for
review by members of the Editorial Board. The Board
member may seek another independent review. In case of
disputes, the author may request other reviewers.

2.

5. Electronic Media

Page Charges

No page charge is levied. One hundred copies of off-prints
will be supplied to the authors free of charge.

3. Manuscript for Review
Manuscripts for review need only to be typed legibly;
preferably, double-spaced on only one side of the page with
wide margins and submitted in duplicate.

In order to reduce any chance of typographical error, the
authors are encouraged to submit a floppy disk copy of the
text. We can read Macintosh. IBM PC, CP/M 8" SSSD
formats. Those who can connect to computer networks,
such as BITNET, ARPANET, ASIANET, EARN,
NETWORTH, UUCP, CSNET, JANET, OZ, you can send
to "ono@Cs.ucla.edu". Note the change in the address.
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1.

Aims and Scope of the Journal

Journal of Acoustic Emission is an international
journal designed to be of broad interest and use to both researcher
and practitioner of acoustic emission. It will publish original
contributions of all aspects of research and significant engineering advances in the sciences and applications of acoustic
emission. The journal will also publish reviews. the abstracts of
papers presented at meetings. technical notes. communications
and summaries of reports. Current news of interest to the acoustic
emission communities. announcements of future conferences and
working group meetings and new products will also be included.
Journal of Acoustic Emission includes the following
classes of subject matters;
A. Research Articles: Manuscripts should represent
completed original work embodying the results of extensive
investigation. These will be judged for scientific and technical
merit.
B. Engineering
Applications: Articles must present
significant advances in the engineering applications of acoustic
emission. Material will be subject to reviews for adequate
description of procedures. substantial database and objective
interpretation.
C. Technical Notes: This class provides publications of
works of current interest. and new or improved expcrimental
techniques and procedures.
D. Communications: Short items of current interest, discussions of published articles and relevant applications.
E. AE Literature: This section will collect the titles and
abstracts of papers published elsewhere and those presented at
meetings and conferences. Reports of conferences and symposia
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general interest.
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Application of Acoustic Emission to the Field of Concrete
Engineering
Taketo Uomoto
Abstract

The propagation of AE signals through concrete is
affected by many factors. Concrete is a composite material
with cement, water, aggregate, air and admixtures, and these
components are different in shape, size, mechanical properties,
etc. Furthermore, during placing and curing, segregation of
these components occur to form non-uniformity of concrete.
In some cases, because of the bleeding of mixed water, voids
are formed below coarse aggregates. During curing and while
the structure is in service, cracks are formed by hydration heat
of cement, drying shrinkage, load applied to the structure, etc.
These non-uniformity of concrete and cracks affect AE wave
propagation through concrete. Application of AE monitoring
for concrete structures must take these considerations into
accounl

Acoustic emission (AE) monitoring of concrete structures has been difficult, as concrete is heterogeneous and limited work has been done in this field. This paper indicates the
problems in AE monitoring of concrete structures and presents
examples of AE applications. These include the estimation of
prior load applied to existing concrete structures, monitoring
of cracks and their locations in reinforced concrete beams and
mass concrete, the prediction of fatigue failure of reinforced
concrete beams, and the estimation of the depth of void
formed within a prestressed concrete structure.

1. Introduction
2.1 AE Propagation through Concrete
Although many nondestructive tests have been used in
the field of concrete, acoustic emission (AE) technique is relatively new. The technique is hardly known and understood
among concrete engineers. This is partly due to the limited
information provided by AE. Most of the research work done
on AE dealt with fracture mechanics of concrete (McCabe et
aI., 1976; Nielsen and Griffin, 1977; Torigai et al" 1981;
Mlaker et at, 1984; Izumi et al., 1984; Niiseki et aI., 1984)
and only a few papers were published dealing with applications of the technique to evaluate concrete structures (Bozzetti
et aI., 1982; Uomoto et at, 1984).

In this study, we used concrete beam specimens (10 x
10 x 120 cm) and cylinders (diameter, 10 cm; height, 20 cm).
The mix proportions and qualities of the concrete are shown
in Table 1. For attenuation experiment, the peak amplitude of
the pulse generated by a pulse generator is monitored through
concrete by changing either the distance between the sending
and receiving transcuers or applied stress level. This experiment was done using transducers (NF AE 9015; nominal
resonance frequency of 140 kHz) to clarify effects of the
non-uniformity and cracks formed within the concrete samples.

This paper gives illustrative examples dealing with the
application of AE in solving problems encountered in concrete
structures. These are drawn from both actual applications to
existing concrete structures and experiments performed in the
laboratory.

Figure I shows the relation between the measured
peak amplitude and the distance between the transducers.

Peak Amplitude (dB)
70

2. Considerations in Applying AE to Concrete

In order to apply AE technique to concrete structures,
AE behavior of concrete must be considered. The important
points are as follows:

a.

Propagation of acoustic emission through concrete is
affected by both the constituents of concrete itself and
the cracks formed within concrete.

b.

Concrete structures are large in size and care must be
taken how to monitor AE from the limited range of
measurement
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Fig. 1 Peak Amplitude vs. distance between generator and
transducer.
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Table 1 Mix proportions of concrete

Slump

Air

Compressive
Strength*

Weight (kg) per cubic meter
W/C

0.40
0.50
0.60

Water

Cement

Sand

Gravel

(em)

(%)

(MPa)

193
193
193

482
385
321

779
852
916

941
950
941

10
10
10

1.2
1.2
l.l

55
48
35

* Strength at the age of 28 days in water curing.
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Peak amplitude vs. stress level under flexure.

Fig. 3
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Peak amplitude vs. stress level under compression.

As shown in these figures, the peak amplitude remained constant until a certain stress level was reached. It was reduced
gradually as the applied load increased and formed cracks.
The main difference in the two types of specimens is the
direction of wave propagation through cracks; in the case of
beams, as shown in Fig. 2, cracks are formed perpendicular to
the direction of wave propagation, while in the case of
cylinders, as shown in Fig. 3, cracks are formed mostly parallel to the direction of wave propagation.

Although the measured value varied due to the non-uniformity
of concrete, the peak amplitude was reduced as the distance
increases. The figure shows that the reduction of the peak
amplitude is approximately 100 dB/m. This value is quite
large compared to the attenuation in steel, but is typical in
concrete. Considering the background noise of about 30 dB,
the range of AE monitoring using this apparatus is limited to
only 20 to 30 em.
2.2 AE Propagation through Cracks

As shown in these results, non-uniformity of concrete
and cracks affect the propagation of AE waves. Considering
large sizes of concrete structures, this makes monitoring AE
of the concrete structures difficult. One remedy is to utilize
transducers at low frequencies to reduce the attenuation of AE
through concrete. Another is to utilize reinforcing bars
embedded in concrete for AE monitoring.

Cracks are almost inevitably present in concrete structures. Although many cracks exist within concrete, they are
not always wide and the cracked pomon is limited. The most
common cracks are those induced by load, such as flexural
cracks, shear cracks and compressive cracks. To find the
difference caused by the existence of cracks, effects of
flexural and compressive cracks were examined.
Figures 2 and 3 show wave propagation during loading
through reinforced concrete beam and cylinder specimens,
respectively. Flexural load was applied to beams by four-point
loading and compressive load was applied to cylinders. Wave
propagation was measured through concrete, as in the case of
Fig. I, without changing the distance between the transducers.

3. Application of AE to Concrete Tests
AE monitoring can also be used to better understand
the behavior of concrete. AE monitoring has been used to
clarify the drying shrinkage behavior of concrete, the cracking
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behavior of concrete when reinforcing bars corrode, the location of cracks formed within specimen, etc. Among many
tests of concrete, compressive strength test of concrete is discussed here as an example of AE application.
Compressive test is the most important strength test for
concrete. Figures 4 and 5 shows the differences both in total
event and amplitude distribution of AE during compressive
loading. One test was performed according to the standard
method specified in Japan Industrial Standards and another
performed with Teflon sheets between the specimen and steel
loading plates. Compressive test without Teflon sheets shows
that numerous AE events with large amplitude were observed
from the beginning of loading. In the case with Teflon sheets,
AE activity was low at the beginning of loading. Such a
difference was assumed to have been caused by uneven contacts and the friction between the concrete specimen and steel
plates. However, Figs. 6 and 7 show clearly that the stressstrain relations of concrete specimens are different when
Teflon sheets are used or not When Teflon sheets were not

100

o ""-l~"""--""""1...I...:'60:---"--=8~0
Amplitude (dB)

Fig. 5 Amplitude distribution during compressive loading.
(a) Without Teflon sheets; (b) With Teflon sheets.
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used. the volumetric strain of the specimen changes from
shrinkage to expansion as load applied exceeds a critical
stress, and the specimen fails at 1.2 times the critical stress.
In the case of the specimen with Teflon sheets, the volumetric
strain of the specimen stays in the range of shrinkage and as
it reaches the maximum, the specimen fails at the load of
about 0.8 times the failure load observed without Teflon
sheets.

TOTAL EVENT
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4.1 Estimation of Prior Compressive Stress

10

Using "Kaiser effect," prior compressive stress to concrete can be estimated by taking out cores from a structure..
This method is useful to estimate applied load to a structure
when the structure fails by an accident. Evalaution of applied
load can present important information for both design and
service life estimation of the structure.

I

If

,~

,Event-rate

I

1

1

30 32 34 36 38 40
Load (ton)
Fig. 9 Estimation of applied compressive stress (event and
energy rate method).
applied load level is larger than the critical stress, concrete
specimen has already "failed" and it is difficult to estimate the
preloaded value with accuracy. When the concrete specimen
is young of age, continuing hydration of cement may repair
the cracks formed by the previous applied load (Uomoto et
al., 1984).

Considering the results of the tests, the following
method is suggested to estimate the applied stress:

When both event rate and energy rate are measured, as
shown in Fig. 9, the load or stress when both event
rate and energy rate increased is obtained as the
applied load.

,

I

Many papers have already been published concerning
Kaiser effect of concrete (Nielsen and Griffin, 1977; Niiseki
et al., 1984; Bozzetti et al., 1982; Niiseki et al., 1986). The
most important point of using the Kaiser effect to estimate the
applied load is to reload the specimen to form the same. stress
as it is preloaded. For instance, if the specimen is loaded in a
uniaxial stress, as shown in Section 2. the reloading must be
done in the same manner. The friction between the specimen
and loading plates must be taken into account.

2.

I

Fig. 8 Estimation of applied compressive stress (Tangential
line method).

Application of AE to Concrete Structures

Drawing tangential lines as shown in Fig. 8, the
applied previous maximum load or stress is obtained
from the intersection of both lines.

--~~

LOAD

As shown above, AE monitoring can give new information which can not be observed by other methods.

1.

I

'""

As already pointed out by the author and other
researchers (Uomoto and Nishimura, 1983), when TeOon
sheets are used, the stress distribution within the specimen is
almost uniform because of lower friction between the speci.
men and loading plates. Furthermore, when the applied load
reaches the critical stress, the number of AE events increases
abruptly and the specimen fails within a few minutes. From
these obervations, it is better to define the maximum strength
of concrete as the value obtained at the critical stress level, or
to perform compressive tests using Tefton sheets between the
specimen and loading plates.

4.

,
,
I
I

The test results of estimating applied loading using
more than 20 specimen. as shown in Fig. 10, show that this
method is accurate enough to be used in actual sites. The
average error of the estimated value to the applied value for
all the cases is within ± 4.2% (Uomoto et at, 1986).

4.2 Estil1Ultion of Location of Cracks in Lorge Structure
As mentioned in Section I, the propagation of an AE
signal is affected by many parameters. If the location of a
crack is to be determined by measuring AE through concrete,
either the size of the specimen must be limited or a large
number of transducers applied to a concrete structure. We
should also use low frequency transducers to increase the

The limitation for this method is that the previous
loaded level must be below the critical stress level and the
hydration of cement must be almost completed. If the
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Fig. 13 Location of AE sources and crack distribution of
beam (about 40% of yield stress).

Estimated stress level vs. applied stress level.
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Fig. II

2.10

ing loading. When the applied load was low, the locations of
AE sources were limited to the center ponion of the tested
beam where bending moment was the maximum. The
increased load distributed the sources to other ponions of the
beam, but the central ponion had the largest number of AE
events. Comparing the AE results with the cracks formed on
the surface of the beam, it is clear that the location of the AE
sources and AE events have a good correlation with observed
cracks (Uomoto et aI., 1986; Uomoto and Yamamoto, 1987).

I

230 . 230
2100

Test beam specimen (unit:mm).
When AE is monitored during loading, the change in
the locations of the AE sources and the number of AE events
observed can give accurate locations of the cracks being
formed. If the location is in the center, it can be said that
flexural cracks form, and if the location is in the shear portion, it will be quite accurate to say that shear cracks are
being formed.

Crack Distribution
I

I

Event 1L.......,,4,.----------L..----6A----'
100
First Crack Level

4.3 Monitoring of Cracks of Mass Concrete

10
1

o

1.05
Location (m)

When casting a mass concrete structure, the biggest
problem is not to make cracks in the concrete. This is
because the mass concrete structure usually has less reinforcements compared to normal reinforced concrete structures, and
the heat of hydration of cement causes thermal stress within
the structure. A number of analytical work has been done to
design and construct such structures without thermal cracks.
If a testing method can monitor the structure during curing, it
could be used to change the method of curing. Considering
this needs, AE monitoring method of mass concrete structures
is discussed.

2.10

Fig. 12 Location of AE sources and crack distribution of
beam (first crack level).
detection range. To deal with the problem, the estimation of
AE sources were performed by using reinforcing steel bars
embedded in concrete (Vomoto et aI., 1986). As most of the
concrete structures are reinforced with steel bars, this method
can be applied to them.

Figure 14 shows an example of applying an AE
method to monitor thermal cracks of a mass concrete block
during curing. AE is monitored through reinforcing steel bars
embedded horizontally in the previously cast layer. The mass
concrete block was cast on top of the previous layer. As soon
as the top concrete was cast, AE monitoring was initiated and
the location of AE sources were monitored for one week during curing. Although other measurements such as strain and
temperature of the sample indicated that no crack was formed

We tested a reinforced concrete beam as shown in Fig.
II. Transducers were attached to main reinforcing bars and
the location of the sources of AE were obtained during load·
ing. Figures 12 and 13 show the location of AE sources duro
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4.4 Prediction of Fatigue Failure of Concrete

TranSdU~
~nDsducer
oLf~

When repeated load is applied to reinforced concrete
structures. such as bridges. etc.. the structure deteriorates as
the number of loading cycle increases. To maintain these
structures while in service. it is important to evaluate the
degree of deterioration before the structure fails and to apply
sufficient repair to the structures.

I

Reinforcing bar
Fig. 14 Test specimen for mass concrete.

To determine the degree of deterioration of a structure.
AE monitoring has definite advantages compared with other
methods. AE monitoring can be done in a nondestructive
manner without interrupting the use of the structure and this
method is accurate enough to determine the degree of
deterioration or to predict fatigue failure.

6,.......- - - - - - - - - - - - - ,

w 4

To clarify this method. fatigue loading was performed
to reinforced concrete beams shown in Fig. 11. The strength
of the concrete used was 45 MPa at the age of 28 days.
Three types of fatigue tests were performed by changing the
applied cyclc loads. Type A tests were performed by loading
the specimens ranged from 10% (lower load) to 40% (upper
load) of the maximum static load carrying capacity of the
beam. Type B tests were from 10% to 65% and Type C tests
were from 10% to 85%. Three specimens are tested for each
type of loading. AE transducers were attached on the surfaces
of the beam and AE events were monitored throughout the
fatigue test. The test results are shown in Figs. 15 and 16.
Figure 15 shows typical relations between total AE events and
number of load cycles of the beams. As shown in the figure.
there are three types of failure of the beams when fatigue load
is applied. Type A is the beam which did not fail even when
load cycles exceeded two million cycles. Type B is the beams
failed in flexure and Type C is the one failed in shear. The
three types of failure can be described as follows using AE
behavior.

<
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o
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o
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3
Log N

4

5

6

Fig. IS Total AE event (AE) vs. number of loaded cycles
(N).

AE rate

c
N (cycle)

Type A:

AE event rate is large at the beginning of loading.
but as the stress distribution is balanced by the formation of cracks. only low rates of AE are
observed and the beam does not fail.

Type B:

Initially the same as in Type A. but AE rate
increases to high level and the beam fails.

Type C:

As loading starts. AE rate is initially high in the
same manner as Types A and B. but the beams fail
before the AE rate becomes to a constant value.

From these results. if periodic AE monitoring of a
structure is performed. it is possible to determine the degree
of deterioration and to predict fatigue failure of concrete
structures. The important points of this method are to monitor AE rate periodically for an adequate length of time and to
evaluate the obtained AE and other information in the manner
shown in Fig. 17. When the AE rate is close to zero. the
structure will be safe for the time being. When the rate
increases compared to the preceding value or approaches to
the critical value, care must be taken for subsequent monitoring. In such a case. a practical procedure is to continue monitoring or to perform monitoring with a shorter time interval

Fig. 16 AE rate vs. number of loaded cycles (N) under
fatigue load.
during curing. AE monitoring showed that the thermal cracks
were generated within two days. The AE results were
confirmed after the removal of the framework. This monitoring provided information on whether cracks are being formed
between the layers or in the cast top layer of the concrete
block. Further tests should allow us to control the cracks in
mass concrete.
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Fig. 18 AE energy ratio vs. void length of duct (Domoto and
Sutoh, 1987).

Transducer
Fig. 17 Prediction method of fatigue failure of concrete by
AE monitoring.
till the trend becomes clear. The critical value of AE rate has
to be obtained from a considerable amount of data.
45 Estimation of Void Length of Ducts
When a prestressed concrete needs repair because of
insufficient grouting of the ducts, re-grouting is needed to fill
the voids of ducts located within a structure. To determine
the amount of void in the ducts, an ultrasonic technique and
other methods are tested. The ultrasonic techique using AE
apparatus proved to be more useful in determining the depth
of existing void within ducts. The method used is to monitor
AE energy when an impact is applied to the duct (Uomoto
and Sutoh, 1987).

..
Impact

Figure 18 shows test results of known void length and
AE energy ratio measured in a prestressed concrete specimen
with different void length in ducts. The specimen used as a
prestressed concrete wall with cross section of 0.2 m x 2.4 m
and the height of 7.0 m. Five steel ducts (diameter: 38.1 mm,
length, 7 m) were installed in the center of the wall at a spacing of 42.7 cm. The prestressing tendons of diameter 26 mm
were installed and prestressed in each ducts and grouting was
done with different lengths. The impact was applied at
different depths with a mechanical impactor as shown in Fig.
19. The AE energy ratio is defined as (AE energy ratio) =
(AE energy measured at the end when impact is applied at a

Fig. 19 Impact test to estimate void length of ducts using AE
apparatus (Uomoto and 5utoh, 1987).
different depth of specimen) + (AE energy measured at the
end when impact is applied at 10 cm below the end). As
shown in the figure, there is a clear difference in AE energy
ratio when the void length changes. The relation between AE
energy and length of void is different when the location of
applied impact changes. This is caused by the different AE
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S. Murayama, K. Michihiro, 1. Saito and T. Fujiwara (1984),
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Fig. 20 AE energy ratio vs. mortar grout volume (Vomoto
and Sutoh, 1987).

Y. Torigai, H.D. Li, M. Onoe and H. Kitagawa (1981),
"Application of Acoustic Emission in the Development of
Slnlctural Materials Including Industrial Waste" (in Japanese),
Seisan.Kenkyu, 33(6), 13-17.

propagation through ducts.
The relation between the amount of grout injected in
the voids in the existing water tank and AE energy ratio, as
shown in Fig. 20, has a different tendency compared to Fig.
18. This may be caused by the different diameter of the ducts
installed in the Slnlcture.

T. Domoto and T. Nishimura (1983), "Compressive Toughness of Steel Fiber Reinforced Concrete," Proc. of 37th Genera/ Meeting, Technical Session (in Japanese), Cement Association of Japan, pp. 417-420.

5. Conclusion

T. Uomoto, M. Onae and T. Kakizawa (1984), "Prediction of
Fatigue Life of Reinforced Concrete Beams using Acoustic
Emission Monitoring," Progress in Acoustic Emission, II,
JSNDI, Tokyo, pp. 555-561.

Allhough AE is still unfamiliar to most concrete
engineers, AE technique can be applied to many cases.
Application of an AE technique to the field of concrete
engineering is not limited to fracture mechanics, but it is possible to utilize the technique for other purposes. A few examples are presented in this paper. In order to apply an AE technique to concrete Slnlctures, care must be taken to the nonuniformity of concrete and the size of the structure. Within
cenain limits, AE can provide information which can not be
obtained by other methods.

T. Uomoto, K. Kobayashi, T. Kakizawa and S. Yamamoto
( 1986), "Acoustic Emission of Reinforced Concrete Beams
Subjected to Fatigue Load" (in Japanese), Seisan-Kenkyu, 38,
517-519.
T. Domoto, S. Sato and S. Yamamoto (1986), "Determination
of Applied Compressive Stress in Concrete Structures by
Acoustic Emission," Progress in Acoustic Emission, 11,
JSNDI. Tokyo, pp. 538-545.
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A Method of Rapidly Estimating the Fatigue Limits by Acoustic
Emission
Tatsuhiko Yoshimura and Shigeto Kano
Abstract

2.2 TellSile Testing

Acoustic enusslOn (AE) technique was applied to
rapidly estimate the fatigue limit of a material. First, monotonic and cyclic AE behavior was studied using S25C, SCM4
and FCD40 specimens. The AE initiation stresses correspond
to the yield stress for S25C specimens with or without notch.
On the other hand, the AE initiation stresses were lower than
yield stresses for SCM4 and FCD40 specimens. These show
the knee points on log a-log AE plots obtained from cyclic
tests. Each material was fatigue tested to estimate the fatigue
limits. It is shown that the stresses at the knee points (which
is taken as the AE initiation stress on S25C) in the cyclic tests
correspond to the fatigue limits for the three tested materials
of smooth and notched geometries.

The geometry of a sample is shown in Fig. 1. Some
were notched in the center with the notch root radius of 2.5
mm. The stress concentration factor of the notched specimen
was 1.7. Tensile testing was conducted using a universal testing machine with a constant crosshead speed of O.05mmlmin.
Figure 2 shows a block diagram of AE instrumentation. Two
AE sensors were coupled to fiats at both sides of a sample via
vacuum grease. These were a resonant-type (nominal frequency = 200 kHz). AE signals were amplified 46 dB in
preamplifiers and 44 dB in main amplifiers. The outputs of
the main amplifiers were discriminated using arrival rime
differences. AE events only from the gauge section were
recorded along with their source locations.

2.3 Cyclic Testing

I. Introduction

We used an electro-hydraulic testing machine for
cyclic tests under load control. Figure 3 shows the load-time
diagram of the step-wise loading method employed in the leSling. The loading was fully reversible at 4.6 Hz. The number
of cycles at each step was 2000 and a load increment was

The fatigue limit of a component is an important step
of design. The most common method to determine the
fatigue limit is to conduct fatigue testing, but it is costly and
time consuming. Many investigators have attempted to obtain
the fatigue limit rapidly. For example, Gough (1924) and
Koibuchi (1971) compared the cyclic yield strength and
fatigue limit of structural carbon steels. This approach is nondestructive and determines the fatigue limit with a limited
number of samples. However, its applicability to other
materials and to components with a sharp notch, as is often
the case in real engineering components, has not been ascertained.

Table I The nominal composition of materials
Malerial

In this study, we used acoustic emission (AE) to detect
the yielding of a material and considered the extension of
Gough's method to other materials with or without a notch.
First, AE measurements were made during static tensile testing. This was followed by cyclic loading. Details are
presented below.

C

Mn Si

P

S

Cr

Ni Mo Mg

S25C

0.22 0.30 0.\5
-0.28 -0.60 -0.35 1<0.030 ~.035 <0.20 1-'0.20

SCM4

0.35 0.55 0.15
-0.44 -0.90 -0.35 feo·030

FCD40

3.5
<O.B
-4.2

~o.030

2.0
-3.3 .<0.1 <0.02

0.85
-1.25

-

- -

Fe

-

-

Remainder

0.15
-0.35

-

Remainder

-

0.02
-0.06 Remainder

Table 2 The mechanical properties and heat treatment
of materials.

Material

2. Materials and Test Procedures

Hardness {yMPa diMPa Heat
(kllf/rmil (kgflllVlfl
treatment
Hv
850·C
251
462
137
HNR
(25.6) (41.1)

2.1 Test Samples

S25C
HNR

Materials used in the study are a normalized plain carbon steel (S25C), a quenched and tempered alloy steel
(SCM4) and an annealed nodular cast iron (FCD40). The
nominal chemical composition is given in Table I. Table 2
lists the mechanical properties of the materials.

SCM4
OJ

390

1109
1207
Ouenched
450·C
Tel11J8l
(123.2)
(113.2)

FCD40
HA

208

263
(26.8)
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Results and Discussion

3.1 AE Tests of Smooth Samples

As reported previously (Yoshimura and Kano, 1987),
smooth tensile samples of structural steels start to generate
AE events upon yielding, whereas a cast iron sample emits
AE signals at less than one-half of the yield stress.

AE Sensor

Smooth

specimen

When we tested the same materials under cyclic loading, significant changes were observed. Figure 4 shows the
cyclic stress vs. strain curve and AE total event count vs.
strain curve. The strain is given in units of 103 micro-strain
or 10-3. The cyclic stress-strain curve shows no yield drop
and the stress at which a sharp change in the slope occurred
was about 10% lower than the lower yield stress of the
corresponding smooth tensile sample. AE events were
observed coinciding the slope change; that is, AE started with
the beginning of cyclic plasticity.

AE Sensor

Notched specimen

Results of the cyclic test of a quenched and tempered
SCM4 steel sample are shown in Fig. 5. The cyclic stressstrain curve is still linear even at the maximum cyclic stress

Fig. 1 The geometry of specimens.
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Fig. 2 Block diagram of AE instrumentation.
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Fig. 4 Cyclic and AE test results of a normalized S25C
smooth specimen.
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either 10 or 20 MPa. The strain of the sample was recorded.
We obtained the cyclic stress-strain curve. AE testing was
similar to that used in tensile tests. AE event counts of each
load step were determined during the test.
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2.4 Fatigue Testing
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2Strain x103)

Approximate fatigue limits of the materials used were
determined using an electro-hydraulic testing machine at 40
Hz. The maximum number of fatigue cycles was 107•

Fig. 5 Cyclic and AE test results of a quenched and tempered SCM4 smooth specimen.
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Figure 6 illustrates the cyclic test results for a cast iron
sample. The cyclic yield strength was 10% lower than the
monotonic value, but the stress at which AE started was
lowered even more. In this sample, AE started at 60 MPa,
which is about 20% of the yield strength and is 1/3 of the
stress where AE started in a monotonic tensile test. As the
cyclic stress level was raised, AE gradually increased, but a
strong AE activity was found at 200 MPa. These results indicate that AE behavior under cyclic loading differs among
different materials and from that of monotonic loading.
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applied. However, AE started at 380 MPa and AE event
counts increased drastically at 500 MPa. These values
correspond to 34 and 45% of the monotonic yield strength of
this material.

-

_AE

100

C'a

~
LU

«

o

L-..g.-~---_:_---'O

1Stram
. x103/r ,2

Fig. 6 Cyclic and AE test results of an annealed FCD40 cast
iron specimen without notch.
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In order to clarify the stress at which AE suddenly
increases, we plotted AE total event counts against stress in a
log-log scale (see Fig. 7). The SCM4 steel and FCD40 cast
iron samples exhibited a clear knee point. Denoting the stress
at the knee as csAEa' we obtain 490 and 180 MPa, respectively. The S25C steel did not show a change of the slope
and we could not assign csAEa by the same method as above.
However, csAEa may be taken as the stress when AE started.
In this case, CSAEa is 200 MPa.
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3.2 AE Tests of Notched Samples

Figures 8 and 9 show AE event counts vs. stress in a
log-log scale for the two steels. These tests used notched
samples. Reflecting the stress concentration, cs AEa for a
notched sample was lower than the corresponding smooth
sampel value. In the S25C steel, cs AEa was lowered from 200
to 120 MPa with a notch., In the SCM4 samples, (JAEa
decreased from 490 to 310 MPa. Considering the stress concentration factor of 1.7, these reduction means that AE can
detect the localized cyclic yielding, which occurs at the notch
root.
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Fig. 7 Log-log plots of AE total event counts.
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Fig. 9 AE total event counts vs. stress for SCM4 samples
with or without notch.
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Table 3 Fatigue limit, a w ' and stresses where AE increase rapidly, a AEa and a AEs'
SCM4 (Smooth) (Notch)
530
330

FCD40 (Smooth)
200

Ow

(MPa)

S25C (Smooth) (Notch)
190
120

0AEa

(Mfa)

200

120

490

310

170

0AEs

(Mfa)

200

120

410

227

64

Sample

3.3 Fatigue Tests
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The SoN curves of S25C steel with or without notch
and FC040 cast iron without notch are given in Fig. 10. Figures II and 12 show these curves for SCM4 steels using
smooth samples (Fig. II) and notched samples (Fig. 12).
Fatigue limits (ow) detennined by these tests are summarized
in Table 3. According to Gough (1924), the cyclic yield
strength is closely related to the fatigue limit of the material.
On the other hand, AE is known to correlate to the yielding
phenomenon. Thus, we compared the stress at which AE
starts (OAfs) in cyclic testing and the fatigue limit (ow),
Experimental results are summarized in Fig. 13. This figure
indicates that OAfs and Ow coincide for the S25C steel
whether a sample is notched or not. For the two other materials, OAfs was lower than ow, especially for the FCD40 cast
iron.
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Fig. 10 The SoN curves of three types of test specimens
(S25C and FCD40).

When we compared the stress at the knee point (see
Figs. 7 to 9) and the fatigue limit, we found a better correlation as shown in Fig. 14. In all the materials tested, 0AEa and
Ow agreed with each other. Note that OAfs and 0AEa were
identical for the S25C steel, so this finding is similar to the
observation in Fig. 13. However, it is significant that the
same results holds for the two other materials. That is, AE
starts to increase rapidly when the fatigue limit is exceeded in
a cyclic tensile test. If this holds for other materials as well,
we can determine the fatigue limit by conducting a single
cyclic test and drastically reduce the time and cost of fatigue
testing.
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In order to understand the above findings, we studied
the surface of cyclically loaded samples using scanning electron microscopy. The samples were initially electropolished
and subjected to step-wise cyclic loading. In the case of
S2SC and SCM4 steels, the beginning of AE activities was
found to correspond to the observation of slip lines on the
surface. In SCM4 steel, the sudden increase of AE event
counts was accompanied by the development of the slip lines.
These observations suggest that differences in the development of slip lines affect the relationship between AE activities
and the fatigue limit. Further studies of AE under cyclic
loading arc required to verify the origins of the observed AE
activities.

Number of cycles to failure
Fig. II The SoN curve for smooth SCM4 specimens.
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4. Conclusions
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We measured AE activities of smooth and notched
samples of three ferrous materials under a step-wise cyclic
loading. By correlating the AE measurements and the fatigue
limit, we found the fonowing:

Fig. 12 The SoN curve for nothced SCM4 specimens.

148

1:60
E

tf

~

~

ca

~

Acknowledgement

600

o S25CHNR smoothed
... S25CHNR Unotched
l> SCM4QJ smlIlllhed
<> SCM4DJ U1Illlched
o FCD40HA smllilthed

~40 ~400
LU

~
~20
E
+-'

We should like to express special thanks to Professor
K. Dno, Department of Materials Science and Engineering,
University of California, Los Angeles, CA, for many helpful
suggestions and encouragement.

Cf.l

References

E200

+-'

H.J. Gough (1924), Fatigue of Metals, Scott, Greenwood and
Sons, London.

CI:l

CI:l

0

S. Kano and T. Yoshimura (1984), Proc. 14th Reliability and
Maintainability Symp., Jpn Union Sci. and Engr., Tokyo, p.
355.

0
,

0

K. Koibuchi (1971), Proc. 1nt" Con! Mech. Behavior of
Materials, Vol. 2, Kyoto, Japan, p. 401.

Fig. 13 AE initiation stress vs. fatigue limit.

B.I. Sanders (1972), Cyclic Stress and Strain, The University
of Wisconsin Press, Madison, p. 17.

1: 60
..F
~

=

..:.= 40
.fj

~

CO

c.;,

600~O~S2~5C~HN~R::sm::llo::;:th::;ed~--~

~

t:. SCM4Q.T smoothed

an 400

~

T. Yoshimura and S. Kano (1987), J. Acoustic Emission, 6(2),
109-113.

... S25CHNR \}notched

0 SCM4QJ U-notched
FCD40HA smoothed

0

i)

~20
Q)

...

+'"

en

Cl

o

6

200 400 600
Stress
Ow, MPa ,
,
20
40
60
Stress dW kgf/mm 2

Fig. 14 The stress at the knee point vs. fatigue limit.

1.

In a smooth sample of normalized S2SC steel under
step-wise cyclic loading, AE activities commenced at
the cyclic yield stress. However, the knee point of
rapid increase in AE was not present.

2.

For smooth samples of quenched and tempered SCM4
steel and annealed FCD40 cast iron, the log-log plots
of AE event counts vs. stress showed the knee points,
from which we can determine the stress of rapid AE
increase, (JAEa'

3.

The values of (JAEa and the fatigue limit coincide in all
the samples tested, notched or smooth, provided that
we assign the stress of initial AE observation in the
case of normalized S2SC carbon steel.
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The 31 st Meeting of Acoustic Emission Working Group
The next AEWG meeting is set for 21-24 March 1988 at University of California, Los Angeles (UCLA) , California
90024-1595. Meeting organizers are Prof. Kanji Ono, Room 6532, Boelter Hall, UCLA; telephone no. (213)
825-5233 and Mr. Lloyd Graham of Rockwell Int'l Sci. Center. The ftrst day will be devoted to workshops on
Acoustic Emission Instrumentation and on AE Signal Processing. Both will be primarily laboratory sessions with
limited enrollments. See page 166 for details.

The 9th International AE Symposium
The 9th IAES will be held at International Conference Center Kobe in Kobe, Japan on 14 - 17 November 1988. It
will be sponsored by the JSNDI. Prospective authors are asked to send 200-300 words abstract by 31 May 1988 to
Dr. I. Kimpara, Dept of Naval Architecture, University of Tokyo, Hongo 7-3-1, Bunkyo, Tokyo 113, Japan.
Manuscripts will be due on 30 September 1988.

The 3rd International Conference on AE
The 3rd ICAE will be held in Charlotte, North Carolina on 20 - 23 March 1989. It will be sponsored by the AEWG
in cooperation with ASNT, SEM, IEEE and ASTM. Look for further announcements.

Third International Symposium on AE from Composites,
The Third International Symposium on Acoustic Emission from Composite Materials will be held 17 - 21 July 1989
in Paris, France. Write to Dr. D. Valentine (Program Chairman), Ecole des Mines de Paris, Centre des Materiaux,
BP 87,91003 EVRY Cedex, France for further information.

AEWG(I) 1st International Conference on AE
AEWG of India is planning to hold an International Conference on AE at Bangalore, India Venue will be Hotel
Ashok, a resort hotel in Southern India. Dates are being explored, but will be late August to mid-Setember, 1989
(which is a time of generally fair weather). Further information can be obtained from Dr. C.RL. Murthy, Dept. of
Aerospace Engineering, Indian Institute of Technology. Bangalore 560 012, India.
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Preliminary Investigation of Acoustic Emission from Wood
During Pyrolysis and Combustion
Frank C. Beall
Abstract
Hard maple specimens were exposed to pyrolysis from
290 to 380'C and combustion while AE was monitored at 175
kHz with the sensor bonded to the specimen. The pattern of
AE during combustion correlated well with critical events: initiation of flaming. cessation of flaming. cessation of char
glow. AE during pyrolysis was attributed to two sources:
microfissuring (microscopic) and macrofissuring (visible).
Macrofissuring was monitored separately with a 30-kHz sensor to capture airborne emissions, which correlated very well
with both audible and visual fissuring. Cumulative events over
the range of 320 to 380°C followed a first-order Arrhenius
relationship with an acti\'ation energy of 96 kllmol.

Zone A:

Loss of non-structural volatiles, such as water.
without decomposition of the wood substance (to
170°C).

Zone B:

Decomposition of hemicelluloses and lignin begins
(170°C).

Zone C:

Decomposition of cellulose (270°C) with a substantial relte of mass loss.

Zone 0:

Char combustion (glowing) above 500°C.

These zones are rather arbitrary in temperature range since
increasing the rate of temperature rise shifts the decomposition mechanisms to higher temperatures. The transition from
Zone A to B is probably the most difficult to assign a specific
temperature. In general. the rapid decomposition of cellulose
(onset of Zone C) leads to ignition of the evolved gases if
sufficient oxygen is present.

1. Introduction
Considerable resources are devoted to testing wood
and wood-base materials for fire performance. In most tests.
a considerable amount of data is acquired visually. such as
initiation of flaming. movement of flame front. cessation of
glowing, etc. For thicker materials such as timbers. one such
test is the rate of charring during a prescribed timetemperature exposure. Since char acts as a thermal insulator.
its formation and rate of growth are critical to residual
strength. The rate of charring can be predicted by relationships of the initial wood density and the resulting char density.

AE has been used to monitor the ignition. burning, and
burnout process of solid propellants (Koury. 1973). The
transducer was attached externally to the container, but
apparently sensed a signal from thermal fracture or
deflagration of the solid oxidizer. In addition to the advantage of non-intrusive sensing. anomalies in burning could be
detected from AE patterns.
The objective of this study was to determine if fissuring during high temperature of wood was accompanied by
acoustic emission and if so. the nature of the AE with respect
to fissuring. Separate tests were conducted in pyrolysis and
combustion.

During exposure to elevated temperature. the volatilization of the wood causes shrinkage in all three axes and
creates stresses that lead to fracture of the char or fissuring.
This fissuring causes an anomaly in the rate of release of
gases since it opens up fresh material below the char layer.
Shrinkage of char is unlike the better-known shrinkage from
moisture loss, in that substantial longitudinal shrinkage occurs
during charring. whereas little change occurs in the longitudinal axis from moisture change. Longitudinal char shrinkage
is a consequence of loss of oxygen in the cellulose backbone
and subsequent joining of the carbon ends. Because of this,
the longitudinal shrinkage is independent of species (and density). On the other hand. transverse char shrinkage is proportional to density and rate of heating.

2.

Equipment and Procedure

2.1 Materials
The wood specimens were hard maple having dimensions of 3 x 25 x 165 mm. The specimens were exposed to
room conditions and had an approximate moisture content of
6%. Density of the wood was nominally 600 kg/m 3.

2.2 Equipment
Wood exposed to elevated temperature has been
described as having four degradation zones related to volatilization of constituents:

For the pyrolysis testing. an AET 5000 was used with
two channels operating with sensors at 175 kHz (125-250 kHz
filter) and 30 kHz (15-45 kHz filter) at 80 and 100 dB total
gain. respectively. and with a 1 volt floating threshold. Data
were recorded to a hard disk and post-processed after the
tests. The 175 kHz sensor was bonded to the face of the
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Fig. 1 Experimental setup. (a) Left photograph. For pyrolysis with a self-generated atomsphere; 175 kHz sensor is
bonded to the specimen; 30 kHz sensor is mounted on the ring stand. The specimen was in contact with the top of a
hot plate shown at lower left. (b) Right photograph. For flaming combustion. The specimen held by the sensor was
exposed to the flame from a burner shown at bottom left

Fig. 2

Photographs of typical pyrolyzed specimens from 290 to 380°C.
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specimen near one end using a low-temperature hot melt
adhesive. The 30 kHz sensor was mounted to receive airborne AE at a distance of 100 mm from the specimen. A hot
plate having an aluminum surface and an upper temperature
limit of about 390°C was used to provide the contact heating
source for pyrolysis. Temperature control was approximately
±1O°C for the tests. A commercial butane torch was used as
the ignition source for the flaming tests, which were monitored at 175 kHz at 60 dB and with a I V floating threshold.

for single specimens at each pyrolysis temperature. Events
from the 290°C specimen are barely visible on the time axis.
Cumulative events to 47 min (an arbitrary limit equal
to the shortest time of the pyrolysis runs) correlated well with
temperature. Figure 4 shows that cumulative events follow a
first-order Arrhenius relationship, with a calculated activation
energy of 96 kJ/mol (23 local/mol). The large variability was
expected at 320°C, since no fissuring occurred at 290°C and
the threshold for fissuring could have been closer to 320 than
290°C. Two experimental sources of error were the variation
of direct thermal contact of the specimen and reproducibility
of temperature settings of the hot plate. The arbitrary choice
of 47 min to determine cumulative events could also affect
the calculated activation energy. The activation energy is
similar to that determined by Stamm (1964) for mass or
strength loss of four wood species exposed to elevated temperatures, 66 to 124 kl/mo!. The activation energy for decomposition of hardwoods heated in nitrogen as determined by
thermogravimetry (Beall 1968) was 110 kJ/mol (230-265°C)
and 45 kllmol (265-3 15°C). The initiation of fissuring occurs
between 290 and 320°C, suggesting that the activation energy
for fissuring may also have two segments of decreasing slope
with increasing temperature.

2.3 Thermal Exposure
Figure 1 shows the arrangement for the pyrolysis and
combustion tests. A silicone rubber isolator was placed on
the pyrolysis specimen and a 750 g weight added to maintain
reasonable thermal contact (Fig. I a). In this exposure, the
pyrolysis occurred predominantly in a self-generated atmosphere in the contact area, which prevented spontaneous ignition. Pairs of specimens were exposed to four temperatures:
290, 320, 350 and 380°C for up to I hour. The pyrolysis
range was selected to span the onset of fissuring at the lower
temperature to just below ignition at the upper temperature.
There was no attempt to create a uniform surface temperature.
For the flaming test, the specimen was oriented at 45° and the
bumer adjusted to cause nearly instantaneous flaming near the
center of the specimen (Fig. 1b). After about 10 s of exposure, the bumer was removed and the specimen sustained
burning.

Macrofissures were confirmed to be the visible fissures
by several means. The occurrence of a macrofissure was usually accompanied by an audible emission that was registered
by the 30 kHz sensor. The time of rnacrofissuring was coincidental with "high energy" events captured by the 175 kHz
sensor. Also, the number of visible fissures at the completion
of the test ranged up to 40 (at 380°C) and were within ±20%
of the number of 30 kHz events. All other 175 kHz events
during the tests were assumed to originate from microscopic
fissures ("microfissures") that are known to occur during charring of wood.

3. Results and Discussion
3.1 Pyrolysis
The temperature range of exposure was in Zone C,
where active degradation occurs in all major polymeric constituents of wood. Figure 2 is a photograph of four pyrolyzed
specimens. Some fissuring and extension of fissures occurred
from thermal shock after removal from the hot plate. The
290°C specimen showed no visible signs of fissuring. The
specimens tended to cup away from the hot plate, causing
fissuring to initiate at the contact points on the edges. The
visible fissures in Fig. 2 will be referred to hereafter as
"macrofissures." Figure 3 shows the rclte of events vs. time

The point of occurrence of macrofissures was usually
after a peak in event rate, suggesting that macrofissuring follows a maximum in rate of microfissuring. Figure 5 shows
superposed outputs for 175 and 30 kHz sensors in a 350°C
run. At points of apparent coincidence of 30 kHz output with
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Arrhenius plot of cumulative AE events to 47 min
for all pyrolyzed specimens having macrofissures.
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Fig. 6

AE events from a specimen exposed to flaming and
glowing combustion.

3.2 Combustion

175 kHz peaks, expansion of the time scale showed that the
lower frequency events occurred after higher frequency peaks.
It would be expected that macrofissuring would be associated
with a high energy AE event and cause stress relaxation.
This was confirmed by deteCtion of events with high peak
amplitude (> 80 dB) or long event duration (> 700 J1s) after
peaks of AE rate. The number of long duration events was in
good agreement with the number of visually determined
fissures. Microfissuring should consist of lower energy events
which reach a maximum rate near the point of coalescence.
The curves in Fig. 3 have the same general cyclical pattern as
that reported by de Charentenay and Benzeggagh (1980) for
the delamination of a glass-polyester composite, indicating
that a similar sequence of events occur during charring: initiating of microcracking, microcrack growth, and macroscopic
delamination.

The specimens exposed to flaming combustion
underwent the complete sequence of Zones A through D in a
time that was an order of magnitude shorter than pyrolysis.
Figure 6 shows the event rate vs. time for a typical specimen
exposed to flaming combustion. Up to about 6 min, no events
occurred until the precise point of ignition. For the first 30
sec of flaming, the AE output was low, similar to that found
for pyrolysis. The rapid increase in AE beyond this point
presumably occurred from rapid fissuring. The flame
extinguished at the AE peak for this specimen (and beyond
the peak for others). Visible glowing persisted until 10:09,
approximately where the AE rate began declining. Within 20
5, the rate had diminished to < I events/so In analyzing the
AE parameters separately in flaming and glowing periods,
event duration was found to be slightly greater during flaming
than glowing, but peak amplitude did not change.

Past studies have shown that the unrestrained longitudinal char shrinkage is 18% at 600°C (Beall, 1977). Even for
the highest temperature used in this study, the predicted
shrinkage would have been only about 3%; however, it
appears that the stresses on a surface-charred specimen are
sufficient to cause fissuring at minimal longitudinal shrinkage.
Also, since transverse shrinkage occurs before longitudinal, it
is reasonable to·assume that microfissuring is predominantly
from transverse stresses. This assumption is supported by the
observation that initial 175 kHz events to about 20 min exposure are not accompanied by 30 kHz AE, or macrofissuring
events.

In typical fire tests, the key points of ignition, flame
extinction, and cessation of glowing are determined visually.
Since the AE sensor responds to the solid state reaction, this
teChnology shows promise of providing a precise, unbiased
means of identifying these key points. These directly observable occurrences confirm the conclusions by Koury (1973) for
the buming of solid propellants.

4. Conclusions
Although the experimental arrangement was rudimen-

Since fissuring, particularly microfissuring, should be
directly related to the char stress, the AE evolved may provide insight into the fire performance of wood. For example,
if the development of fissuring is activated as suggested by
Fig. 4, then obtaining activation energies for wood treated
with fire retardants may provide a screening mechanism for
desirable properties. It is also possible that AE might be a
better means of operationally defining the zone boundaries,
particularly from A to B, which is a subtle transition. For
example, the initiation of fissuring could describe the transition to Zone B.

tary, certain conclusions could be made:

154

I.

Airborne AE from audible fissuring correlated with
visible fissuring (macrofissures) in the pyrolyzed specimens.

2.

The much more abundant ultrasonic AE are probably
caused by microscopic fissuring (microfissures).

3.

Cumulative AE correlated wel1 with reciprocal absolute temperature, suggesting that fissuring is an
activated process.

4.

Key points in combustion (ignition, cessation of
flaming, cessation of glowing) could be identified by
AE output.
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Preliminary Investigation of the Feasibility of Using
Acousto-Ultrasonics to Measure Defects in Lumber
R.L. Lemaster D.A. Dornfeld
ogy that, though sophisticated, is relatively inexpensive. It
also provides the flexibility to detect not only the presence of
a defect in a piece of lumber but also its location across the
width of the lumber. A sensing system based upon this tech·
nique would provide softwood and hardwood primary and
secondary manufacturers with an input to automatic sawing
systems so that both ripping and cross-cutting sawing decisions could be made based upon the product desired and the
quality of the raw material needed.

Abstract
This paper describes a basic research program that
examined the feasibility of using acousto-ultrasonics (AU) to
detect such defects in lumber as decay, knots, voids and cross
grain. The effects of such parameters as wood moisture content, species, transducer frequency and pulsing method on the
AU technique were also investigated. The series of feasibility
studies discussed here, although not extensive in either test
numbers or replications. did show that AU is sensitive to the
types of defects that are of interest to the wood industry. The
tests also showed the importance of further research and
identified additional problem areas that need to be investigated.

2. Literature Review
Considerable work has been conducted in various areas
that have potential for defect detection in wood (Szymani and
McDonald, 1981). These include optical. ultrasonic.
microwave, X-ray. gamma ray. and neutron testing methods.
The optical methods can detect defects in lumber at production speeds and can easily be automated. In addition they can
be used to evaluate board geometry. There are currently four
optical scanning systems with defect detection capability in
use or in the final stage of testing (Szymani, 1985). The optical methods. however, are limited 10 the detection of defects
that are visible on the surface of the lumber. Therefore, optical methods need to be used in conjunction with methods that
are capable of detecting internal defects in order to assure a
complete inspection of the lumber.

1. Introduction
Wood processing plants in the United States are
currently facing increasingly difficult economic and technological challenges. Increasing labor and raw material costs are
making more efficient processing mandatory. Coupled with
this is the decrease in the average size of the logs processed.
This is causing an additional burden of handling more pieces
of raw material in order to obtain a comparable output
Downtime due to unexpected variation in product quality can
have a pronounced effect on the economics of high volume
production. Scanning techniques have been developed to
remove, reduce or at least aid operators in making decisions
about the manufacturing process (Szymani and McDonald,
1981). These techniques have been utilized more successfully
in Europe because the raw material found there is less variable and makes more sophisticated techniques unnecessary.
The problem with these defect detection techniques and other
proposed technology is that they either lack the sensitivity
and, therefore. the infonnation necessary to optimize the process (Szymani and McDonald, 1981). or they require such
complex sensors and computer support as to make the technique technically or economically not feasible (Sz.ymani and
McDonald, 1981).

Another technique of defect detection uses
microwaves. This technique can be air coupled to the wood
and can detect such defects as knots, holes, grain deviation,
density. and moisture content. Currently there arc two
microwave scanning systems used in the wood industry (Szymani, 1985). This technique is easily adaptable to an
automated industrial process, but it is not capable of
differentiating among types of defects or detecting small.
splits, checks, pitch pockets or the presence of pitch (Szymani
et al., 1981).
Other techniques which have been investigated make
use of either neutrons, X-rays or gamma rays. These techniques can detect such defects as knots, advanced decay and
voids. Several systems are in use in the Scandinavian countries that utilize either X-rays or gamma rays to measure log
quality (the presence of knots. rot, or other density altering
defects). The limitation of these methods is that Ihey cannot
clearly differentiate defects. Other techniques borrowed from
the medical field, such as computer assisted tomography
(CAT) and magnetic resonance imaging can provide extreme
detail on the internal condition of a piece of wood but are too
slow and expensive to be currently feasible in the wood
industry (Funt and Bryant, 1985; Burgess, 1985). Another

This study examined the feasibility of using acoustoultrasonics (AU) to detect such defects in lumber as decay,
knots. voids. and cross grain. The effects of such parameters
as wood moisture content. species. transducer frequency and
pulsing method on the AU technique was also investigated.
The sensing technique is based upon a relatively new technolReceived 18 June 1987: in final form, 29 September 1987. R.L. Lemaster
is affiliated with University of California Forest Products Laboratory, 1301
S. 46th St.. Richmond, CA 94804. D.A. Dornfeld is with Department of
Mechanical Engineering. University of California. Berkeley, CA 94720.
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ity control related taSks, as well as the monitoring of tool
wear in wood cutting (Dornfeld and Lemaster, 1982; Lemaster
et al., 1982; Lemaster, et at., 1985; Lemaster and Dornfeld,
1985). Work has begun on using AE to detect early stages of
decay in wood (Noguchi et at., 1986; Wilcox, 1986; Beall and
Wilcox, 1987). Work is atso continuing on using AE to monitor and control the drying of wood. (Honeycutt et al., 1985;
Kagawa et at., 1980; Noguchi et al., 1987; Ogino et al.,
1986). Acoustic Emission has been used to monitor the
strength of wood and wood joints (porter et at., 1972; Sato et
al., 1985; Suzuki and Schniewind, 1987).

disadvantage to using either the X-ray, or the neutron methods
is the potential health hazard they pose.
Other methods which can detect defects that are not
visible on the surface utilize ultrasonic waves. There are
several types of ultrasonic defect detection methods (Szymani
and McDonald, 1981). These include resonance, continuous
wave frequency modulation, through-transmission and the
pulse echo methods. Ultrasonic testing of wood and woodbase products ranges from detection of defects (knots, decay,
etc.) to measuring elastic anisotropy (Szymani and McDonald,
1981; Gerhards, 1982). In the through-transmission technique
an ultrasonic wave is transmitted through the wood. If there
is a flaw in the path of the wave, part of the energy is
reflected. A reflection signal is then received by the transmitting transducer and a reduced signal by the receiving transducer. Tests conducted by McDonald (1978) showed the
potential of using ultrasonics to detect defects in lumber. In
this study the speed at which the ultrasonic wave passed
through the material was measured. It was able to
differentiate between straight-grained sound wood and localized steep grain areas around the defects. In the case of
advanced decay, ultrasonic signals were substantially
attenuated. Certain defects such as small cracks, splits,
checks, and wonn and grub holes were not reliably detected
by this technique. The most severe limitation of this technique is the requirement of a good coupling agent between the
transducers and the wood. In the above study of McDonald.
the wood test specimen was immersed in a water tank.

This paper describes the procedure and results of tests
applying the AU (Green, 1985) technique to the detection of
defects in wood specimens as well as the effect of species,
moisture content and coupling efficiencies. The study was
conducted in two parts. The first part determined the ability
of AU techniques to detect early stages of decay, knots, voids,
grain deviation and the effect of species and moisture content
Since this is a relatively new technique, in the second part of
the study, tests were conducted to determine the optimum
pulsing and receiving transducer types for lumber and the
variability due to coupling. In this study atl the transducers
were dry-coupled to the wood. This was done to simulate the
dry-coupling technique utilized by a commercially available
roller transducer fixture and to take into account any signal
loss that might occur due to this coupling technique.

3. Procedure and Experimental Results
Additional work, by Wilcox (1986), has been conducted to detennine if the through-transmission ultrasonic
technique could be used to detect early stages of decay.
Researchers measured the extent of decay in 15 cm x 36 cm
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco] beams
and laboratory-decayed wafers of Douglas-fir and white fir
[Abies cOn£%r (Gord. and Glend.) Lindt. ex Hildebr.] that
measured 4 cm wide, 5 cm long and either 0.6 cm or 1 cm
thick (in the radial direction). Coupling was accomplished
with white petroleum jelly and hand pressure. Wilcox
showed that the ultrasonic method showed promise as a tool
to detect the early stages of decay. Results of statistically
designed experiments showed correlation r values as high as
0.95 between the pulse velocity and the percent weight loss of
the laboratory sample. The conclusion of this study was that
the reduced pulse velocity could be taken as "strong diagnostic evidence of decay, but the lack of change in pulse velocity
could not yet be relied upon to indicate sound wood."

3.1 Decay
In the first series of tests, AU signal level (nns voltage) was correlated to percent weight loss of laboratory
decayed test specimens. The specimens were wafers originally prepared for a study to determine the effectiveness of
ultrasonics for detecting early stages of decay (Wilcox, 1986).
The wafers were Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco] or white fir [Abies conc%r (Gord.
and Glend.) Lindt. ex Hildebr.]. 1.75 in. wide. 2 in.
(along the grain) and either v.a in. or Y2 in. thick (in the
radial direction) [approximately 4.4 x 5.1 em and
either 0.6 or 1.3 cm in thickness]. It was necessary
for the wafers to be as thin as possible, to promote
uniformity of decay throughout the thickness of the
wafer, but sufficiently thick to provide a measurable
transit time between transducers. They were exposed
to the brown-rot fungi GJoeophylJum trabeum Pers. ex
Fr. and Poria placenta (Fr.) G/oeoph)'/Jum trabeum
Pers. ex. Fr. and Poria placenta (Fr.) Cke. for a
varicty of lengths or timc in a soil-block test following
the procedures of ASTM D 2017-81 (ASTM. 1985)
(1). except that 16-0z. round. low-fonn, wide-mouth
jars. over-sized feeder strips (slightly larger than the
test blocks) and added moisture to 160% of the
moisture-holding capacity wcre employed.

Another non-destructive evaluation technique is acoustic emission (AE) monitoring. In AE monitoring, active
defects are detected using passive methods. In this technique,
elastic waves generated by defonnation within the material are
detected as they pass the AE sensor, a piezoelectric crystal.
flaws can be located by using several transducers and the
amplitude of their signal and rate of activity can be established and correlated with defect type and magnitude. The
major problem with AE-based technique is that the defect has
to be active. This usually requires stressing the specimen.

The equipment used was an AET 206 amplifier with a
pair of 375 kHz resonant frequency roller transducers. Thc
first set of tests used a fixed gap between the test bench and

Applications of AE analysis to process monitoring thus
far have dealt primarily with nondestructive testing and qual158

the sensors. The specimens were then moved through this
gap while readings were recorded. Both sides of the wafers
were measured. The total gain for this series was 60 dB. It
was found that due to the different degrees of decay and
thickness of the specimens the pressure exerted by the roller
sensors upon the specimens varied. This increased the variability of the results.

To overcome the vanatlon in contact pressure, a
second series of tcsts was conducted in which a constant
roller sensor pressure on the specimens was employed instead
of a constant gap. For this series a gain of 90 dB was used.
Figure 1 shows the plot of the average rms voltage of the AU
signal versus the percent weight loss of the specimen. Table
1 shows the correlation coefficient for both a linear regression

Table I. Correlation coefficient of ems voltage vs. percent weight loss
Correlation Coefficients (r)
Linear Regression2
Step-Wise Regression3
Species l

Douglas-ftr

Fungus

Constant
G ap4

Constant
PressureS

Constant
Gap

Constant
Pressure

Poria placenta

-86.0

-86.8

-87.0

-90.4

Gloeophyllum

Poria placenta

Whiteflr

-80.5

-79.7

ttabeum

-64.8

-72.5

-80.8

-62.2

Gloeophyllum

-43.3

-18.6

ttabeum
lOne-half inch (1.3 em) thick specimen

2 Linear regression performed on the average ems voltage readings for each specimen.
Three replications for constant gap test and ftve replications for constant pressure test.

3 Step-wise regression on actual data set.
40ain

=60 dB

5 Gain =90 dB
R

(mV)

(mV)

O-FIR I PORIA PLACENTA

90.0

*
o constant gap

*If

If

If

0

o

*

0

0

!

* constant
*
*
*
*
If

pressure 70.0

50.0
If

0

* WHITE
*I
*
I *
tft *
*
* *
*

FIR I PORIA PLACENTA

o constant gap
constan~ pressure

If

,

*

61

*

*

0

30.0

0

0

0

0

0

B

0
0

10.0

10.0

0
0

3.00

9.00

~

15.0

21.0

0
0
0

0

0

0

0

27.0

3.00

9.00

15.0

:.; WEIGHT LOSS

:.; WEIGHT LOSS

Fig. 1 Rms voltage versus percent weight loss of decayed specimens.
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was electronically pulsed with a PAC (C-lOl) 90 volt pulser.
This created an impact stress wave whose intensity could be
repeated by controlling the height of fall of the hammer. The
total AE counts per impact as wen as the nns voltage of the
signal resulting from the electronically pulsed transducer were
recorded for each position. The results are shown in Fig. 2.
A decrease in both the counts and the rms voltage could be
observed as Ihe knot was approached with the largest decrease
occurring at the knot itself. Anolher trial showed that a 3 cm
diameter encased knot showed a 35% decrease in the signal
level with respect to the level of the surrounding comparable
"sound" wood while an intergrown(2) knot of size on the same
board showed only a 26% decrease in the signal level. The
moisture content of the board was 11.5%.

of the mean rms values versus percent weight loss as well as
a stepwise regression for the entire data seL The constant
force method did improve the correlation between the percent
weight loss and nns voltage. A good correlation for
Douglas-fir was observed with the exception of some scattering for the low percent weight loss specimens. The low r
values for white fir. decayed by GloeophylJum trabeum. were
believed to be due to the loss of some of the higher decayed
blocks due to breakage resulting in the majority of the data
points being in the lower percent weight loss range. This
increased scattering at the lower percent weight loss range
indicates the insensitivity of this method for detecting very
early stages « 3% weight loss) of decay. This insensitivity
may be overcome by increasing the energy of the pulsed signal or changing the frequency of the receiver. Later tests
with the constant roller pressure set-up showed a sensitivity of
the AU signal levels to the orientations of the roller sensors
relative to the plane of the specimen's surface. A test fixture
that would assure that the roller sensors remain perpendicular
to the specimens surface may reduce the variability of the
results.

Another test series placed a transmitter and a receiver
15 cm apart. longitUdinally. on a clear 2.5 cm x 15 cm x 51
cm nominal ponderosa pine board with a moisture content of
12.5%. Each transducer was coupled with AET SC6 couplant
to a cold steel waveguide that was tapered from 2.5 cm down
to a 3.2 mm face which was dry-coupled with neoprene to the
wood. A 3.2 mm hole was drilled in the center of the specimen between the two transducers and then the rms voltage
and count rate were recorded when the transmitting transducer
was pulsed. The hole was Ihen enlarged in 1.5 mm increments
to a 2.88 cm diameter hole and additional readings were taken
at each increment. This was repeated for three different
boards. The results listed in Table 2 showed Ihat the technique was able to detect the 3.2 mm hole but was not able to
distinguish between the hole sizes larger than 1.92 cm. While
a drilled hole cannot accurately simulate a knot hole the test
did show the ability of the technique to detect voids of varying sizes as well as the need to further investigate the effect
of reflection waves.

3.2 Knots and Voids'
The next series of tests verified the sensitivity of the
AU technique to knots and voids in the specimens. In the
first trial a 3 cm x 20 cm x 30 cm nominal thickness ponderosa pine board with a 6 cm encased knot(l) was scanned.
As a roller transducer assembly was not available a 150 kHz
pulsing transducer and a 175 kHz receiving transducer was
used. The gain was 100 dB and a 0.125 to 2 MHz filter was
used. The transducers were dry-coupled to the wood with
neoprene rubber and clamped in place at regular intervals
along the board with constant force springs. In the first part
of this test Ihe pulser unit was not available. so the wood was
impacted with a sliding hammer. In the second part the wood

33 Grain Angle

I Encased knol is defined as a knot whose rings of annual growth are not
intergrown with those of the surrounding wood.
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Next the sensitivity of the AU technique to grain devi·
ation was investigated. The first series of tests consisted of
moving a pair of 375 kHz roller transducers over a 2 cm x

.

..

2 Intetgrown knot is defined as a knot whose rings of annual growth are
completely inlergrown with those of the surrounding wood from: Wood
Handbook: Wood as an engineering malerial, 1974, U.S. Depanmenl of
Agricullure Handbook No. 72.
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Table 2. The effect of hole diameter size on AU levels

00

Rms voltage (volts)

•

Hole Size (em)

--

.0
.32
.48

----~-

--~- =-~~r

.64
.80
.96
1.12
1.28
1.92
2.24
2.56
2.88

1
Fig. 2 Ability of AU to detect knots.
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Board A

Board B

Board C

.54

1.86
1.30
1.07
.86
.72
.59
.55
.51
.33
.31
.31
.31

1.02
.67
.63

.50
.49
.48
.47
.44
.39
.40
.31
.32
.33
.31

.64
nla
.46
.45
.48
.47
.31
.32
.31

Table 3. Correlation coefficient (r) for AU versus grain angle
Correlation
Coefficient (r)

Method
Rms voltage using pulser
Count rate using pulse:'
Rms voltage using sine wave generator
Total counts using slide hammer
I

I

-97.4
-97.6
-96.8
-69.2

Coefficient of
Variation (c.v.) 2
.123
.146
.303
.162

2nd order polynomial least-square regression
= (Standard deviation) + (mean)

2 C.V.

Table 4. Correlation coefficient of rms voltage
versus % moisture content
Species
California black oak
Ponderosa pine
Redwood

Correlation
Coefficient of
coefficient (r)l Variation (c.v.) 2
-92.0
86.5
-70.6

.224
.182

.160

I Second order polynomial least square regression
performed on the mean of three replications each at three
positions for a total of 9 data points for each specimen.
2 C..V. =(Standard deviation) + (Mean).

Fig. 3 Transducer set-up to detect grain angle.

3.4 Moisrure Conrent and Species Effecr
2.9 cm x 46 cm ponderosa pine (Pinus ponderosa. Laus.)
specimen with the grain oriented parallel to the specimens
edge. The transmitter was fixed in position while the receiving transducer was rotated in 100 increments from parallel to
the grain (0°) to perpendicular to the grain direction (90°) (see
Fig. 3). A 90 volt PAC pulser was used with an AET Model
204 receiver. The AET 204 used a 125-250 kHz filter, a gain
of 100 dB and a fixed threshold of 1.00V. The rms voltage
and count rate were recorded for each grain angle. Two alternate methods of pulsing the wood specimen were also investigated. The first method consisted of using a sine wave generator to generate a 10V peak to peak sine wave with a frequency of 110 kHz to excite the transmitter. The AE receiver
employed a gain of 90 dB. The rms voltage was recorded for
this technique. The second alternative method of generating a
pulse in the wood specimen consisted of using a slide hammer. A 150 gram weight would drop 13 cm striking a 1.3 cm
diameter steel ball mounted on the wood surface. A gain of
90 dB and a fixed threshold of O.60V was used. The total
counts per weight drop for each 10° grain angle were
recorded. Five replications per grain angle for each method
was collected. Figure 4 shows the mean results of each of
these methods. Table 3 shows the correlation coefficient (r)
for a second-order polynomial for a least-square regression for
each method. From Table 3 it can be seen that the rms voltage using the 90 V pulser was the best indicator for grain
angle. The results show a strong linear relationship belween
rms voltage and grain angle between 0 and 45° while little or
no relationship is indicated between 45 and 90°. This should
not be detrimental in using this technique for defect detection
since most mechanical properties of wood have decreased by
50% before the 45° mark so the technique is sensitive to the
important range of grain angle (Wood Handbook, 1974).

The effect of moisture content and species was also
investigated. The species used in this study was ponderosa
pine, redwood {Sequoia sempervirens (D. Don) Engle] and
California black oak (Quercus kelloggii). Five specimens, 2
cm x IS cm x 51 cm, of each species were saturated with
water, end-coated and placed in a 12% equilibrium moisture
content conditioning room. At periodic intervals each specimen was weighed and three AU measurements were taken at
three positions along each specimen. The 350 kHz roller
transducers were placed parallel to the grain. A gain of 100
dB and a 125-250 kHz filter was used. After equilibrium was
reached the specimens were oven-dried to a 0% moisture content and additional AU readings taken. Based upon the
oven-dJy weight of the specimen the moisture content for
each weight was determined. The correlation coefficients (r)
for a second-order polynomial regression is found in Table 4.
The plot of the mean moisture content versus rms voltage
readings for each species is shown in Fig. 5. For this series
of tests the two roller sensors were mounted, along with a
third support wheel onto a 3.6 kg "cart". For the oak specimens an additional 2.260 kg was added to achieve rms voltage levels similar to the pine and redwood specimens. The
additional load was removed when testing the pine and redwood since the roller sensors left a visible indentation on the
specimens' surfaces. If the rms voltage values for the ovendry specimens are removed from the statistical analysis since
that percent moisture content is not encountered during processing, the data shows virtually no relationship between rms
voltage values and moisture content. If this proves to be the
case in future studies. it would simplify the AU defect detection technique as no correction for moisture content would be
needed.
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Fig. 4 AU versus grain angle.
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Table 5. Rms voltage level for various transducer/filter combinations
rms voltage for the following filters*

Transducer Resonance Frequency
Transmitter
(kHz)

125-250 kHz

Receiver
(kHz)

125·2000 kHz

250-500 kHz

40
40

175
375

.01
.03

.02

.0
.0

110
110

175
375

.32
1.44

.24
1.16

.06

140
140
140

140
175
375

.11

.47
.14
.08

.09
.03
.0

150
150
150
150
150

175

.16

.11

375
375
375
100-2000

.30

.25
.34
.32
.01

.01
.01
.02
.01
.0

175
175

140
375

375
375
375
100-2000
100-2000

175
375
100-2000
175
375

375 (1)

375

.01

.60
.16

.46

.35
.01

.02

.26
.39

.36
.2
.01
.01
.01

.01

.13
.0
.01
.01

.0
.0

1.02

(1) AET dry copied roller fixture - hand held 15.2 em apart.
Gain of 80 dB
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RMS (VOLTS)

RMS (VOLTS)
PINE

1.13

1.13

.B75

.B75

OAK

0

0
0

0

0

.625

.625
0

.125

0

.375

.375

.125

a + / - 1 ST. DEV.
10.0

30.0

50.0

70.0

90.0

0
0
0

MEAN

o + / - ST. DEV.
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X MOISTURE CONTENT

*
0

0

*

* MEAN

*

0

30.0

50.0

70.0

X MOISTURE CONTENT

Fig. S Rms voltage percent moisture contenL
163

90.0

4. Summary and Conclusions

The last series of tests completed during this feasibility
study determined the optimum transducer frequency and filter
combination to use on wood as well as the variability due to
coupling. In the first part the transmitting and receiving transducers were each mounted on a 2.5 cm to 3.2 mm tapered
waveguide. The waveguides were then dry-coupled, using
neoprene rubber. to a 2 cm x 14 cm x 50 cm specimen of
ponderosa pine. The waveguides were placed 15 cm apart
parallel to the grain of the specimen. A PAC CIOI pulser
was used to generate the pulse and an AET 204 was used to
process the received signal. The rms voltage was recorded
first with the pulser turned off to obtain a measure of the
system's noise and then with the pulser turned on. Table 5
shows the results of this test From the results it would
appear that using a 110 kHz resonant frequency transmitter
and a 375 kHz resonant frequency receiver with a 125-250
kHz filter yields the best signal to noise ratio. The final test
investigated the variability caused by transducer coupling. In
this study, two transducers were dry-coupled to a 3 cm x 15
cm x 51 cm nominal ponderosa pine board and fixed in place
with constant force springs (2.7 kg force). The count rate and
rms voltage were recorded and then the pulser was repeatedly
switched off and then on and another reading taken. This was
repeated 10 times and a coefficient of variation calculated.
Next, the transducers were removed and replaced after each
reading. This was also repeated with the 375 kHz roller sensors using both the pine specimen as well as a 3.2 mm thick
sheet of aluminum. The roller fixture was loaded with a 3.6
kg weight equipped with a third "guide" wheel on it so that
the effective load per roller transducer was approximately 1.2
kg. The "guide" wheel assured precise vertical alignment of
the roller fixtures. The wheels were rotated between readings
and the readings were taken after 10 seconds to take into
account any time dependent relaxation of the o-rings. This
was done to minimize any procedural variability and concen·
trate on the variability caused by the fixture. Table 6 shows
the resulting coefficients of variation for this series. From
this table it can be seen that much of the variability experienced is due to the dry-coupled roller fixture.

The series of feasibility studies discussed here,
although not extensive in either test numbers or replications,
did show that AU is sensitive to many types of defects that
are of interest to the wood industry. Especially good sensitivity to the presence of knots and grain angle was observed.
The test results for AU versus decay indicated that the technique was insensitive to early decay (less than 3% weight
loss). It is believed that by using a greater pulse energy. the
optimum transducer pair and controlling the present coupling
inefficiencies that the sensitivity to early stages of decay could
be improved. The results were also inconclusive in determining the effect of moisture content on the AU signal. Again it
is believed that the results could be improved by applying the
experience gained in this study regarding optimum transducer
pairs and coupling inefficiencies. These tests showed the
importance of further basic research and identified problem
areas that need to be investigated further. These include:

Table 6. Yariability due to transducer coupling·
Coefficient of variation
Count rate nus voltage
Transducers fixed in place
pulser switch on/off (dry coupled)

.030

.010

Transducers removed after each
reading (dry coupled)

.048

.024

Roller transducers on wood

.198

.415

RoUer transducers on metal··

.162

.203

1.

Controlling the force exerted on the transducer - much
of the variation in these tests came from the inability
to control this force.

2.

Coupling materials • this study used only neoprene
rubber of one thickness. Different types and thickness
of coupling materials need to be investigated. The use
of a thin layer of water as a couplant will also be
evaluated. This is because for many applications a
water film would be able to be used and then removed
with a blower without causing any effect on the wood
product. Also a water layer may be the only successful method to couple with rough sawn lumber.

3.

Positioning of transducers - in this study only a same
side positioning configuration was used. Future work
will investigate other positioning configurations such
as direct through transmission or a staggered through
transmission arrangement

4.

Signal processing techniques - in this study only the
count rate and the rms voltage of the signal were
measured. Future work wiD evaluate the use of peakto-peak spacing, amplitude distribution as well as
several pattern recognition techniques.

All the transducers in this project were dry-coupled.
While the dry-coupled roller sensors in this study were used
only at very slow speeds, commercial sensors are available
which are capable of testing materials moving at speeds comparable to the desired feedspeed of 91 mlmin.
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Transmitter 110 kHz: Receiver 375 kHz: Filter 125-250 kHz
.. Gain 90 dB: Threshold 0.5 Y (fixed)
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31st Meeting .of Acoustic Emission Working Group
The next AEWG meeting is set for 21-24 March 1988 at
UnJverslty or CalU'ornla, Los Angeles (UCLA). Meeting
organizers are Prof. Kanji Ono, Room 6532, Boelter Hall, UCLA,
Los Angeles, Califomia 90024-1595; telephone no. (213)
825-5233 and Mr. lloyd Graham, Rockwelllntemational Science
Center (R1SC), 1049 Camino dos Rios, Thousand Oaks, CA 91360.
The meeting is sponsored by the Dept of Mat'ls Science and Engr.,
UCLA and R1SC.
Workshops will be held on the flI'St day (Mon. Mar. 21), to be
devoted on Acoustic Emission Testing and Inslnlmentation and on
AE Signal Processing. Both will be primarily laboratory sessions.
Enrollment for each session will be limited to IS. Modem AE
equipment and mechanical testing facilities will be used to conduct
tensile and fracture tests of metal and composite samples. Methods
for high and low temperature testing will be demonstrated. In the
workshop on Signal Processing, experiments on data acquisition
and analysis will be conducted using high speed digitizers and
several computers. Both ICEPAI{ on IBM/PC and the US software
on a super-minicomputer will be used. Participants will obtain data
from one of experiments and analyze them with pattem recognition
softwares. An informal group discussion on signal characterization is also planned for this day. This is manged by Drs.
Clem Tatro and Robert Young. In order to stimulate critical
exchange of ideas, those wishing to attend this session will be
required to submit a summary of their work relating to signal
characterization (30D-400 words).
The 31st AEWG meeting will follow normal schedule over the
next three days (Tue. -Thu., Mar. 22-24). Presentations on AE
applications will be especially welcomed. The aftemoon of
Wednesday will be kept open for a possible tour of Robotic

Manufacturing Center of Rocketdyne, where AE sensors track
welding beads. This will be followed by a stopover at the Getty
Museum and an Award Banquet in Malibu.
Accommodation On-campus housing (University Guest House,
not in dormitories) will be available starting on Saturday, 19
March so that one can combine pre-meeting relaxation in sunny
California (using inexpensive airfares available with SaL night
stay-over). Room reservations will be taken starting now. The rates
are $63 (per night) for twin (5 available), queen (43 available) and
parlor (5 available), and $86 for suites (2 available). Guests can
have underground parking at the Guest House (30 spaces). Those
bringing a family may wish to stay at hotels or motels nearby. We
can supply a list upon request
Transportation Los Angeles International Airport (LAX) is
about 10 miles from UCLA. It may take more than an hour in the
rush hours, so pick your flight carefully. You can take a cab, or
Super-Shuttle (a door-to-door service @$18 using blue vans).
Hollywood-Burbank Airport can also be used, but is 25 miles away.
There are many rental car agencies on and off the airports.
Sports, Cultural and Entertainment On UCLA campus,
miles of jogging trails, 20 tennis courts and several other sports
facilities can be used. Some of these need advance reservation, so
write to the oJBanizer if you are interested. Beaches are about 5 to
10 miles away. Golfers can fmd many courses, too. LA Lakers are
playing at the Forum (near LAX). Spring skiing can be enjoyed by
driving 1-1/2 10 2 hours. In March, LA Phil has concerts almost
daily (downtown, 12 mil. Several major museums are in the area
(LA Co. Museum, Museum of Contemporary Arts, Getty and N.
Simon Museums, Huntinglon Library). Of course, you can visit
Disneyland, Universal Studio, Spruce Goose and Queen Mary, etc.

31st AEWG Meeting REGISTRATION FORM
NAME:

Mail to

AFFll...1AnON:

Kanji Dno - AEWG 31
Room 6532, Boelter Hall,
UCLA,
Los Angeles, CA 90024-1595

ADDRESS:

PHONE:
I plan to attend the Workshop On Acoustic Emission Testing and Instrumentation
I plan to attend the Workshop On AE Signal Processing
I plan to attend the 31st AEWG Meeting
I wish to give a technical presentation:
Title of Talk:

YES
YES
YES
YES

------------------------------

AurnORS: ----:--~:-:--:7"":~:__-------------------

(Attach single page abstract with this form)
REGISTRAnON FEE: (Enclose a Check payable to AEWG Conference)
AEWG Meeting
$75 (before Feb I, 1988) $85 (after 211188) $20 (full-time student)
Workshop
$100 (before Feb I, 1988) $110 (after 211188)
I need Guest House Reservations for the following nights. (Circle type of room and dates)
Twin Queen Parlor Suite
March 19 (Sat) 20(Sun) 21 (Mon) 22 (Tue) 23 (Wed)
(To hold room, send a check for the entire amount payable to Regents of UC. It will not be cashed until your departure.
Refundable in full if cancelled before Feb. 15. Full refunds will be made thereafter if someone else takes the room.)
166

Development and Application of Acoustic Emission Methods in
the United States· A Status Review
P.H. Hutton
Abstract

"Over the past few years, I have had the opportunity to
review so~ case histories of the well known 'failures'
of the technology. Without exception, the failures are
not of the technology, but are due to a misapplication
of the technique, inadequate instrumentation, and inexperience and unqualified test operators."

Acoustic emission (AE) has been evolving in the
United States since the early 1960's. There is a continuing
tendency to categorize AE as a potentially useful technology
when, in fact. AE techniques are being beneficially used in a
variety of industrial applications. The areas of application
include nuclear power and weapons, fossil power, aircraft,
petro-chemical, and R&D. The purposes of AE application
include detection of leaks, cracking in metals and nonmetals,
electrical discharge, and.flaws in process pressure containers.
These AE applications represent substantial cost savings to the
users. This paper endeavors to present an overview of typical
uses of AE technology in the U.S.. It also highlights some of
the major R&D efforts in progress directed to expanding the
beneficial use of AE technology.

For many years, AE has been labeled as a "potentially
beneficial technology" or "emerging technology" and these
labels still persist I feel that the technology has proceeded
far beyond the state implied by such a label, and I hope to
now present supporting evidence that it is "an applied technology." My definition here for "application" is one where AE is
being used on a repeated basis to achieve a needed function
and/or it is used as a tool to perform a job. Unfortunately,
due to imposed constraints, this is not a complete catalog of
applications but. rather, an overview.

I. Introduction

Products and manufacturers are cited throughout this
paper to emphasize commercialization of AE technology.
This is in no way constitutes an endorsement, expressed or
implied, of the products, manufacturers, or their uses by
Pacific Northwest Laboratory, Battelle Memorial Institute, or
the U.S. Government

Concerted development of acoustic emission (AE) as a
nondestructive testing tool to evaluate the integrity of structures began in the United States in the early 1960's. One of
the earliest applications was made by Aerojet General in
about 1962 to monitor proof testing of filament-wound composite rocket engine castings. Study and development of an
understanding of AE principles was also in progress at locations such as Lawrence Livermore Laboratory, University of
Michigan, Lessels and Associates, and Boeing AircraftSeatde. Development for nuclear application began in earnest
in 1965 with two parallel programs funded by the U.S.
Atomic Energy Commission. One was at Pacific Northwest
Laboratory (pNL) in Richland, Washington and the other at
the National Reactor Test Station, Phillips Petroleum in Idaho
Falls, Idaho. The field of participants in development of AE
expanded rapidly from these beginnings.

2. AE Applications
Although the fundamental theme of this paper pertains
reactor technology, I have taken the liberty of broadening
the view of AE applications in the U.S. I will discuss applications in the categories:
10

•
•
•
•

AE technology suffered initially from over enthusiasm
on the part of the AE community in the U.S. This led to
some disappointing results in application efforts and to a
premature and unsuccessful attempt to incorporate AE in the
ASME Code in 1974. Although this retarded the development support for a period, it had a beneficial side in the sense
that it tended to highlight the parts of the technology that
needed developmental emphasis. Fortunately, it did not lead
to discarding AE as being without substance. Dr. Tim
Fowler, Monsanto Company recently stated,

I have also included applications which, strictly speaking, are acoustic signature but which bear a close generic relationship to AE techniques.

2.1 Nuclear Power Applications
Application of AE methods in the nuclear power
industty in the U.S. has been slow in developing due to the
nature of the industty. It is a very closely regulated industty.
and adoption of a new technology into any facet requires
quite rigorous supporting validation evidence and acceptance
by the governing codes and regulations. Until that state is
achieved, utilities do not receive any "credit" for using AE
monitoring--i.e., relief from some other inspection

Received 4 September 1987. The aulhor is aflilialed with Pacific
NOnhwesl Laboratory. operated by Danelle Memorial Institute. Richland,
WA 99352. This work was presented at Pre·SMIRT Conference on AE,
Stuugan, West Germany. August 12, 1987.
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Nuclear Power Applications
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requirement-·and there is no economic incentive. In spite of
these constraints, there are applications in place.
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As an outgrowth of the Three Mile Island incident.
plants are required to have a direct indication of the operating
position of critical valves in the reactor coolant system. An
acoustic valve-flow monitoring system was developed to fulfill
this need. It is based on experimental evidence such as that
shown in Fig. 1 where there is a distinct difference in the
acoustic signature for the valve operating conditions shown.
The acoustic valve-flow monitor is installed on about 60
nuclear power plants including SI. Lucie and Turkey Point
(Rorida Power and Light); Surry and North Anna (Virginia
Electric and Power); Bellefonte, Brown Ferry, Sequoyah, and
Watts Bar (Tennessee Valley and Power Authority); and
WNP-2 (Washington Public Power Supply System)(AI).
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Fig. 3
Quantification of valve packing gland leaks by
acoustic levels (McEloy, 1982).
cause the valve to malfunction compared to the change in
temperature at the discharge line for the same period. The
acoustic signal level increases about 550% compared to an
increase of 150% in the measured downstream temperature.
Based on these results, 22 main stearn safety relief valves on
Peach Bottom Units 2 and 3 have been equipped with acoustic monitors.

2. / 2 Safety relief vaLve pilot Leakage (A2)
The main steam safety relief valve commonly used in
BWR plants is a two-stage, pilot-operated valve. The pilot
disc seat is vulnerable to deterioration, which can eventually
lead to valve malfunction. This, in turn, leads to a typically
two- to three-day reactor outage.

2.13 Identification of vaLve packing leaks inside the dryweJ/
(A2)

Several surveillance methods were considered. Monitoring the temperature near the discharge line was one which
was discarded due to poor sensitivity. Another was to install
a pressure transducer in the second-stage chamber. Although
this should be a positive method of detecting the leakage. it
was unattractive due to the additional safety analysis and testing of the valve's integrity required as a result of the valve
modification. AE monitoring for leak noise transmitted to the
wall of the pilot stage assembly offered an attractive alternate
approach. Figure 2 shows the change in acoustic signal level
between a condition of no leakage and leakage sufficient to

Another reactor maintenance problem to which AS
monitoring has been beneficially applied at Peach Bottom
reactors is the detection of coolant leakage through valve
packing glands. In one instance, nine outages were caused by
excessive leakage from packing gland valves. AE monitoring
of a specific component such as a valve for leakage is probably the least difficult application of the technology to a reactor system because the sensor can be placed very close to the
expected signal source. Detection of leak rates in the 0.1 gallon per minute (.38 l/min) and lower range can be expected
with the AE method, and detection will be significantly earlier
168

than by the conventional method of measuring sump pump
discharge levels. An empirical correlation between acoustic
signal level and leak rate was developed for this application
as shown in Fig. 3.

detect this condition is to periodically analyze a sample of oil
removed from the transformer for evidence of gas produced
by the discharge. This method is ineffective for early detection of the condition because, generally, only a small amount
of gas is generated by each discharge. The alternate method
is to use AE monitoring at the outer surface of the
transformer case to detect the acoustic signal shown in Fig. 5,
which is produced by a partial discharge. This approach permits early detection of the condition so that maintenance can
be performed before the transducer is seriously damaged. The
technique is being applied to 20 transformers at Peach Bouom
plus other transformers in the Philadelphia Electric Company
system (A2).

2.J.4 Detection of vitrified waste cracking in canisters (AJ)
A recent and unusual application of AE, which relates
to a part of the total nuclear power reactor cycle, is the use of
AE to help correlate cracking in vitrified high-level waste
with cooling procedures. This work, which is being supported
by the West German Government through the U.S. Department of Energy, is devoted to identifying an optimized cooling program for molten vitrified waste to minimize cracking
of the solidified material. AE is the only realistic method for
obtaining a real·time indication of cracking in the glass as the
material cools. Metal waveguides fabricated from 0.062 inch
(1.6 mm) diameter, Type 308 stainless steel wire are used. A
loop waveguide extending down the sides and across the bottom of the canister and a single waveguide extending to the
center of the canister are used in each canister. Piezoelectric
sensing crystals and a 20 dB preamplifier are installed on each
end of the loop waveguide and on the outer end of the
single·ended waveguide. The waveguides extend about 10
feet (3 meters) outside of the canisters to help protect the sen·
sors from the high temperature of the canisters (800 to
lOOO°C). The sensors are encased in 1A inch (6 mm) thick
lead to reduce the intense gamma radiation (> 100,000 Rlhr).
Obviously, the canisters and all testing operations are con·
tained in a hot cell. Figure 4 is a sample of some of the AE
data obtained. The AE sensing system has operated in the
very hostile environment for two months through eight remelt
and cooling tests without any signs of deterioration.

Westinghouse Electric Corporation is applying AE
commercially to partial discharge in transformers. They sell a
portable unit especially for this purpose. The trade name of
the unit is the Westinghouse Electric Corona Acoustic System
(A4). Hartford Steam Boiler Inspection and Insurance Company, under an EPRI license, also markets a portable unit
named Partial Discharge Detector.

-\

88 m secs

2./.5 Monitor for internal discharge in oil·filled transformers
Partial discharge in transformers causes degradation of
the electrical insulation materials and can eventually lead to
failure of the equipment. One method that has been used to

3000,....-----------------,

Fig. 5
Acoustic signal produced by partial discharge - shell
form transformer (McElroy, 1982).
til
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2./.6 Standards and codes

>
w
w

An American Society for Testing and Materials Standard E1139 for continuous monitoring of AE from metal pressure boundaries has been approved and will appear in the
1987 volume of standards.

et

A non-mandatory appendix on the subject of AE monitoring of nuclear reactor pressure boundaries during operation
is in process for the American Society of Mechanical
Engineers Section XI Code.

2000
Time. min
Fig. 4
(A3).

2.2 Other Nuclear Applications

Detection of cracldng in vitrfified waste using AE

Several applications of AE technology in the nuclear
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plants is the failure of steam piping. This results in loss of
plant operating time as a minimum and much more serious is
the potential of injury to plant personnel that has occurred in
some cases. Failure of steam lines usually starts with small
inaudible leaks from sites of initial pipe wall penetration. The
defects often grow relatively rapidly from that point The
leaks will become audible prior to catastrophic failure, but the
time between these two points can be very brief. The plant
operators need early warning of the condition to safe-guard
personnel and to minimize plant damage.

field but not associated with nuclear power reactors have been
identified.
2.2.1 Weapons tests and pressure vessel tests (AS)

AE is being used to monitor weapons tests at Sandia
Laboratories to detennine that the mechanical functions of the
system take place. Operation of relays, solenoids, and valves
as well as gas transfer can be identified by AE. Previously
electrical inputs to initiate the mechanical functions were
measured, but this does not assure that the function was actually performed. AE surveillance is now a routine part of
these tests.

An AE system called the Acoustic Monitor for Piping
Leaks (AMPL) has been developed and is being marketed
jointly by Physical Acoustics Corporation and Babcock and
Wilcox to fill the need for early detection of steam leaks.
The frequency range of 100 to 400 kHz has been selected as
the monitoring range after considering background noise and
signal attenuation. Stand-offs are used to protect the sensor
from the high temperature existing at the pipe surface. Signal
processing is used to obtain data trends and eliminate transient
phenomena not related to leakage. The acoustic data is
transmitted to the plant control room using appropriate
preamplifiers and cables where a signal processor determines
the rms value of the data, and the information is handed off to
a small personal computer for analysis. Figure 6 illustrates
the basic operation concept This is a plot of the rms signal
level for one sensor channel over a 9-hour period. It also
shows the upper threshold of rms level above which an alarm
is triggered and a lower threshold below which an indicator is

Sandia is also using AE routinely as part of acceptance
proof testing of pressure vessels including some 44 inches
(1.1 m) in diameter by 12 inches (30.5 cm) wall thickness by
18 feet (5.5 m) long.

2.22 Pressure vessel proof test (A6)
The High Flux Isotope Reactor (HFIR) located at Oak
Ridge National Laboratory (ORNL) contains four "beam
tubes" that penetrate the reactor vessel wall and continue to
the reactor core. Inherently, these tubes provide a path
whereby fast neutrons from the core can strike a small area of
the reactor vessel around the beam tube nozzles with the
resulting potential for embrittlement of the steel. Since the
HFIR has been in operation for several years, it has been
deemed appropriate to invoke added precautions to insure the
safety of the vessel. One of these precautions consists of an
annual hydrostatic over-pressure test to determine if any crack
growth in the area of concern results. AE has been selected
as a means of surveillance during the hydrostatic test to detect
crack growth that might occur.
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The HFIR vessel is fabricated of A212B steel and is 8
feet (2.4 m) in diameter by 14 feet (4.3 m) high by 3 inch
(7.6 cm) wall thickness. Stainless steel waveguide sensors
will be used to monitor the vessel. These will be about 35
feet (10.7 m) long to reach the area of concern from the
operating deck because the vessel is covered with 20 feet (6.1
m) of water for shielding. It is feasible to use such long
waveguides because the signal attenuation in thc waveguide
is only about 0.45 dB/foot or 1.5 dB/meter. The first tcst of
the vessel will be performed in late summer of 1987.
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Fig. 6. Acoustic monitor for piping leaks - rms signal level
vs. time for one channel (Rovder et al., 1987).

2.3 Fossil Power Plant Applications
10000

Fossil-fueled power plants can generically benefit from
an efficient method of monitoring plant components to help
assure integrity. Power generating utilities have suffered
significant budget constraints in recent years due to a slow
down in the economy and reduced demand for electric power.
They are faced with the need to "hold the line" and maintain
existing plants rather than build new ones. Since a large
number of the fossil-fueled plants are quite old, this presents a
very real challenge.
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2.3.1 Detection of leaks in steam lines (Rovder et ai., 1987)

Fig. 7
Acoustic monitor for piping leaks - rms ~ignallevel
by channel (Rovder et al., 1987).

One of the major concerns in the fossil-fueled power
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on the roof of both of the boiler penthouse sections. Twelve
leaks were detected over about a two-year period; and in aU
cases, they were detected by the AE system ahead of the conventional systems. Figure 8 give a chronology of the AE system response to a primary leak and the induced secondary
failures. The AE system has subsequently been installed on
other Philadelphia Electric Company plants.
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2.4 Other Industrial Uses

2

There are a variety of uses being made of AE in
industry in general outside of the power generation and
nuclear fields. Only a few of these can be cited here; however, the identified benefits are very impressive.
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2.4.1 F-III aircraft cold proof test (Rodgers, 1985; Carlyle,
1987)

Alann occurs on leak detection system.
Leak located in superheater transition
section by leak detection system.
Signal amplitude low and leveling off
(perhaps benign leak)
Primary tube failure crack full open
First secondary tube wash failure
Second secondary tube wash failure
Third secondary tube wash failure
Founh secondary tube wash failure

Early in the history of the F-III fighter/bomber aircraft, structural defects in the critical D6ac steel assemblies
caused some in-flight failures that motivated initiation of a
periodic cold proof test for all F-III aircraft in the fleet. The
philosophy of the test is to drive the critical flaw size down
by lowering the temperature to the point where ground testing
would identify all flaws that could cause in-flight failures. At
least three in-flight failures have been averted by this test. A
crude acoustic monitoring system was used on earlier tests,
which pointed up the benefits of flaw growth identification to
be achieved by incorporating a state-of-the-art AE monitoring
system. As part of an upgrade of the cold proof test facility,
General Dynamics, who is the prime contractor to the U.S.
Air Force on this work, is requiring installation of a computerized AE monitor system to monitor the full aircraft during
proof test.

Plant methods initially confirm leak but
wrongly suspect leak in reheater section.
Leak is severe enought to request release
Unit off

Eddystone occurrence time trend chronology (Lind,

Development and fabrication of the system is currently
in process at Physical Acoustics Corporation. The new F-ill
Cold Proof Test Station Acoustic Emission Monitoring System has several innovative features, including a color CRT
which displays the location of AE events in real-time on
simultaneous overhead and side views of the F-lll (Fig. 9).
The events are colored green, yellow, and red according to
their severity, based on amplitude and energy. A second
screen displays all of the AE parameters of the events using
the same green, yellow, and red colors, including their location in the aircraft coordinate system of fuselage station, water
line, and butt line. Standard SPARTAN graphics are used
concurrently with the color CRT monitor to display severity
information on AE events which only hit one sensor, while
front-end alanns audibly alert the operator to severe events
using two tones to distinguish the degree of severity.

triggered to alert the operator that the signal level is too low
and the sensing system may have developed a problem. Figure 7 shows an example of a plot of rms level by sensing
channel at one instant in time. The system is currently being
used on the Cleveland Electric Illuminating Company's Eastlake No. 5 unit. It detected a leak in a throttle valve located
outside of the monitored area two months before confirmation
via conventional means. The leak rate at the time of
confirmation was 0.1% of the normal steam flow.

2.3.2 Detection of leaks in boiler tubes (Lind, 1986)
Boiler tube failures are a major cause of unplanned
outages at power plants in the U.S. The estimated cost resulting from the failures is in excess of $5 billion per year in
replacement power costs and maintenance costs. Early detection of tube leaks could alleviate a significant part of the
problem by minimizing secondary damage to surrounding
lubes and by facilitating scheduled outages to repair the leaks.

2.4.2 Testing compressed gas trailer tubes (Anon., 1986)
The U.S. Department of Transportation requires that
compressed gas trailer tubes be hydrostatically tested every
five years for recertification. These tubes are typically 34 feet
(10.4 m) long by 22 inches (56 em) in diameter. To accomplish this, the fleet owner must purge all gas from the tubes
and take the trailer unit to one of six hydrotest facilities in the

Philadelphia Electric Company installed an AE leak
detection system on their Eddystone Unit # I high pressure
boiler for evaluation. Twelve sensors on stand-offs were
mounted on the boiler walls, and three sensors were mounted
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F-III CPTS acoustic emission monitoring system display (Carlyle. 1987).

U.S. The unit is partially disassembled to facilitate testing
each tube independently. After testing, the tubes are reassembled on the trailer and returned to service. The entire process
usually takes the trailer out of business for four to six weeks.

-----/~-----

The Linde Division of Union Carbide Corporation has
developed a substitute for the hydrotest that uses AE monitoring. Tubes are tested at the customer's loading facility with
mobile AE instrumentation. Two AE sensors are mounted on
each tube, and the tubes are monitored as they are filled with
normal product. If any AE indications are observed, the
source location on the tube is then examined ultrasonically to
obtain an estimate of the flaw size. The Department of Transportation has given Linde permission to use this test in lieu
of the hydrotest for recertification of their gas tubes. It is
estimated that substitution of the AE test for hydrotesting
saves $120,000 to $195,000 per year in costs to keep Linde's
fleet of Specialty Gas trailers certified.

Zone Monitored
by 2 Sensors
Zone Monitored
by 3 Sensors

Zone Monitored
by 1 Sensor

2.4.3. Proof testing chemical industry tanks and pressure
vessels (Fowler, 1986a,b)

X= AE Sensor

Fig. 10 Sensor layout and zone location on fiber reinforced
plastic tank: (Fowler, 1986b).

Unquestionably, the most extensive application of AE
in the U.S. is in the chemical process industry by Monsanto
Chemical Company for testing the integrity of tanks and pressure vessels. This application has grown out of a nine-year
development program, which initially focused on fiber reinforced plastic (FRP) structures and subsequently expanded to
metal vessels. The method developed uses permanently
installed AE sensors on tanks and vessels; however, the monitoring is done largely during the filling of the vessels with
process material and/or during a hydrotest of the vessel. In

some special cases, the vessel may be monitored continuously
during operation also. One of the interesting departures from
classical AE methods is the use of a zone location method
that operates on the detection range of a single sensor. As
illustrated in Fig. 10, several sensors may be utilized but each
on an individual basis.
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about $20 million in reduced unscheduled down time. reduced
equipment failure, reduced need for internal inspection of
tanks and vessels, etc. The testing procedure is licensed commercially under the trademark of MONPAC and marketed by
Physical Acoustics Corporation.
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3. AE Research and Development Programs
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This section will briefly consider major R&D programs
in progress in the U.S. to apply AE technology. As in the
case of the previous section on applications. this will be an
overview; there may be some programs I am not aware of and
there are others which cannot be discussed for security reasons.
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3.1 Nuclear Power Plants
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The two major R&D programs to develop application
of AE to nuclear power plants are nearing completion. These
programs have been sponsored by the U.S. Nuclear Regulatory Commission over the past ten years.

Year

Fig. 11 AE testing of metal vessels over period 1978 - 1986
(Fowler. 1986b).

5..------------------...

3.1.1 Application of AE to continuous monitoring of reactor
pressure boU1liUlries to detect cracking (Hutton et aI., 1987)

This is a three-phase program funded by NRC at Battelle. Pacific Northwest Laboratory to use AE to monitor reactor pressure boundaries continuously during operation to
detect crack growth. The program started in 1976 with an
initial phase to develop AElcrack growth relationships. which
was followed by a second phase to test and improve the technology through monitoring an intermediate scale vessel test.
Some of the technological accomplishments that are important
to the program are:

72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

I.

An AElcrack growth relationship for data interpretation
- Fig. 13.

2.

An effective waveguide AE sensor for hightemperature monitoring - Fig. 14.

Year

Fig. 12 FRP tank failures over period 1972 - 1986 (Fowler.
1986b).
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Although the initial use concentrated on qualification
testing of new vessels, testing of in-service vessels has
become the predominant use by a substantial margin. This is
illustrated by Fig. 11. which concerns metal vessels, but the
trend for FRP vessels is similar. Figure 12 shows some rather
dramatic results which are attributable to initiation of AE
monitoring in several aspects. The less than desirable performance in the years prior to 1979 is attributed to a combination of problems in design. fabrication. transportation damage,
in-service abuse, and corrosion attack, but these were all
aggravated by the lack of a suitable inspection method. Thus,
the initiation of AE testing in 1979-80 had a direct benefit of
detecting flaws before they resulted in failures and also a
secondary benefit of providing information to support
improvements in design and fabrication. It is estimated that
over a seven-year period, the use of AE inspection has saved
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Fig. 13 AE rate - crack growth rate relastionship (Hutton and
Kunz, 1986).
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Fig. 14

Waveguide AE sensor installed at Watts Bar I reactor (Hutton and Kunz. 1986).

75
Waveform: 12·10092

•

Technology to perform continuous on-tine monitoring has
been developed.

•

An American Society for Testing and Materials Standard
(EI139) for continuous AE monitoring has been approved.

•

Development of a non-mandatory appendix for the American Society of Mechanical Engineers Section Xl Code
covering continuous AE monitoring of reactor pressure
boundaries is in process.

•

Reactor validation of the technology remains to be accomplished.
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3.1.2 Detection and characterization of reactor leaks using
AE (Kupperman, 1987)

Fig. 15 AE Signal identification by three-pulse waveguide
sensor response (Hutton et at. 1986).
3.

A companion program to develop advanced leak detection methods is in progress at Argonne National Laboratory
under NRC sponsorship. Detection of leaks in highpressurelhigh-temperature systems using AE has been established for some time, but location and characterization is
rather tenuous. The objective of this program is not only to
detect leaks in the reactor pressure boundary. but also locate
and quantify Lhe leaks. Detection and characterization of
leaks as low as 0.01 gallon per min. (38 ml/min.) has been
demonstrated. Since the background noise level can vary by

A method for identification of AE signals from crack
growth (Hutton and Kurtz, 1986) - Fig. 15.

The program is now in the third phase, which is concerned
with technology validation on reactor and development of
appropriate standards and codes.
Current status of the program is:
174

lines to detect formation and/or growth of cracks. AE
methods are being developed for this purpose by Babcock and
Wilcox under the auspices of the program. They are currently
in the process of field testing a monitor system on steam
lines.

Acoustic Background Nose: 4 JlV (Low)

3.3 Other Industrial Uses
Surveillance of steel bridge structures to assess their
integrity has been an area of interest and need for several
years. This interest is intensified on each occasion of a bridge
failure; the latest of which occurred this year in New York.
Much reliance has been placed on visual inspection for many
years to detect flaws before they become critical. Battelle.
Pacific Northwest Laboratory demonstrated the feasibility of
applying AE to continuous monitoring of bridge structures in
a program funded by the Federal Highway Administration
covering the period 1972 to 1978. In 1986. the Federal Highway Administration awarded a two-year contract to the
GARD Division of Chamberlain National to develop an AE
monitoring system for bridges.

20 JlV (Medium)

4. Summary
Although the applications cited in this discussion are
not all inclusive. I believe that they illustrate several positive
aspects of the current AE technology in the U.S.

40 JlV (High)

I. Use of AE monitoring of pressure systems can enhance
system safety by early detection of flaws.
2. Application of AE surveillance to structures both as an
acceptance test tool and as an in-service inspection tool
can represent substantial cost savings.
20

Fig. 16 Detection of leaks by AE - Detectable leak rate vs.
background noise. (Kupperman. 1987)

3. AE is assuming a realistic position in the NDT field. It is
not an omnipotent technique which will replace all other
NDT methods nor is it an impractical laboratory novelty-it is an established technology that plays a unique role in
the NDT field and it complements the other methods.
I expect the use of AE monitoring in the nuclear
power industry in the U.S. to expand substantially over the
next five years.

as much as a factor of ten throughout the pressure system. the
leak detection resolution can likewise vary. Figure 16 shows
the range of capability expected based on reactor background
noise measurements. A cross-correlation technique has been
developed to provide accurate source location. The analytical
techniques are designed to function with data provided by the
AE crack monitor system developed under the crack-detection
program described above. Reactor validation of the advanced
acoustic leak detection system is yet to be completed.
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Acoustic Emission Produced by Deformation of Metals and
Alloys - A Review:

Part I
C. R. Heiple and S.H. Carpenter
has written, from more general expressions by others, analytic
expressions for the dynamic elastic Green's tensor for a halfspace at the epicenter location (the surface point intersected
by a normal to the surface passing through the source). The
Green's tensor in this application relates the displacement at
any point in the elastic body to a point force acting at the
source location.

Abstract
Acoustic emission is frequently produced during deformation of metals and alloys. Numerous mechanisms can be
responsible for the acoustic emission activity. This repon is a
comprehensive review of the literature concerning acoustic
emission produced during deformation by dislocation motion,
deformation twinning, as well as inclusion fracture and
decohesion.

Using this Green's function, Scruby et al. (l98ld) calculated the peak amplitude of the surface displacement from
the first (longitudinal) wave arrival at the epicenter caused by
growth of a dislocation loop in an isotropic material. The
loop was assumed to lie a depth D below the surface at 45° to
the surface normal and to grow at constant velocity v from
zero radius to the final radius r. The peak displacement
amplitude U is then calculated to be:

1. Introduction
Acoustic emIsSIon is most commonly detected in
metals during deformation caused by an applied stress. However, processes not connected with loading, such as thermally
driven martensitic phase transformations and cenain corrosion
reactions, can also be major sources of acoustic emission.
Acoustic emission produced by slip (dislocation motion).
twinning, and the decohesion or fracture of inclusions and
precipitates are described in this review. The production of
acoustic emission by dislocation motion was reviewed by Carpenter and Heiple (1919) and Heiple and Carpenter (1983).
The material in this review related to slip is revised and
updated from those reviews.

U = brvCllOCl

where b is the Burgers vector, C I is the longitudinal wave
speed, and C2 is the shear wave speed. For n multiple loops
expanding cooperatively to the Same final radius. the peak displacement amplitude is given by:
UII

=nbrvCllOCl

(2)

The calculated displacement varies as sin 28, where 8 is the
angle between the plane of the dislocation loop and the surface normal and is therefore a maximum at 45°. The displacement is less away from the epicenter (Scruby et aI.,
1983a). Thus, the displacements in equations I and 2 are the
largest possible for a given source.

2. Acoustic Emission from Dislocation Molion
2.1 Models for Acousric Emission from Dislocation Sources

Several potential mechanisms exist whereby the
motion of a dislocation can create elastic waves, including
relaxation of the elastic stress field in the lattice caused by
passage of a dislocation, radiation from acceleration of a
dislocation, and annihilation of a dislocation. Stress field
relaxation appears to be the most imponant effect.

Several features of these expressions should be noted.
First, the magnitude of the surface displacement is directly
proponional to how far the dislocations move (the final loop
radius) and their velocity of motion. The amplitude is also
material-dependent through the shear and longitudinal wave
velocities. Using typical values for aluminum (C I '" 6400
m1sec., C 2 '" 3200 m1sec., b :: 2.9 x to-lO m), if the dislocation velocity is 200 m1sec. and the source is 4 cm from the
epicenter, the calculated peak displacement for one dislocation
loop expanding to the radius of a single crystal specimen (4
mm diameter) is I x 10-13 m. This displacement is probably
detectable by piezoelectric transducers. If, however, the same
source were in a polycrystal with a 40 ..,m grain size, then the
maximum loop radius would be 20 JU1l and the calculated displacement would be 1 x HIlS m, which is probably not
detectable. Simmons and Clough (1981) also calculated the
surface displacement from a dislocation loop expanding at
constant radial velocity using a Green's tensor approach.
Equation 1 can be derived (Wadley, 1982) from their result,
except for a factor of two. This discrepancy arises because

2. I .1 Surface displacement from a moving dislocation
One approach to calculating the expected magnitude of
surface displacement from dislocation motion within a
material is to treat the stress field of a dislocation loop as a
sum of force dipoles buried in the material. Sinclair (1979)
Received 8 July 1987. The authors are affiliated with Rockwell International, North American Space Operations, Rocky Flats Plant, P.O. Box
464. Golden. CO 80402-Q464. The permanent address of S.H. C3!pelller
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First, equation 1 predicts that in commercial materials
where the glide distance of a dislocation is unlikely to exceed
20 to 50 Ilm, the motion of a single dislocation is unlikely to
produce detectable elastic waves, since currentll available
transducers can detect displacements of order 10-1 m (Scruby
et al., 1981b; Scruby et al., 1981c). This conclusion is in
accord with substantial experimental evidence indicating that
less than 1% of the dislocation motion produced by deforming
polycrystalline metals creates elastic waves large enough to be
detected as acoustic emission.

Simmons and Oough consider displacement in an infinite
space and equation I is for displacement at the surface of a
half space.
The mathematics in calculations of surface displacements from dislocation motion and other acoustic emission
sources is formidable, but the complexity should not obscure
the fact that important approximations are involved nor that
the detailed mechanism(s) by which moving dislocations
create elastic waves are imperfectly understood. For example,
the derivation of equation I assumes that the source is a point
and that all components of the source act in phase. Ohtsu and
Ono (1984) calculated the surface displacement expected from
a moving crack. (The calculation of surface displacements
from propagation of a buried crack is similar to that from a
moving dislocation in the point source approximation [Scruby
et al. t 983a].) Ohtsu and Ono's calculated surface displacements from a moving crack are in better agreement with
measured surface displacements from a propagating crack
(Wadley and Scruby, 1983) than those calculated using the
point source approximation. The effect of considering the
source as moving is to broaden the surface displacement in
time and reduce its amplitude. It has also been proposed that
elastic waves detected as acoustic emission from dislocation
motion do not originate from elastic stress relaxation caused
by dislocation glide as assumed in the derivation of equation
I, but arise from energy radiated by accelerating dislocations
(Kuribayashi and Kishi, 1978; Kiesewetter and Schiller,
1976). Energy radiated by an accelerating dislocation is
analogous to Bremsstrahlung radiation from acceleration of a
charged particle. This model was used by Kuribayashi and
Kishi (1978) to explain a reduction in height of the acoustic
emission rms peak near yield in aluminum single crystals with
increasing magnesium content (see Section 2.2.3).

For example, the plastic strain rate
Ep

4 is given by:

=ApmbV

(3)

where A is a geometric constant. b is the Burgers vector, Pm
is the density of moving dislocations, and V is their average
velocity. During a typical constant crosshead velocity tensile
or compression test the plastic strain rate at large strains
exceeds the plastic strain rate near the onset of plastic flow;
therefore, the amount of dislocation motion increases beyond
yield. However, acoustic emission (in the absence of other
sources such as precipitate fracture, strain-induced phase
transformations, cracking, and twinning) generally drops to
low values (or zero) at large strains. If the motion of all
dislocations were being detected, an increase in acoustic emission from the onset of plastic flow to at least the ultimate tensile strength would be expected. Gillis and Hamstad (1974),
analyzing data generated by Fisher and Lally (1967),
estimated the fraction of dislocation motion producing acoustic emission to be approximately I %. Using a simple energy
calibration scheme, one of the authors (Heiple, 1976)
estimated the maximum ratio of energy released by the events
responsible for acoustic emission to the total energy dissipated
in plastic flow of beryllium to be approximately 0.7%. This
is in essential agreement with Gillis and Hamstad (1974).
Even this modest fraction was achieved only in an 0.4% strain
range near the initial yield point load drop in a particularly
noisy sample of beryllium.

On a different basis, Hsu and Dna (1982) derived an
expression for the rms voltage produced by the motion of
numerous dislocations without spacial or time correlation
within a sample. In this derivation, the only contributions to
the rms voltage occur when the dislocations are undergoing
acceleration or deceleration. It would appear that the experimental results of Kuribayashi and Kishi (1978) and Hsu and
Dna (1982) can also be interpreted in terms of equation I;
that is, in terms of average glide distance and velocity rather
than acceleration. We are not aware of any experimental evidence that allows acoustic emission from the glide of dislocations to be separated from acoustic emission due to acceleration of dislocations. Other possible dislocation-related sources
of acoustic emission are discussed in Section 2.1.6.

Therefore, with the possible exceptions of single crystals or large-grained pure samples under favorable circumstances, elastic waves detectable as acoustic emission can
be produced from dislocation motion only if many dislocations move nearly simultaneously within a small volume of
material. Furthermore, the packet of dislocations must move
far enough and fast enough, or its motion will remain
undetected. Since these conditions are not often simultaneously satisfied, only a small fraction of the dislocation motion
associated with plastic flow produces acoustic emission.

2.1.2 Detectability of dislocation motion by acoustic emission

2.1.2.2 Coordinated motion of many dislocations

2.1.2. \ Motion of a single dislocation

Since the motion of a single dislocation is unlikely to
produce detectable acoustic emission, it appears that acoustic
emission from dislocation motion occurs only when there is
nearly simultaneous motion of many dislocations within a
small volume of the deforming material. James and Carpenter
( 1971) proposed a mechanism whereby simultaneous motion
of many dislocations within a small volume of material could
occur. 11 is well known that dislocations can be pinned by a
variety of mechanisms. James and Carpenter proposed that as
stress increases on a set of pinned dislocations, one or a small

As indicated in the preceding section, there are important approximations involved in the derivation of equations I
and 2, and the mechanism by which moving dislocations
create acoustic emission has not been conclusively determined. Nevertheless, several important predictions, which are
in qualitative agreement with a great deal of experimental evidence, can be made from these calculations.
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number of the dislocations break away from their pins. The
small stress wave produced by the breakaway can cause
unpinning of additional nearby dislocations and cause an
avalanche of dislocation motion within a small volume of
material during a short time interval. In their experiments
with LiF, James and Carpenter estimated the total length of
dislocation line involved in an average burst to be == 20 m.

The grain size at which the predicted maximum in
detected emission occurs decreases with higher measurement
frequencies. Kuribayashi and Kishi (1980) present rms measurements on acoustic emission from 99.9% pure aluminum as
a function of grain size in agreement with the above predictions; however, measurements by other authors yield different
results. Observations on the effect of grain size on acoustic
emission are discussed further in Section 2.2.9. The mechanism for release of stress concentrations proposed in this model
appears reasonable; however, it is unclear how the postulated
grain oscillation can occur. An alternative explanation proposed by Fleischmann et a1. (1977) for certain observed frequency effects is described in Section 2.1.3.

Agarwal et aJ. (1970) proposed a different source
mechanism. They envisioned that as a sample is loaded, a
stress is eventually reached at which Frank-Read or grain
boundary sources are activated. The newly created dislocations move along the slip plane until they are stopped by an
obstacle, such as a grain boundary, precipitate, or other dislocations. The source, once activated, continues to produce
dislocations rapidly until the back stress arising from the
pileup of the new dislocations against the obstacle becomes
large enough to shut off the source. Agarwal et aI. calculated
the axial displacement in the sample from this process and
assumed that this axial displacement is what is detected by the
transducer as acoustic emission. (This assumption is a sub-·
stantial simplification, since it is the elastic waves released by
the dislocation motion that are actually detected.) They also
calculated the minimum displacement detectable by their
piezoelectric transducer to be approximately 7 x IO-IS m.
Assuming a slipped region diameter of 10 Ilm and 13 moving
dislocations, the minimum detectable event for their sample
geometry and 2024 aluminum corresponds to the creation and
motion of approximately 10-2 cm of dislocation line.

Various microstructural, material, and testing variables
affect the probability for the nearly simultaneous motion of a
dislocations group, the distance such a group (once formed)
moves, and the velocity of motion. Certain microscopic metallurgical processes appear to primarily affect the probability of
forming a packet or avalanche of moving dislocations. One
such process is the pinning of dislocations by relatively weak
pins, enabling the dislocations to break away from their pins
as the stress is raised.
The original experiments of James and Carpenter
(1971) in LiF demonstrated that the acoustic emission event
rate was not proportional to the total dislocation density or the
mobile dislocation density, but to the rate of change of the
mobile dislocation density. This implies that a process associated with conversion of immobile to mobile dislocations,
rather than creation of new dislocations, was responsible for
acoustic emission in their samples. As discussed previously,
they proposed an avalanche-type dislocation breakaway from
pins as the acoustic emission source mechanism. There is
considerable evidence consistent with this view, particularly in
circumstances where dislocation breakaway is known to occur
from other experiments. Load drops at yield can result from
the breakaway of dislocations from solute pinning atmospheres. Hence, relatively high levels of acoustic emission
are expected--and are often observed--in metals with a load
drop at yield because the probability of dislocation avalanches
is relatively high. The acoustic emission (Higgins and Carpenter, 1978) from iron (bee, pinning from carbon interstitials)
and 5083 aluminum (Heiple, 1978) (fcc, pinning from substitutional magnesium) is shown in Figs. I and 2. Acoustic
emission behavior such as shown in Fig. 2 for 5083 aluminum
was reported (Baram and Rosen, 1979) for 5086 aluminum,
which is an Al-Mg alloy similar to 5083 aluminum. The load
drop is believed to be from dislocation breakaway in these
materials. It should be noted that the presence of a yield
point load drop does not guarantee a high level of acoustic
emission. Even if many dislocation avalanches are formed,
their glide distance and/or velocity may be too small to generate much acoustic emission. For example, Airoldi (1980)
found little acoustic emission associated with the yield point
in A533B tested at room temperature in the longitudinal direction.

In a series of papers, Kishi and Kuribayashi (1979),
Kuribayashi and Kishi (1980), and Kuribayashi el aI. (1981)
examined the release of the stress concentration caused by the
pileup of dislocations at a grain boundary as a source of
acoustic emission. Initial deformation proceeds inhomogeneously with the most favorably oriented grains yielding first.
Dislocations in these yielding grains pile up at their grain
boundaries, producing a stress concentration in neighboring,
unyielded grains. As the stress increases, either the pileup
breaks through the boundary or grain boundary sources are
activated. A packet of dislocations then moves across the
previously unYielded grain, essentially as envisioned by
Agarwal et al. (1970), releasing lhe stress concentration
caused by the pileup.
Kuribayashi and Kishi (1980) calculated the motion of
the dislocations in the stress field (the applied stress plus the
stress concentration from the pileup) to determine the rime
required for the dislocations to cross the grain. This time
will, of course, depend on the grain size and will decrease
with decreasing grain size. They propose that the passage of
dislocations through the (assumed spherical) yielding grain
sets it into oscillation and then calculate the spectral distribution of the energy released by this oscillation. The calculated
spectral distribution is an oscillatory function of grain size. In
addition, the measurement of acoustic emission is often made
with a resonant transducer on a signal bandpassed for a relatively small frequency band. Their calculations predict thaI
for a given narrow measurement frequency band, the observed
acoustic emission will be a maximum for some grain size
(about 20 j.1m at 140 kHz and 50 to 100 Ilm at 30 kHz for
aluminum), decreasing for larger and smaller grained samples.

Another mechanism was proposed for the onglO of
load drops at yield (i.e., yield points). Hahn (1962) proposed
that the activation of dislocation sources--most likely grain
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Fig. 2 Acoustic emission nns voltage (transducer output not
corrected for noise) and stress vs. strain for 5083-0 aluminum
in tension. The alloy was tested at a nominal crosshead speed
of 0.05 mm/min, producing a strain rate of about 0.0023/min
in the region of initial yielding shown. Total plastic strain in
the portion of the test shown was about 0.006. Sample gage
volume was 0.26 cm3 (Heiple, 1978).
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Fig. I Acoustic emission count rate, time derivative of the
amplitude independent damping, stress, and plastic strain rate
for pure armco iron vs. time in tension. The metal was tested
at a nominal crosshead speed of 0.05 mmlmin, producing a
strain rate of 0.00 lImin beyond the load drop. Sample gage
volume was 0.2 cm3 (Higgins and Carpenter, 1978).
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boundary sources--would produce a yield point under conditions where the stress to generate a dislocation exceeds the
stress necessary to move it. Such a process is likely to fonn
groups of rapidly moving dislocations and thereby contribute
to acoustic emission. It is similar to the mechanism proposed
by Agarwal et aI. (1970). The load drop at yield in beryllium
is believed 10 be from the generation of new dislocations
rather than from breakaway of existing dislocations from pinning points (Floyd, 1974).
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The breakaway and generation processes may be distinguishable experimentally by measuring the internal friction
(damping) as a function of strain near yield. The amplitudeindependent dislocation damping depends on the fourth power
of the average dislocation loop length between pinning points
and linearly on the dislocation density (GranalO and Lucke,
I956a, 1956b). Thus, a breakaway process that considerably
increases the average loop length should cause a significantly
greater increase in damping than from a dislocation generation
process that primarily increases the dislocation density.

Fig. 3 Acoustic emission burst rate, time derivative of amplitude independent damping, and stress vs. time from vacuum
hot-pressed beryllium in tension. Details of the beryllium
composition and processing are given by Heiple and Adams
(1976). The acoustic emission and damping were measured
on different samples. The acoustic emission sample was
tested at a nominal crosshead speed of 0.05 mmlmin, producing a strain rate of about 0.0016lmin beyond yield. Sample
gage volume was 0.38 em3•

The dislocation damping for iron exhibits a substantial

hand, the change in damping at yield in beryllium is small
(Fig. 3). This is consistent with the yield point mechanism in

peak at the yield point, as shown in Fig. l. On the other
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Portevin-LeChatelier deformation is similar in many
respects to Luder's or yield point deformation. and the dislocation motion responsible is likely to be similar. The distinctions (Wijler and van Westrum, 1971) are:

beryllium being the generation of new dislocations. rather
than a breakaway process.
Beryllium also exhibits a second acoustic emission
peak. centered at about I % plastic strain. which has been
attributed to dislocation motion. (Heiple and Adams, 1976).
The increase in damping near the second acoustic emission
peak is much larger than the increase associated with the
acoustic emission peak at yield. which is consistent with the
second peak arising from a dislocation breakaway process
(Heiple and Carpenter. 1979).
The magnitude of the acoustic emission peak associated with the load drop at yield should be sensitive to heat
treatment. temperature. previous mechanical working. concentration of pinning points (solute atoms or precipitates). and
other factors influencing the extent and strength of dislocation locking. The magnitude and existence of yield points are
sensitive to these factors. Several of these effects occurred in
beryllium (Heiple and Adams. 1976). where changes in heat
treatment and purity altered or eliminated the load drop at
yield and produced large changes in the amount of acoustic
emission detected near yield. It should be noted that the
amount of emission is not necessarily correlated with the size
of the load drop at yield because metallurgical factors increasing the likelihood of dislocation avalanches may also change
the avalanche speed or glide distance. Nakasa (1973) and
Nakasa et at (1973) observed a three-times reduction in count
rate for V-600 ppm B at the yield point after neutron irradiation; but the load drop at yield. if anything, increased.

I.

Liider's bands usually propagate only once. but
Portevin-LeChatelier bands propagate repeatedly;

2.

Portevin-LeChatelier bands usually initiate at one end
of the gage section with subsequent bands initiating at
the same end, while Liider's bands do not show preference for starting at the grip; and

3.

the slope of the stress-strain curve during propagation
of a Liider's band is nearly zero. while it can be
significantly greater than zero for Portevin-LeChatalier
band propagation (particularly for Type A behavior Fig. 4).

Acoustic enusslon has been observed with all three
types of serrations in numerous materials (Eisenblalter et al..
1971; Hartman. 1974. 1975; Pascual, 1974; Hatano, 1976;
Holt et al., 1976; Takagaki and Mukherjee. 1979; Hsu et at.
1979; Hsu and Ono. 1980a. 1980b. 1982; Scruby et al..
1981d. 1983b; AiroJdi. 1982; Kato and Tozawa. 1982;
Caceres and Bertorello. 1983; Cousland and Scala. 1983; Rusbridge et al.. 1983; Friesel and Carpenter. 1984b; Roman et
at.. 1985). An example of the acoustic emission associated
with both Type A and Type B serrations is shown in Figs. 4

The serrations in Portevin-LeChatelier yielding are
believed to result, at least in part, from repeated locking and
unlocking of dislocations by solute atoms during deformation.
This mechanism probably increases the number of dislocation
avalanches. The serrations on the stress-strain curve have
been classified according to their shape as Types A. B. and C
(Schwarz and Funk. 1985). Type A serrations are characterized by a small increase in flow stress followed by an abrupt
drop. These serrations are associated with initiation of a
deformation band. usually at one end of the gage section.
Following initiation. the band usually propagates continuously
and produces a smooth stress-strain curve. This behavior is
typical of the initial deformation stages. particularly at relatively low temperature in low stacking fault energy alloys.
such as copper base alloys (Korbel and Dybiec, 1981).
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At higher temperatures or with increasing strain. additional serrations develop between the Type A serrations.
These Type B serrations are characterized by a linear stressstrain curve between successive load drops. The Type B serrations arise either from repeated locking and unlocking of the
deformation band as it travels the length of the specimen or
from the successive formation of narrow new bands ahead of
a locked band. Type B serrations are typical of. and may be
the only ones in. high stacking fault energy alloys such as
aluminum base alloys. Periodic Type C serrations are similar
to Type B serrations except that the stress-strain curve
between successive load drops is not straight. This behavior
is observed in the high temperature portion of the serrated
yielding regime. Sometimes the Type C serrations are
sporadic rather than periodic.
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Fig. 4 Acoustic emission rms voltage (transducer output) and
stress vs. time for 5083-0 aluminum in tension in a portion of
the deformation exhibiting type A Portevin·LeChatelier yielding. The sample was tested at a nominal crosshead speed of
0.025 mmlmin. producing a strain rate of about O.OI21min in
the portion of the test shown. The figure includes plastic
strains from 0.015 to 0.13. Sample gage volume was
0.26 cm3 (Heiple. 1978).
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As indicated above, the conventional view of
Portevin-LeChatelier yielding is that it arises from repeated
locking and unlocking of dislocations from solute atoms. The
original solute dragging model of Cottrell and Jaswon (1949)
has been subsequently modified to attempt to account for the
large discrepancy between measured diffusion rates at low
temperatures and the solute mobility required in the original
model (Cottrell, 1953; McCormick, 1972; van den Beukel,
1975). The more recent view is that solute segregation to
dislocations occurs when the dislocations are momentarily
arrested by some type of obstacle; thus the required diffusion
distances are much shorter than in the original solute dragging
model.
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Fig. 5 Acoustic emission rms voltage (transducer output) and
stress vs. time for solution treated 5083 aluminum in a portion
of the deformation exhibiting type B Portevin-LeChatelier
yielding. The sample was tested at a nominal crosshead
speed of 0.05 mm/min, producing a strain rate of about
0.028/min in the portion of the test shown. The figure
includes plastic strains from 0.065 to 0.072. Sample gage
volume was 0.11 cm3 (Heiple, 1978).

There have also been attempts to explain PortevinLeChatelier yielding on a nondiffusional basis. Korbel et al.
(1976) proposed that Portevin-LeChatelier yielding arises from
the intrinsic nature of collective motion of dislocations. In
common with the diffusion model, this approach yields the
nearly simultaneous motion of many dislocations as the origin
of load drops. Thus, both models predict similar acoustic
emission behavior, and Caceres and Bertorello (1983) interpreted their acoustic emission results from 5052 and 5083
aluminum in terms of the nondiffusional model.

and 5 for 5083 aluminum (Heiple, 1978). Hartman (1974)
correlated the energy released as acoustic emission in deadweight loaded ex-brass at room temperature with the stored
elastic energy between strain increments. Takagaki and
Mukherjee (1979) also investigated acoustic emission during
serrated yielding of ex-brass and concluded that sudden dislocation motion both from unpinning and dislocation multiplication contribute to the acoustic emission.

Precipitation in age-hardening systems is another
phenomenon that can affect the probability of dislocation
avalanche formation, the glide distance of the avalanches, and
possibly their velocity of motion. In their original paper,
Agarwal et al. (1970) proposed that age-hardening precipitates
always decrease acoustic emission from dislocation motion
because the precipitates reduce both the size of Frank-Read
sources and the glide distance of the dislocations. They
observed results consistent with this view in 2024 aluminum,
and results in other alloy systems have also been interpreted
on this basis. However, Heiple et aI. (1981) noted a substantial increase in acoustic emission at the onset of plastic flow
in some age-hardening stainless steels for short aging times,
which produced small, shearable precipitates. They interpreted this result, combined with results from aluminum and
other alloys, to indicate that age-hardening precipitates alter
acoustic emission primarily by affecting the probability of
dislocation avalanche formation. Scruby et al. (1981c, 1983b)
and Rusbridge et aI. (1983) also observed an acoustic emission increase in certain aluminum alloys after particular aging
conditions. They proposed that the increase was associated
with strain localization, promoted by shearable precipitates.
The proposed mechanisms and associated experimental evidence for the effect of precipitates on acoustic emission from
dislocation motion are described in Section 2.2.8 (Heat Treatment).

As with yield point load drops, the presence of serrations on the stress strain curve does not ensure high levels of
acoustic emission, nor is the level of acoustic emission necessarily correlated with serration size. For example, Scruby et
aI. (1983b) observed copious acoustic emission during serrated yielding from solution treated, quenched, and roomtemperature-aged AI-5.5% Zn-2.5% Mg-1.6% Cu alloy.
When 0.16% zirconium was added to the alloy, the amount of
acoustic emission associated with serrated yielding was substantially reduced following the same heat treatment. The
effect of the zirconium is to form small, insoluble precipitates
that pin grain boundaries during solution heat treatment and
reduce grain growth. Presumably, the smaller grain size or
possibly the zirconium precipitates in the zirconiumcontaining alloy reduced the glide distance of the dislocation
avalanches and thereby reduced the acoustic emission. Young
et al. (1986) saw a similar effect in AI-Si alloys. Silicon is
nearly insoluble in aluminum at room temperature, so almost
all the silicon is present as precipitates. With appropriate heat
treatment, the silicon precipitates can be grown larger and
more widely spaced. Serrated yielding was observed for all
precipitate distributions, but the level of acoustic emission
associated with the serrated yielding increased as the precipitates became larger and more widely spaced. Presumably, the
precipitates restricted the glide distance of dislocation
avalanches, so less emission was produced when the precipitates were more closely spaced. In all cases, the silicon particles were much too large and widely spaced to provide
significant strengthening.

It was argued (Frederick, 1972) that dislocation breakaway cannot account for the observed acoustic emission,
since the maximum plastic strain attainable by movement of
an average of one-half grain diameter by dislocations present
in a typical recrystallized sample is approximately 0.15%.
New dislocations must therefore be generated early in the
deformation process. However, as discussed previously, only
a small fraction (less than 1%) of the total dislocation motion
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within a defonning sample contributes to the observed acoustic emission. Thus, there is enough dislocation motion present
in a material not contributing to the acoustic emission to
account for plastic defonnation, yet allowing breakaway of
pinned dislocation groups to be the major acoustic emission
source.

tic emission power measured at a frequency f (in Hz) from
such a source will have a maximum when the following condition is satisfied:
f

=vn.d

(4)

It was observed experimentally that as the measurement frequency increased. the strain at which the maximum acoustic
emission power occurred also increased (Fleischmann et aI.,
1977; Rouby and Fleischmann, 1978; Rouby et aI., 1983;
Fleischmann and Rouby. 1984). The shift was quite substantial; for 99.99% aluminum with a 1 mm grain size, the strain
at which the maximum acoustic emission power was observed
shifted from about I % at a I MHz measuring frequency to
nearly 6% at 7 MHz (Rouby et aI., 1983). If the dislocation
glide velocity is only weakly dependent on strain, then the
condition for maximum acoustic emission power (equation 4)
is satisfied for progressively lower glide distances d as the
measurement frequency is raised. This result is consistent
with generally accepted dislocation behavior with increasing
strain. Deformation creates obstacles, such as forest dislocations and dislocation tangles, which restrict the free glide distance of moving dislocations, so d decreases with increasing
strain. For 99.99% aluminum with a I mm grain size after
1% plastic deformation, the time required for dislocations to
move between obstacles was calculated from observations of
Rouby et aI. (1983) to be about 0.35 microseconds. The
analysis is presented in terms of a single moving dislocation;
however, it is unchanged if a packet of moving dislocations is
considered instead.

2. I.2.3 Quantitative measurements
There has been considerable effort and substantial progress during the last few years in obtaining quantitative
descriptions of source events from measured acoustic emission
signals. This work has been carried out primarily by groups
at the U.S. National Bureau of Standards, ComeU University,
the U.K. Atomic Energy Research Establishment (Harwell),
and U.C.L.A. The development of capacitive transducers and
laser interferometric sensors has made possible very broadband, absolute measurements of surface displacements. Spectacular agreement between calculated and measured surface
displacements was achieved with simulated acoustic emission
sources such as the fracture of a glass capillary or a pencil
lead (Breckenridge et aI., 1975; Hsu et aI., 1977; Michaels et
aI., 1981). Quantitati\'e results were also obtained at Harwell
from real acoustic emission events, using a specially shaped
specimen called a YobeU (Wadley and Scruby, 1979; Wadley
and Scruby, 1981; Scruby et aI., 19813, 198Ic). Work in this
area was reviewed extensively by Lord (1981) and will not be
discussed in detail here.
The broadband transducers capable of making absolute, quantitative measurements of surface displacements are
not, unfortunately, as sensitive as piezoelectric transducers
commonly used for acoustic emission measurements.
Piezoelectric transducers are two orders of magnitude more
sensitive. For this reason, quantitative measurements of surface displacements attributed to dislocation motion for comparison with calculations have been reported only once
(Scruby et aI., 1981c). The acoustic emissions involved were
the highest amplitude bursts generated during deformation of
a high-purity AI-5.55% Zn-2.5% Mg alloy aged 100 hours at
120°C. The time history of the source area was calculated
from the measured surface displacement versus time using the
model leading to equation 2.

2.1.4 Acoustic emission vs. strain
Several attempts have been made to explain the shape
of the functional dependence of acoustic emission on strain.
Several investigators noted that the shape of this curve could
be duplicated (for some materials) by an expression for the
mobile dislocation density Pm as a function of plastic strain
£p, proposed by Gilman (1965) to be:

Pm(Ep)

= ~m(O) + MEp] e~

(5)

where M and, are constants. Unfortunately, this expression
was derived to represent the mobile dislocation density as a
function of strain for a constant stress creep test. In this kind
of test, dislocations activated by application of a constant
stress move and are eventually annihilated or blocked by obstacles, resulting in an asymptotic decrease in the plastic strain
rate toward zero. If the constants M and ~ are adjusted to provide the desired proportionality between the mobile dislocation density and the measured amount of acoustic emission for
a typical constant crosshead velocity tensile test, then equation
5 predicts that the mobile dislocation density falls rapidly
toward zero shortly after yield. The plastic strain rate does
not decrease but instead increases somewhat fo\lowing yield
in a constant crosshead velocity test. Thus, diminishing
numbers of mobile dislocations with increasing strain
predicted from equation 5 would have to move fanher and
farther at higher and higher velocities to maintain the plastic
strain rate. This is at variance with all experimental evidence
on behavior of dislocations with increasing strain following
yield.

Assuming multiple loops growing cooperdtively to the
boundaries of the average size grain (420 11m), more than
10,000 dislocations were calculated to have moved cooperatively to produce the largest acoustic emission bursts. (At
maximum radius, the length of dislocation loop would be
more than 1,300 em.)
2.1.3 Frequency effects
Fleischmann et al. (1977) considered the effect of the
velocity and glide distance of a moving dislocation on the frequency spectrum of the ultrasonic waves produced. The
dislocation is assumed to move at constant velocity v from the
time motion begins until it is stopped by an obstacle after it
has travelled a distance d. Furthermore, the moving dislocation is treated as an ultrasonic source producing a pure step
displacement perpendicular to its plane of motion. The acous-
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Using an approach similar to Malen and Bolin, Ono
(1979) and Hsu and 000 (1980a) derived an expression for
the rms output of a narrow band resonant transducer (V rms)
excited by numerous small signals random in time ("continuous" emission). For moving dislocations as the source, the
resulting expression is:

A qualitative explanation for the dependence of acoustic emission on strain is that, as deformation proceeds, more
and more obstacles to the glide of the dislocation packets are
produced. These obstacles, such as forest dislocations and
dislocation tangles, progressively reduce the distance the
dislocation packets move and thereby, in accord with equation
I, reduce the size of the elastic waves produced until most of
them are undetectable. This process would imply a shift in
the distribution of signal amplitudes toward smaller amplitudes with increasing strain through the acoustic emission
peak at the onset of plastic flow. We are not aware of evidence for such a shift in amplitude distribution; however, it is
difficult to measure the actual signal amplitude distribution for
metals when the acoustic emission is clearly from dislocation
motion because the signal is usually of the continuous type,
where the observed waveform is the superposition of many
small bursts.

V nns

(7)

Tetelman (1972) calculated the energy dEg released by
yielding one cubical grain of side d by moving n dislocations
across the grain with a driving stress, 't. His expression was:
dEg

=n b 't d

2

(8)

The energy release predicted by this expression can be compared to that measured using an approximate energy calibration. The apparent "energy," as determined with acoustic
emission equipment, from the bursting of bubbles formed by
reaction of a drop of dilute hydrofluoric acid with a beryllium
sample was measured (Heiple, 1976). The actual energy
released by the bubble burst was calculated and compared
with the "energy" as measured by the acoustic emission
equipment, thereby giving an approximate calibration for the
"energy" as measured by the acoustic emission equipment.
From this calibration, a typical acoustic emission burst in
beryllium results from an event releasing approximately
5 x 10-3 ergs at a stress level of 200 MN/m2• The dislocation density was on the order of 5 x 108/cm2 and
b 2.3 x 10-8 cm. If all the dislocations within a cube of side
d are presumed to move nearly simultaneously, then a cube 7
JLm on a side is required for an average burst. Such a cube
would contain 0.2 cm of dislocation line at the measured
dislocation density. The average grain size in the beryllium
tested was 19 J!m; thus, the calculated volume of yielding
material is physically plausible.

2.1.5 Other models for acoustic emission from dislocation
motion
In addition to the approach described in the preceding
sections, there have been other calculations of the cbaracteristics of elastic waves generated by dislocation motion. Malen
and Bolin (1974) estimated the stress amplitude of an elastic
wave generated by the sudden homogeneous change in inelastic distortion &:. in a small volume v·. Using a piezoelectric
transducer sensitivity, they calculated the product of &:. and
v· required to produce a 10 J!V signal from the transducer to
be 1O- 16m3• If the distortion is produced by homogeneous
slip within v·, then !J.£·v· is given by:

=bpm!J.Y v·

v (Pml) 'h

where K is a constant, v is the average glide speed of the
moving dislocations between obstacles, Pm is the mobile
dislocation density, and I is the average length of moving
dislocation segments. As does equation 2, this expression
predicts that acoustic emission increases with increased dislocation velocity, increased numbers of moving dislocations,
and increased length of moving dislocations.

Finally, the shift observed and predicted by Fleischmann et at. (1977) in the frequency spectrum of the energy
released as acoustic emission to higher frequencies with
increasing strain also affects the functional dependence of
acoustic emission on strain. Since most measurements are
made over a narrow frequency band, the shift in frequency
with strain means that the fraction of total energy released
that falls within the measuring bandpass cbanges with strain.

&:·v·

=K

=

(6)

where b is the Burgers vector, !J.x is the average distance the
dislocations have moved, and Pm is the density of moving
dislocations. Applying these relations to the formation of slip
bands observed by James and Carpenter (1971) in LiF, Malen
and Bolin calculated that the acoustic emission signals should
have had an amplitude of 3,000 IJ.V rather than the 20 J!V
actually observed. Thus, less than I % of the dislocations
forming the slip band contribute to the acoustic emission. This
result is consistent with other observations. Tandon and
Tangri (1975) observed that in 3S JLm grain size silicon iron
approximately 400 times more slip bands than acoustic emission events were detected for deformation prior to the upper
yield point. Day (1969) even observed torsional strain bursts
in zinc resulting in displacements of 10 nm with no detectable
acoustic emission. These results are consistent with observations reported in Section 2.1.2.1 indicating that no more than
I % of the dislocation motion contributed to acoustic emission.

As indicated in Section 2.1.1, accelerating dislocations
are proposed to emit energy in a way analogous to energy
radiated by an accelerating charged particle. Kiesewetter and
Schiller (1976) proposed that the generation, motion, and
arrest of dislocations from a Frank-Read source could be
treated as a periodic process. They applied the expression
derived by Eshelby (1962) for the energy radiated per second
from a harmonically osciUating screw dislocation directly to
the above process and obtained the result that the energy
release per second, E, should be:

E

DC

v2L I

(9)

where v is the average dislocation velocity, L is the total
length of mobile dislocations, and 1 is the average length of
moving dislocation segments. Since Vrms DC E'h, this expression predicts the same dependence on dislocation velocity,
segment length, and total length of moving dislocation as the
expression of Hsu and 000 (19808) (equation 7). Ookawa
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many times with the transducer at different locations on the
crystal. Dependence of acoustic emission on the angle with
respect to the source was as predicted by their calculations of
the angular dependence of acoustic emission from a dislocalion emerging from the surface.

and Yazu (1963) also calculated the radiation expected from a
dislocation moving on the average at a constant velocity. but
accelerated and decelerated by passing through local strain
fields.

2.1.6 Other possible dislocation acoustic emission sources
Natsik and Chishko (1978) calculated the time dependence of plastic deformation expected from activation of a
Frank-Read source, its free operation, and subsequent shutdown as the emitted dislocations pile up against some obstacle. Masuda (1982) performed a computer simulation of
dislocation motion through a random array of breakable pins,
using the technique of Foreman and Makin (1966. 1967).
Assuming one acoustic emission event for each breakaway.
the simulation predicts a maximum in event rate at the onset
of plastic flow. as observed experimentally. Because of the
assumption of one event for each breakaway, the simulation
also predicts an increase in peak event rate with increasing
pin density, which is not generally observed experimentally.

Dislocation processes other than glide (or acceleration)
may also produce acoustic emission. Natsik and Chishko
(1973) calculated the energy Em produced by annihilation of
twO dislocations. For a pair of screw dislocations

E an -

2

P 8n
b2v I .l
n b

(10)

where p is the density. b is the Burgers vector. v the relative
velocity at annihilation and I is the size of the crystal. Natsik
and Chishko suggest the relative velocity at annihilation is
between 0.1 and 1.0 times the shear wave velocity. The magnitude of the energy released by annihilation can be compared
to the energy release from yielding calculated above. For
beryllium. taking I = 7 x Io-"'cm (the cube side determined
above). b 2.3 x to-8 cm. p = 1.8 glcm3• and v = 4.5 x lOS
cm/sec (half the shear wave velocity), E an is approximately
8 x Woos ergs for each centimeter of annihilated dislocation
line. Thus, about 120 cm of dislocation line must be annihilated to produce a 5 x 10-3 erg energy release. Compared
with the estimated energy release from slip calculated from
the expression of Tetelman (equation 8. Section 2.1.5). the
calculated energy release from annihilation is two to three
orders of magnitude less than that released during dislocation
glide.

2.2 Effects of Experimemal and Material Variables

=

The acoustic emission from dislocation sources is
dependent on several experimental and material parameters
not discussed in detail in the preceding sections. These
parameters include strain rate, test temperature, purity, irradiation, crystal strocture, stacking fault energy. prior thermomechanical treatment, grain size, sample size, and stress
state. The effects of these variables are discussed in the following sections.

2.2.1 Strain rate
Nevertheless. acoustic emission from the annihilation
of dislocations may be detectable under some circumstances.
Boiko et al. (1980) produced elastic twins in calcite crystals
by applying a concentrated load. The opposile twin
boundaries consist of pileups of twinning screw dislocations
of opposite sign. When the load was removed. the twin collapsed with pair-wise annihilation of dislocations of opposite
sign at the center. Acoustic emission was detected during collapse of the twin. Motion pictures of the twin collapse
showed that it took 100 ms, but most acoustic emission
occurred during the last 10 ms, when most annihilation of
pairs of high speed dislocations occurred.

If the mechanism responsible for producing acoustic
emission is not altered by a change in strain rate. the only
effect of a change in strain rate should be a corresponding
change in the acoustic emission event rate. Thus, the burst or
event rate should be proportional to strain rate, as observed
experimentally (Heiple and Adams, 1976; Fisher and Lally,
1967). Again, if the events themselves are not affected by
strain rate. the power in the acoustic emission signal should
be proportional to strain rate, which was also observed experimentally (Hatano. 1975; Scruby et al.• 1981d; Hatano, 1976;
Hatano et al. 1915). Since the energy is proportional to
V~ 6t (Vrms is the root mean square voltage of the acoustic
emission signal over a time interval 6t), then VImS should be
proportional to £1.... where E is the strain rate (Hatano, 1916;
Hatano et al., 1975). This proportionality was observed in a
host of different materials, both single crystals and polycrystals, at various purity levels (Hamstad and Mukhetjee, 1974;
Kiesewetter and Schiller. 1916; Hatano, et al., 1915; Kishi et
al., 1976; Martin, 1919; Imaeda et aI., 1916; Shimizu et aI.,
1916; Sano et al., 1914; Fenici et al.. 1976). The count rate is
not simply related to the energy release rate, so there is no
simple relation between count rate and strain rate. For example, the maximum count rate from 7075 aluminum increased
1,000 times when the strain rate was increased 100 times.

Cortellazzi et al. (1913) calculated the expected value
of the atomic displacement in a crystal from a uniformly moving edge dislocation. Natsik and Burkanov (1972) calculated
some characteristics of the elastic wave generated by an edge
dislocation emerging normal to the surface of a crystal. Subsequently. Natsik and Chishko (1982) calculated the elastic
waves produced by both edge and screw dislocations emerging from the surface of a half-space as a function of the glide
plane orientation with respect to the surface. Boiko and
Krivenko (1981) attempted to measure acoustic emission pn>duced by dislocations emerging from the surface of a crystal.
They created an elastic twin in a calcite crystal by applying
an external load. When the load was removed. the twin
disappeared by emergence from the crystal surface of dislocations forming its boundaries. Acoustic emission was detected
as the twin disappeared. The measurement was repeated

There is a higher level of agreement on the strain rate
dependence of acoustic emission than on virtuaUy any other
experimental parameter. However. two precautionary notes are
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in order because other strain rate dependencies can be
observed. First. for signals near the system noise level, the
proper noise subtraction must be performed or an incorrect
strain rate dependence can be obtained (Hamstad and Mukherjee, 1974). Most importantly, the normal strain rate dependence (Vrms DC £~) requires that the acoustic emission source
mechanism is not affected by strain rate. There are situations
where this requirement is not satisfied. The deformation
mechanism in zinc shifts from slip to twinning as the strain
rale is increased (Mints et al., 1973). which changes the
acoustic emission strain rate dependence. This is probably the
origin of the observations by Kishi and Kuribayashi (1979)
that Vnns was proportioned to t1-S for zinc and cadmium
polycrystals. (They also reported V rms oc t for iron and steel.
The origin of this observation is not clear.)
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In suitably oriented, textured magnesium plate, two
acoustic emission peaks occur at different strains (Friesel and
Carpenter, 1984b). The low strain peak (in the macroscopically elastic region) was attributed to twinning, and the peak
at yield was attributed to dislocation motion. The height of
the dislocation peak has the normal strain rate dependence,
but the height of the twinning peak has no consistent strain
rate dependence. For extruded titanium rod oriented to favor
{1I22} twinning, the acoustic emission associated with deformation twinning decreased with increasing strain rate. [There
was also a corresponding decrease in acoustic emission with
decreasing temperature (Friesel and Carpenter, 1984c). See
Section 3.2.2 for an additional discussion of this result]
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Fig. 6 Height of rms acoustic emission peak near yield as a
function of measuring temperature divided by the melting
temperature, for copper, aluminum, and iron (Hsu and Ono,
19808).
temperature, acoustic emission occurred less regularly. Therefore. as with strain rate effects, care must be taken to separate
activation of different acoustic emission mechanisms at
different temperatures from the temperature dependence of a
specific mechanism.
2.2.2.1 Pure metals

Twinning is not the only acoustic emission mechanism
that can be altered by changing strain rate. The yield point
load drop and its accompanying high level of acoustic emission in 5083 aluminum disappeared as the strain rale was
reduced (Heiple, 1978). Similarly, Portevin-LeChatelier yielding and the acoustic emission usually accompanying it can be
suppressed either by slowing down or increasing the strain
rale sufficiently. Finally, Papirov et aI. (1982) noted that
acoustic emission essentially disappeared during superplastic
deformation of Zn-O.4% AI and Sn-38% Pb alloys. Since
superplastic deformation exists only within a limited range of
strain rates for a given material condition and test temperature, changing the strain rate tG enter or leave the superplastic
slate can produce a drastic change in acoustic emission.

These considerations aside, there are large changes in
acoustic emission (attributed to dislocation motion) with temperature for both unalloyed metals and alloys. Hsu and Ono
(19808) measured the rms acoustic emission from polycrystalline 99.99% AI, 99.99% copper, and 99.4% iron, Fig. 6. For
aluminum, the acoustic emission increased with increasing test
temperature from -6QoC to 25°C, and decreased at higher test
temperatures up the maximum temperature tested, 300°C.
Copper behaved similarly, having the maximum emission at
300°C (test temperature range ·6Q°C to 600°C). Similar
behavior was observed in iron, although the changes with
temperature were smaller than for aluminum and copper. The
maximum acoustic emission occurred at a test temperature of
500°C (test temperature range 27°C to 800°C). PortevinLeChatelier yielding was observed at 400°C. Correction of the
measured values for increased attenuation at high temperatures
did not alter the qualitative nature of the results. Kishi and
Kuribayashi (1979), in contrast. reported an approximate
linear decrease in peak rms near yield for copper from room
temperature to 400°C with similar results for aluminum and
other fcc pure metals.

2.2.2 Test temperature
Test temperature is somewhat analogous to strain rate,
in that changes in deformation mechanisms produced by altering the strain rate can also be produced by changing the test
lemperature. For example, varying the temperature changes
solute atom mobility and can cause the appearance or suppression of serrated yielding or yield points. There have been
several examples of this behavior during acoustic emission
testing (Holt et al., 1976; Hsu and Ono, 19808, 1980b; Hsu et
aI., 1979; Hsu and Ono, 1982). Hartman (1974) also
observed differences between room temperature and 325°C in
the acoustic emission from a-brass deformed with dead-weight
loading. Portevin-LeChatelier yielding occurred at both temperatures. At room temperature, the acoustic emission energy
was released during the yield increments; however, at elevated

Krasovskii et al. (1976) observed a substantial increase
(two to three times) in the acoustic emission event rate at
yield in commercially pure iron (0.050/oC) at liquid nitrogen
temperature (-196°C) compared with room temperature.
James and Carpenter (1984) observed a similar large increase
(more than three times) in the rms acoustic emission peak al
yield in commercially pure (99.95%) molybdenum as the
measurement temperature was reduced from room temperature
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to -55°C. They attributed the increased acoustic emission in
molybdenum to increased strength of solute pinning of dislocations at lower temperatures.

occurred at higher homologous temperatures, and acoustic
emission dropped more sharply at higher test temperatures
than in the first group of alloys. The maxima were at the following temperatures: Cu-30% Zo, 500°C; Cu-40% Zo, 500°C;
Cu-7.5% AI, -450°C; Ni-22% Fe, 800°C. Substantial
Portevin-LeChatelier yielding was observed, but at test temperatures below that of the maximum acoustic emission at
yield. A strong second peak was also observed, centered at
strains between 5 and 15%, for a limited range of test temperatures, which were also below the test temperature for the
maximum in the first peak.

Hsu and Ono (1982) studied acoustic emission from
commercially pure (99.6%) nickel as a function of deformation temperature (from room temperature to 600°C). For samples slowly cooled from the 800°C annealing temperature, the
height of the rms maximum near yield increased with testing
temperature to about 375°C (- 0.38 times the absolute melting
temperature) and decreased at higher temperatures. The
behavior was similar to that observed earlier (Hsu and Ono,
1980a) in aluminum and copper, but the level of emission was
about 10 times higher. The relatively high acoustic emission
was associated with unpinning from carbon solute atmospheres.

Hsu and Ono (l980b) attribute the acoustic emission
behavior in the first group of alloys to the same mechanisms
as in pure metals, with an additional contribution caused by
breakaway from solute atmospheres. They attribute the higher
emission and stronger temperature dependence in the second
group of alloys to breakaway of dislocations from pinning by
short range order with an additional significant contribution
from breakaway from solute atmospheres.

Hsu and Ono (1980a) propose that the temperature
dependence in unalloyed metals arises from two competing
factors. The viscous drag on moving dislocations increases
with increasing temperature, leading to a decrease in dislocation velocity and lower acoustic emission (equation 1). As
the temperature is raised, Hsu and Ono propose that the internal stress distribution also changes to a larger period, which
increases the dislocation glide distance and thereby increases
acoustic emission. The evidence for this proposed change is
the increase in dislocation cell size with deformation at higher
temperatures, although cell formation does not occur until
strains well beyond the maximum in acoustic emission.
Another possibility is that additional sources are available at
higher temperatures from thermal activation.

Hsu et a1. (1979) also measured the acoustic emission
from 304L stainless steel between room temperature and
675°C. The peak rms acoustic emission level near yield
increased substantially throughout the temperature range
measured with the peak height at 675°C being about 20 times
higher than at room temperature. Serrated yielding was
observed above 400°C. The authors postulated that a change
in slip mode from planar to non-planar with increasing temperature (because of increased stacking fault energy) was
responsible for the increased emission near yield. The argument is similar to that advanced above for pure metals; nonplanar glide leads to the formation of dislocation cell structures enclosing relatively dislocation-free zones. The dislocation packet glide distance in these dislocation-free zones is
larger than in structures where cells are not formed during
deformation, which leads to increased acoustic emission. See
Section 2.2.6 for a further discussion of this model. Kishi
and Kuribayashi (1979) also report a steady height increase of
the rms peak at yield in 304 stainless steel from room temperature to above 500°C with similar behavior in a-brass.

cifcl

In addition, the
term in equation 1 increases
with increasing temperature because the velocities decrease
with increasing temperature. This is, however, a fairly small
effect. For 1100 aluminum, the increase from this term is
about 5% per 100°C near room temperature, using the data
from Naimon et al. (1975). (These data are for temperatures
below room temperature, but the elastic moduli decrease
linearly with temperature above 150 K.) Finally, temperature
also affects the yield stress and the shape of the load-time
curve; both influence the acoustic emission (see also the
effects of grain size, Section 2.2.9).

Kishi and Kuribayashi (1979) reported a strong maximum in the height of the acoustic emission peak near yield
for mild steel at about 300°C. Okajima and Ono (1980) also
report a substantial increase in the portion of the acoustic
emission attributed to dislocation motion in AS33B steel from
-150°C to 150°C, which is consistent with the above result for
mild steel. Airoldi (1980) reported a modest increase in the
rms peak at yield in tension in AS33B steel (longitudinal
direction) with increasing temperature from 24°C to 200°C,
and then a substantial increase at 288°C (about 5 times more
than at 200°C). The same trends were seen in thickness
direction samples, but the levels were higher. Airoldi also
performed similar tests on AS08 steel from 24 to 288°C. For
this steel, the maximum rms peak height at yield occurred at
200°C. Finally, Kishi and Kuribayashi (1979) report a precipitous drop in the rms acoustic emission peak near yield in
5056 aluminum (an AI-5.2% Mg alloy) with increasing temperature from room temperature to 500°C.

2.2.2.2 Alloys
Hsu and Ono (l980b) also measured acoustic emission
as a function of temperature for a number of alloys. For Cu10% Ni, Cu-30% Ni, Cu-lO% Zo, and Cu-15% Zo alloys, the
temperature dependence of the rms peak at yield was similar
to pure copper. The maxima were at the following temperatures: Cu-lO% Ni, 375°C; Cu-30% Ni, 500°C; Cu-lO% Zo,
-325°C; Cu-15% Zn, -400°C. The height of the peak
increased with increasing alloy content. Portevin-LeChatelier
yielding was observed in these alloys at temperatures near that
of maximum acoustic emission, but serrations were not
observed until strains well beyond the location of the acoustic
emission peak near yield. In a second group of alloys (Cu30% Zn, Cu-40% Zn, Cu-7.5% AI, Ni-22% Fe), the acoustic
emission versus test temperature also exhibited a maximum.
However, the increase in acoustic emission with temperature
and the maximum attained were higher, the maximum
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Rouby et al. (1983) measured the acoustic emission
from Al-o.06% Mg and AI-1.0% Mg alloys. They found that
the maximum in acoustic emission shifted toward lower
strains and was smaller at 106°C compared with 23°C in Al1.0% Mg at a measurement frequency of 3.25 MHz. As discussed in Section 2.1.3, the strain at which the maximum is
observed is a function of measurement frequency. There is a
strong temperature dependence of the relation between the
strain at which the maximum is observed and the frequency of
measurement, that is:

gle crystal copper alloyed with either germanium or nickel.
For germanium additions, the V~ maximum was reduced to
about one-forth the pure copper value by 0.1 % Ge, and acoustic emission was essentially absent in the 1% Ge alloy. Nickel
had a similar effect. Germanium additions also increased the
strain at which the transition to Stage II occurred, and the rms
maximum moved to higher strains so that it still occurred at
the Stage I - Stage II transition.
If the material or experimental conditions are such that
solute locking of the dislocations occurs, then addition of
solute can cause very large increases in acoustic emission
compared with that from the pure base metal. Scruby et al.
(l98ld) observed a large increase in acoustic emission from
AI-l.3% Mg samples with a grain size near 80 J.U1l compared
with 99.999% aluminum of similar grain size. A yield plateau and Portevin-LeChatelier yielding were observed for the
AI-Mg alloy samples in this grain size range. Acoustic emission levels much higher than in pure aluminum were also
reported (Heiple, 1978) in 5083 aluminum (4.5% Mg) under
conditions where a yield point and serrated yielding are
observed. Similar results were reported (Baram and Rosen,
1979) for 5086 aluminum (3.5% ,Mg) and 5052 aluminum
(2.5% Mg) (Kato and Tozawa, 1982).

(11)
where Em is the strain at which the acoustic emission is a
maximum for a measurement frequency f, k is Boltzmann's
constant, T is the test temperature, U is an activation energy
(0.13 eV for AI-1.0% Mg alloy) and k 1 is a constant. Thus,
the dependence of Em on measurement frequency becomes
much weaker at higher temperatures, at least in the temperature range -32°C to 106°C. The dependence of Em on measurement frequency is lower for the AI-0.06% Mg alloy than
the Al-l% Mg alloy, with the behavior of the low magnesium
alloy essentially the same as 99.99% aluminum. In accordance with the analysis presented in Section 2.1.3, the observations imply that the glide distance decreases more slowly
with strain at higher temperatures and lower solute concentrations.

Because of the extreme sensitivity of deformation properties of bcc metals to small concentrations of interstitial
impurities, one would also expect acoustic emission to be sensitive to interstitial impurities. Higgins and Carpenter (1978)
showed that, under conditions appropriate for pinning of the
dislocation line by interstitial impurity atoms, the acoustic
emission activity increased with increasing interstitial concentration.

2.2.3 Effect of solid solution impurities and alloying additions
Provided that solute locking of dislocations (which
leads to a yield point and/or serrated yielding) does not occur,
it appears that the addition of solute reduces the acoustic
emission observed near the onset of plastic flow. Kuribayashi
and Kishi (1978) noted a reduction in height of the rms peak
near yield in AI-Mg sin&le crystals such that the peak height
was proportional to C-' , where C was the magnesium concentration (0-3 at.%). They reported similar behavior for CuAl and AI-Si systems.

2.2.4 Irradiation
Irradiation produces defects that may act as breakable
pins and increase the probability for dislocation breakaway
avalanches (increasing acoustic emission), but the defects may
also reduce the avalanche glide distance and/or velocity
(reducing acoustic emission). Which effects predominate will
probably depend on the material and possibly the dose. Experimentally, there is a divergent response in the effect of prior
irradiation on the acoustic emission from different materials.

Scruby et al. (l981d) also observed substantially less
acoustic emission from large-grained (2.9 mm) AI-1.3% Mg
samples than from to 99.999% aluminum of comparable grain
size. Kiesewetter and Schiller (1976) report a substantially
lower acoustic emission peak at yield for 99.5% aluminum
polycrystals than 99.99% aluminum polycrystals; however, the
grain sizes were also different (200 J.U1l for the pure aluminum
versus SO J.U1l for the less pure material). The authors also
noted that acoustic emission from 99.9995% aluminum was
greater than from 1100 aluminum; however, the grain size in
the two materials was also different. Hatano (1977) reported
a drastic decrease in acoustic emission from Cu-AI single
crystals with increasing aluminum content (0-1.15 wt. %). For
the AI-Zn system, Kuribayashi and Kishi (1978) report that
the c-'h dependence of acoustic emission on solute concentration was not observed, in contrast with the AI-Mg, Cu-Al, and
AI-Si systems. The difference was proposed to arise from a
lower attraction of zinc atoms to dislocations compared with
the other solute atoms.

The burst rate from LiF was found to increase somewhat after x-ray irradiation (James and Carpenter. 1971). The
amplitude of the bursts was about 10 times larger after irradiation. Internal friction measurements proved conclusively that
dislocations were effectively pinned by the defects produced
by x-ray irradiation.
Tests in A302 Grade B reactor vessel steel exposed to
2 x 1018 neutronlcm2 (energy> 1 MeV) at 290°C showed an
increase in the total counts through yield of about four times
compared with unirradiated material (Green and Dunegan,
1972). A ten-fold increase in total counts through yield was
reported in the same material after irradiating to a dose of
1.2 x 1019 neutronslcm2 at the same temperature and neutron
energy (Ying, 1973). An increase in count during burst testing of slotted ZircaJoy tubes after irradiation has also been
reported (Michaels and Fraser, 1967).

Ebener and Schaarwachter (1980) observed a strong
reduction in the maximum acoustic emission produced by sin188

Nakasa (1973) and Nakasa et al. (1973) investigated
the effects of 2.7 x 10 17 neutronslcm2 (energy> 180 keY) on
99.999% copper, 99.99% aluminum. 99.99% iron, 99.8%
vanadium, V-600 ppm B, and V-700 ppm C. A large reduction in the count rate at yield (250 times) and a reduced average signal amplitude were reported in copper. Smaller reductions in count rate at yield were observed in V-B alloy (3
times), vanadium (2.4 times), and aluminum (1.3 times). The
count rate appeared to increase slightly for iron and V-C
alloy.

started at yield and increased with deformation to 10%, where
the test was stopped (Chen, 1982). Similar behavior was
observed in titanium (Friesel and Carpenter, 1984). Testing of
zirconium shows a maximum acoustic emission in the elastic
region, a slight decrease, and then another maximum at
approximately 3% strain, after which acoustic emission
rapidly falls to zero (lmaeda et aI., 1976). Testing of pure
cast magnesium produces completely different acoustic emission results, depending on whether the sample is taken parallel or perpendicular to the plate (Carpenter and Hadjicostis,
1978). In both cases, the emissions are large and highly
sporadic, giving a wide band of scatter in the acoustic emission when measured either by counts or Vrms'

2.2.5 Crystal structure
The effects of crystal structure on acoustic emission
from dislocation sources are difficult to evaluate due to the
interplay of other material parameters. Care must be taken to
sort out effects of variables such as grain size, stacking fault
energy, and impurity level and thus determine effects which
are caused primarily by crystal structure. The difficulties in
doing this are clear; therefore, little data exist on the effects
of crystal structure. Another major difficulty is that twinning
is much more common in some crystal systems than others.
lmaeda et al. (1976) investigated acoustic emission from
several metals of various crystal structures when deformed in
tension. The crystal structures tested included fcc, bcc, bet
and hcp. All metals were polycrystalline of commercial purity. Some general observations from this work and other
acoustic emission data are possible for pure metals of
different crystal structures. A metal having an fcc structure is
characterized by a single peak in the acoustic emission near
yield of the material. In many materials, the peak is a smooth
curve in either count rate or Vrms' The peak is usually quite
narrow and falls off rather rapidly with increasing strain,
showing essentially no acoustic emission at large strains.
Clearly, this behavior can be altered in fcc alloys; refer to
previous comments concerning 5083 aluminum, which is a fcc
alloy.

Acoustic emission from dislocation sources generally
reaches a maximum near yield, but an acoustic emission peak
at higher strains has been attributed to dislocations in beryllium (Heiple and Adams, 1976; Heiple and Carpenter, 1979).
The burst rate peak is centered at about 1% plastic strain. It
does not result from precipitate fracture, grain cleavage, twinning, or cracking, and it is not affected by impurity content.
The peak was postulated to result from breakaway from pins
generated by the deformation process and may arise from
some peculiarity in dislocation behavior in beryllium. Acoustic emission during deformation was also reported for ionic
crystals of the NaCI-type structure (James and Carpenter,
1971; Sedgwick, 1968). Behavior of these materials, in most
respects, is similar to fcc metals.
2.2.6 Stacking fault energy
Most early studies regarding effects of stacking fault
energy were associated with investigations of the Bauschinger
effect. The Bauschinger effect is a loadinglreverse-loading
phenomenon. If a metal is initially loaded in one direction
(e.g., tension) beyond yield, then unloaded, and subsequently
reloaded in the opposite direction (Le., compression), the
stress required for plastic flow is less than if the sample were
reloaded in the original direction. The parameter usually used
to quantify the magnitude of the Bauschinger effect is the
Bauschinger strain. The Bauschinger strain is defined as the
excess strain that occurs during unloading and reverse loading
(up to some specified reverse loading stress) over what would
have occurred had the specimen behaved elastically. This
effect is believed to originate because dislocation structures
(the simplest being dislocation pileups) are formed during unidirectional deformation, and these structures are easier to
move in the reverse direction than to move farther in the original direction. The stacking fault energy is important in this
phenomenon because the ease of cross slip around obstacles is
greater in high stacking fault energy materials. Therefore, the
pileups in high stacking fault energy materials are smaller and
less frequent, leading to a smaller Bauschinger effect

A metal· having a bee structure is also characterized by
a peak in the emission at yield; however, many bcc metals
also show significant acoustic emission during the yield point
elongation (the ftat portion of a stress-strain curve fonowing a
yield point). After the yield point elongation, the acoustic
emission decreases and (as in fcc materials) little emission is
observed at large strains. Although the peak amplitudes of
acoustic emission signals from fcc and bee: metals are essentially the same, the acoustic emission measured either by
counts or Vrms is typically more sporadic or nonuniform from
bee metals than from fcc metals. Acoustic emission curves
for bec metals are often broad and show peaks and scatter.
One would expect purity levels to be of greater importance to
bec metals when making data comparisons due to the known
importance of interstitial impurity locking of dislocations.

Early results correlated the magnitude of the emission
during unloading to the magnitude of the Bauschinger effect.
However, the major part of the acoustic emission during
unloading was later discovered to have originated in the load
train (Dunegan and Tatro, 1971). Subsequent work indicated,
however, that some acoustic emission did occur in these early
experiments during unloading.

The acoustic emission from hcp metals is, in most
cases, significantly greater than that measured in either fcc or
bee metals. The peak amplitudes of the emissions from hcp
metals are also larger. Twinning is common during deformation of hcp metals, and the emission observed may consist
mostly of emission from twin formation. An extremely wiele
variation of acoustic emission behavior for hcp materials has
been reported. For example, in zinc, the acoustic emission
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a 41 ergs/cm2 stacking fault energy) and Cu-l.S% Al (33
ergs/cm2); aluminum (200 ergs/cm2) was essentially the same
as copper. Hsu et al. (1979) postulated a mechanism by which
changes in stacking fault energy could alter the amount of
acoustic emission observed. As the stacking fault energy
increases, cross slip becomes easier. In materials with easy
cross slip, the dislocation structure formed after significant
deformation consists of dislocation cells and tangles with relatively dislocation-free areas outside the tangles and cell walls.
Dislocation packets traveling across these open areas would
have a longer glide distance than if the dislocations were
more uniformly distributed (as in low stacking fault energy
materials). The longer dislocation glide distance produces
increased acoustic emission. This concept was used to
explain the temperature dependence of the acoustic emission
in 304L stainless steel, as discussed in Section 2.2.2

Rahouadj et al. (1984) studied in detail the acoustic
emission produced during unloading of 99.999% copper single
crystals and 99.98 or 99.999% copper polycrystals. For single
crystals, the acoustic emission upon unloading was a strong
function of the strain reached during loading. The maximum
rms acoustic emissi In during unloading occurred when the
sample was loaded to a strain corresponding to the transition
between Stage I and Stage n. The acoustic emission was
attributed to the reverse motion of free dislocations caused by
long range internal stresses. For samples strained into Stage
II, the glide distimce during reverse motion of dislocations is
reduced by obstacles (e.g., forest dislocations) created during
initial loading. Rahouadj et al. also noted that acoustic emission upon unloading was lower when the initial dislocation
density (prior to loading) was higher, which is consistent with
the above interpretation. For polycrystalline copper, the
unloading acoustic emission was a maximum for preloading to
1% plastic strain and was also a strong function of annealing
prior to testing. The unloading acoustic emission for both
single and polycrystalline samples was less than 10% of that
observed on loading.

One difficulty with this concept is that the dislocation
cell structure does not develop until extensive plastic strain
occurs, usually more than about S%. The peak in acoustic
emission occurs at the onset of plastic flow, often at plastic
strains less than 0.2%, and it is unclear whether subsequent
cell formation is important at low strains. In addition, as
noted by Hsu et al. (1979), several metals and alloys fail to fit
the pattern of decreasing acoustic emission with decreasing
stacking fault energy. Imaeda et al. (1976) found no consistent relation between the rms voltage of the acoustic emission peak at yield and the' stacking fault energy for the fcc
metals, silver, copper, aluminum, and nickel.

Williams and Emerson (1979) measured acoustic emission during loading and unloading in the macroscopically
elastic region of polycrystalline magnesium AZ31B-F alloy
and correlated the amount of unload emission with the
Bauschinger strain in the unloading cycle. Lee and Williams
(1982) studied the acoustic emission produced during unloading of the same alloy. They correlated the reduction in stress
upon unloading (from the loading stress) where acoustic emission begins with the loading stress, any higher stress level
reached in the recent history of the material, and the loading
pattern.

Heiple et al. (1981) proposed that stacking fault energy
is a major parameter influencing the effect of aging precipitates on acoustic emission during deformation. Shearable precipitates are proposed as more effective sources of dislocation
avalanches in difficult cross-sl\p systems (low stacking fault
energy) because dislocations tend to pile up behind the precipitates, rather than cross slip around them, as in easy cross-slip
systems. Data from precipitation hardening systems are discussed in Section 2.2.8 (Heat Treatment).

Averbukh and Vainberg (1973) and Kishi et al. (1975,
1976) reported acoustic emission during loading, unloading,
and reverse loading portions of Bauschinger effect tests. They
noted that acoustic emission during the unloading to reverseloading portion of the test began to increase when plastic flow
began in the reverse direction, reached a maximum, and then
declined. The peak remains, although it decreases in size during repeated load-unload-reverse load cycles. Kishi et al.
(1976) measured this peak in 99.5% aluminum, OFHC
copper, a-brass, Type 304 stainless steel, and Al-1.2% Si.
They related the peak to the back stress generated in the
material by dislocation structures created in forward deformation. The magnitude of the back stress calculated from the
acoustic emission peak during reverse loading, changes in the
stress at which the reverse loading peak occurred versus the
peak forward stress, and changes of back stress calculated
from the acoustic emission data with aging of the Al-Si alloy
were all consistent with known Bauschinger strain behavior
with increasing stacking fault energy.

2.2.7 Prior mechanical work and the Kaiser effect
2.2.7.1 Prior mechanical work
As indicated in Section 2.1.4, several explanations
have been offered for the reduction in acoustic emission from
dislocation motion observed at strains beyond yield in metals.
The proposed mechanisms include: reduction in the glide distance of the dislocation packets by the obstacles (mainly other
dislocations) produced during the preceding deformation, a
shift in the energy spectral density of the acoustic emission
because of a reduced glide distance, and reduction in the rate
of formation of dislocation avalanches because some of the
potential sources were activated earlier in the deformation
process. These mechanisms are consistent with the common
observation that acoustic emission behavior of a material can
be substantially influenced by its prior working history, provided that it is not recrystallized after working. Even if it is
recrystallized, a secondary effect can be observed through the
dependence of acoustic emission on grain size because the
grain size depends, in part, on prior working history.

More recently, consideration has been given to the
effect of stacking fault energy on acoustic emission during
initial loading because stacking fault energy significantly
influences the character of dislocation motion. Hatano (1977)
measured acoustic emission from copper, Cu-AI alloys, abrass, and 304 stainless steel; he suggested that the acoustic
emission decreases with decreasing stacking fault energy.
The bulk of the change was between copper (assumed to have
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The most notorious example of a difference produced
by prior work is the acoustic emission behavior of 7075-T6
and 7075-T651 aluminum. Aluminum in the T651 condition
has been subjected to a stress relief stretching operation
involving up to 3% plastic strain (following the solution heat
treatment) to improve flatness. This mechanical working virtually suppresses the small acoustic emission peak at yield
from dislocation processes in the T-6 temper (Carpenter and
Higgins, 1977).

acoustic emission increases with increasing strain. Evidence
that deformation creates obstacles that can serve as breakable
pins comes from careful load-unload-reload tests on high.purity single crystal and polycrystalline copper where a yield
point and associated acoustic emission peak appears on
reloading (Rahouadj et al., 1984). The reloading yield point
does not arise from solute pinning of dislocations because it is
not thermally activated.
2.2.7.2 Kaiser effect

Another example is provided by JBK-75. a precipitation hardenable austenitic stainless steel similar to A286. This
material produces substantial acoustic emission in the rect)'stallized and aged condition (Carpenter and Heiple, 1979), but
essentially no emission in the forged and aged condition. The
low acoustic emission in the forged and aged condition is
presumably because of the high dislocation density and consequent shon glide distance. It is therefore clear that the
mechanical history of a material can play a major role in its
acoustic emission behavior.
Mechanical working can also have a substantial effect
on nondislocation sources of acoustic emission. It affects the
size, shape, and distribution of inclusions and second phases,
which are known to produce acoustic emission in several systems. For example, acoustic emission from cold-rolled mild
steel is significantly different from that in hot-rolled mild steel
because of the breakup of cementite in the pearlite grains
during cold rolling (Hadjicostis and Carpenter, 1978).
Ebener and Schaarwachter (1980) measured acoustic
emission during compression from 99.999% copper single
crystals as a function of prior torsional deformation about the
compression axis. The torsional predeformation produces slip
on planes other than the main slip plane and thereby increases
the number of forest dislocations for the main slip plane. For
samples without torsional predeformation, there was a rms
maximum in acoustic emission at the transition between Stage
I and Stage II, which was about 4% strain for the crystal
orientation tested (see Section 2.2.9). Torsional plastic predeformation of 0.63% (measured at the circumference of the
sample) produced another peak at about 1% strain and slightly
reduced the peak at 4% strain. After 0.94% torsional predeformation, only the peak at I% strain remains. Higher prestrains shift the maximum to nearly zero strain.
It appears that the effect of the torsional prestrain is to
shift the rms acoustic emission maximum toward lower
strains. However, because the torsional prestrain is not uniform across the sample cross section, the possibility that a
new peak is formed at lower strains cannot be excluded by
the available data. The observations can be explained if the
forest or other dislocation structures serve both as breakable
pins and obstacles that reduce the free glide distance. The
dislocation obstacles are created by torsional prestrain andlor
by compressive deformation in significant number by the end
of Stage I and in increasing number in Stage II. At large
strains, the reduction in glide distance dominates as the acoustic emission decreases with increasing strain. At low strains,
the increasing number of breakable pins (which serve as initiation sites for dislocation avalanches) dominates, and the

The Kaiser effect is a special case of the general effect
of prior mechanical work. When a sample is loaded,
unloaded, and then reloaded in the same direction as the original load, acoustic emission often does not begin upon reloading until the previously achieved stress is reached. This
phenomenon is known as the Kaiser effect. The physical
basis for this effect is straightforward. Acoustic emission is
usually created by the formation or propagation under an
applied stress of a "defect," such as a crack, an avalanche of
dislocations, decohesion of an interface, a twin, or a martensite plate. If the stress to form or propagate such a "defect"
and produce the associated acoustic emission is not reached in
the original loading, it will not be reached in the reloading
until the reloading stress exceeds the initial stress. This condition will be satisfied as long as the "defects" are not altered
irreversibly during unloading, reloading, or between unloading
and reloading. It is also required that no new acoustic emission sources form during the unload-reload cycle. These conditions are often approximately satisfied, and the Kaiser effect
is observed in a general sense for many materials.
However, if the conditions for the the Kaiser effect are
examined in sufficient detail, they are never satisfied
completely--often, not even approximately. The situation is
somewhat analogous to measuring the initial deviation from
linear stress-strain behavior, the more precise the measurement, the earlier the deviation. The most severe violations of
the conditions required for the Kaiser effect arise from thermally activated processes such as diffusion. As discussed in
Section 2.1.2.2, breakaway of dislocations from solute atoms
can be a significant source of acoustic emission. For example. in 5083 aluminum at room temperature, solute diffusion
is relatively rapid (as evidenced by Ponevin-LeChatelier
yielding), and diffusion of solute atoms to dislocations during
the unload-reload cycle creates new acoustic emission sources.
Thus, the Kaiser effect is neither expected nor observed (Heiple, 1978).
Carbon is not as mobile in iron at room temperature as
many solutes in aluminum; but given sufficient time it can
repin dislocations unpinned in the initial loading. Carpenter
(1978) loaded an iron sample, unloaded it, waited one year,
and reloaded it. A yield point and accompanying acoustic
emission were observed in the reload. There are no known
solutes appreciably mobile in beryllium at room temperature,
so Kaiser eff~t behavior is expected to be closely approximated, as observed experimentally (Heiple and Adams, 1976).
The effects of thermally activated processes can, of
course, be accelerated by an elevated temperature anneal
between the unloading and reloading cycles. Processes other
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changes in the type, distribution, and geometry of intentional
second phases (such as cementite in iron), changes in crystal
structure, or changes in inclusion distribution (such as the
concentration and size of carbides in grain boundaries).
These latter effects, while possibly altering the acoustic emission from dislocation motion, are not discussed in detail in
this section. Effects of heat treatment on acoustic emission
from the fracture and/or decohesion of inclusions are discussed in Section 4.2.

than solute diffusion (such as dislocation rearrangement and
reduction in dislocation density, grain growth, or recrystallization) may occur during the anneal. Bassim and Veillette
(1981) studied rile restoration of acoustic emission in Armco
iron as a function of annealing time, temperature, and degree
of strain in the initial loading. They found significant restoration of the acoustic emission after three hours at WO°C and
nearly complete restoration after one hour at 500°C. Similar
results as a function of annealing temperature were reported
previously by Mori (1978) on 4340 steel. At 2S0°C for 19
hours, rile degree of restoration decreased sharply with
increasing strain in the initial loading. Imaeda et al. (1983)
performed similar tests on nine steels, including carbon and
alloy steels. They found that higher temperatures (one hour
anneals) were required to restore acoustic emission in alloy
steels (such as A533B) than in carbon steels.

Cooling rates from the annealing temperature have a
substantial effect on acoustic emission, even in metals that are
not age-hardenable. Frederick (1972) reported a large reduction in the total counts measured from 99.99% polycrystalline
aluminum quenched into ice brine from 630°C, compared
with the same material that had been air-cooled. The
difference was attributed to quenched-in vacancies. Borchers
and Tensi (1962) reported a IS-times reduction in the count
rate of the acoustic emission peak at yield in AlMg3 for samples water-quenched from 400°C, compared with samples
furnace-cooled for 24 hours. (AlMg3 is a former German
standard designation. the actual composition was 2.3% magnesium. 0.49% iron, 0.1 % silicon, which is similar to S052
aluminum.) A smaller reduction (approximately four times)
was observed from 99.8% polycrystalline aluminum that had
been water-quenched from 580°C, compared with material
furnace-cooled from the same temperature over 24 hours.
They attributed the differences to different solute atom concentrations on and near the dislocations. This explanation is
consistent with the relative difference between the fairly pure
aluminum and the Al-Mg alloy.

There is a more subtle violation of the conditions
required for rile Kaiser effect that does not arise from thermal
activation. When a sample is unloaded, dislocation motion in
the reverse direction occurs and obstacles to the glide of
dislocations upon reloading are formed. Thus, the reloading
stress-strain curve is not coincident with the unloading curve.
Rahouadj et al. (1984) studied this effect in detail in 99.999%
copper single crystals and both 99.999% and 99.98% copper
polycrystals. They detected acoustic emission during unloading and a small yield point with an associated acoustic emission peak on reloading. The yield point and acoustic emission were larger in the single crystal samples. The yield point
was not thermally activated and therefore does not arise from
solute segregation. This effect, while small. is probably general in metals and likely to be detected with sufficiently sensitive measurements in most load-unload-reload tests.

Heiple (1978) reported a reduction of 60 times in Vrms
of the acoustic emission near yield from 5083 aluminum in
the solutionized and quenched condition, compared with the
solutionized and slow-cooled condition. Kato and Tozawa
(1982) reported a similar large drop in the rms acoustic emission peak near yield with increasing cooling rate (furnace
cool, air cool, water quench) for 5052 aluminum (2.5% Mg).
Hsu and Ono (1982) observed a ten times reduction in the
rms acoustic emission peak near yield from commercial purity
(99.6%) nickel samples quenched in ice water from 4OQ°C
and above as compared with furnace cooled samples.

. Mori (1978) investigated the Kaiser effect in several
metals and alloys. He expressed his results in terms of the
ratio between the stress at which acoustic emission reappeared
upon reloading (O'Af;) to the maximum stress achieved prior to
unloading (0'1)' This is the same parameter known as the Felicity ratio in acoustic emission testing of composites. Deviation of 0'AE!O'I from one is a measure of deviation from ideal
Kaiser effect behavior. Mori's results are consistent with the
discussion of deviations from the Kaiser effect presented
above. He found that deviations from ideal behavior increased
with decreasing stacking fault energy. Dislocation pileups are
more common and extensive in low stacking fault energy
materials (see also Section 2.2.6), leading to more dislocation
motion in the reverse direction upon unloading. Deviations
from ideal behavior decreased with increasing solute content,
presumably because solutes restricted dislocation rearrangement during unloading. Finally, a good correspondence
between microyielding and the return of acoustic emission
was observed.

Hsu and Dno (1982) investigated further the acoustic
emission from annealed (800°C) and quenched commercial
purity (99.6%) nickel as a function of subsequent anneals.
The anneals consisted of heating to temperatures between
200°C and 400°C for times ranging from 5 to 200 minutes
followed by an ice water quench. For samples annealed 200
minutes, the rms acoustic emission peak near yield increased
dramatically with annealing temperature to 250 - 300°C and
returned rapidly with increasing annealing temperature to the
as-quenched value. The increase in acoustic emission toward
the slowly cooled value with annealing time followed a r2I3
dependence with an activation energy equal to that for
diffusion of carbon in nickel. Thus, rile additional acoustic
emission near yield above values in quenched samples was
attributed to breakaway of dislocations from carbon pinning.
It is likely that the prior-cooling-rate dependence of the acoustic emission peak in AI-Mg alloys arises from magnesium
diffusion to dislocations in the same way that carbon diffusion

2.2.8 Heat treatment
Heat treatment affects the grain size, the dislocation
density and distribution, the solute atom distribution. and the
precipitate type, size, and distribution (in age-hardening systems). These effects have been shown or postulated to affect
acoustic emission from dislocation motion. There are, of
course, many additional effects of heat treatment, including
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Fig. 7 Height of the nns acoustic emission peak near yield
vs. quenching temperature for copper and two copper-nickel
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in commercial purity nickel affects the acoustic emission peak
near yield.
Hsu and Ono (1983) also studied the effect of quenching temperature on the acoustic emission produced during
defonnation of several concentrated solid solution alloys,
including OFHC copper, Cu-l0% Ni, Cu-30% Ni, Ni-22% Fe,
Cu-lO% Zn, Cu-IS% Zn, Cu-30% In, and Cu-4O% Zn. The
testing procedure was similar to that discussed above for commercial purity nickel. The acoustic emission from these
solid-solution aUoys was also measured (Hsu and Ono, 1980b)
as a function of testing temperature (Section 2.2.2). The
height of the acoustic emission peak near yield as a function
of quenching temperature is ploned in Fig. 7 for Cu-Ni alloys
and in Fig. 8 for Ni-22% Fe. The peak height from Cu-lO%
Zn and Cu-15% Zn alloys behaved like Cu-Ni alloys, and the
more concentrated zinc alloys were more like Ni-22% Fe. The
additional acoustic emission from Cu-Ni alloys annealed and
quenched from relatively low temperatures (compared with
OFHC copper) was attributed to breakaway of dislocations
from solute pinning. The increase for the Cu-Ni alloys was
less than Ni-O.OS% C because the binding energy of carbon to
dislocations in nickel is about 10 times that of nickel to dislocations in copper.

100

OW

Fig. 8 Height of the nns acoustic emission peak near yield
vs. quenching temperature for Ni-22% Fe alloy (Hsu and Ono.
1983).
cooled from 800°C, compared with the same material
furnace-cooled at 7S oClhr (Heiple and Adams, 1976). Similar
effects may occur in other, more isotropic materials.
Precipitates fonned in age-hardening alloys clearly
affect dislocation motion during defonnation; that is the reason strengthening occurs. Thus, precipitates would also be
expected to alter the acoustic emission, and such an effect has
been observed for many precipitation strengthened alloys.
The effect of precipitates has been viewed from the standpoint
of their influence on the glide distance of the dislocation
packets, and from their potential as breakable pins • which
leads to the formation of dislocation avalanches.
Frederick (1972) observed a reduction in acoustic
emission after aging in 2024 aluminum (with a modest
increase in the overaged condition). This result was interpreted by Agarwal et at. (1970) on the basis that the precipitales decreased the glide distance of the dislocations and the
source length. Schmitt-Thomas et al. (1975) studied in detail
acoustic emission as a function of aging in the German
AICuMg2 alloy (Werkstoff No. 3.1344, an aIloy nearly identical to 2024 aluminum) and in the alloy AICu4.3 (SchmittThomas et al., 1977). They interpreted the acoustic emission
reduction near yield after initial aging on the basis of a restriction in glide distance of dislocations by the precipitates
fonned during aging. This view does not account for an
increase in acoustic emission when precipitates are formed by
aging, as observed in numerous alloys.

For Ni-22% Fe and the high zinc alloys, there is additional pinning from short range order. This additional pinning
(plus formation of planes of easy slip following initial breakaway from the short-range order) was proposed to account for
the substantially higher acoustic emission in Ni-22% Fe and
the high zinc alloys. The short range order hypothesis is
similar to the strain localization hypothesis of Scruby et al.
(1981 c) discussed below.
In beJyllium, rapid cooling is believed to create many
mobile dislocations because of the large thennal stresses generated by the elastic anisotropy of beryllium (Floyd, 1974;
Annstrong and Borch, 1971). The mobile dislocations seem
to move easily under applied stress and are unlikely to fonn
avalanches. This explains the reduction in burst rate at yield
by a factor of two to four in powder source beryllium air-

Scruby et al. (I981c) observed a substantial increase in
acoustic emission from an AI-4% Cu aUoy for aging times at
which fine, shearable GP zones are precipitated (Fig. 9). Fenici et al. (1976) also reported a maximum in acoustic emission
near yield after short aging times (well before maximum
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Fig. 9 Total acoustic emission power from the region near
yield for AI-4%Cu as a function of aging time at 170°C
(Scruby et at, 1981c).

Fig. 10 Yield stress (0.2%) and magnitude (transducer output
corrected for noise) of rms acoustic emission peak near yield
in JBK-75 stainless steel as a function of aging time (Heiple
et at, 1981).

strength is achieved) in an AI-4% Cu alloy. Rushbridge et al'
(1983) and Scruby et al' (1983b) studied acoustic emission as
a function of aging from a high purity ternary AJ-5.5% Zn2.5% Mg alloy, the ternary alloy with 1.6% copper added, and
the copper containing alloy with 0.16% zirconium added.
They observed a large increase in the acoustic emission near
yield for the peak aged condition in both ternary and quaternary alloys. They propose that shearable precipitates favor
strain localization and the formation of coarse slip bands.

acoustic emission associated with Portevin-LeChatelier yielding, nearly suppressed the large acoustic emission near yield
in peak aged samples, eliminated strain localization in peak
aged samples, and nearly eliminated the peak near yield in the
secondary aged condition. The only significant acoustic emission in the zirconium alloyed samples was near yield in the
as-Quenched or lightly aged material. These effects were
attributed to the smaller grain size resulting from the zirconium addition.

The passage of the initial few dislocations, shearing
the precipitates, forms a plane of weakness. The formation of
a plane of weakness favors strain localization and the passage
of many dislocations to form a slip 'band, which coarsens by
cross slip. This process is proposed to increase acoustic emission because of the long glide distance and many dislocations
involved Transgranular slip bands were, in fact, observed in
the peak aged condition in both the ternary and quaternary
alloys. When the precipitates grow further and become
stronger, the dislocations tend to pass them by cross slip or
Orowan bowing, and the strain localization does not occur.
Nevertheless, an acoustic emission peak near yield comparable in size to the as-quenched condition was observed in
both the ternary and quaternary alloys aged (120°C for 24
hours plus a secondary age at 180°C) to produce larger
(presumably nonshearable) and more widely spaced precipitates. This acoustic emission peak was proposed to arise from
the motion of large dislocation loops from one set of precipitates to another.

A comparison of acoustic emission from these highpurity alloys· with commercial precipitation hardening alloys
such as 7075 indicates that the commercial alloys behave
much like the zirconium containing alloy. Commercial alloys
contain numerous inclusions. For example, in commercial
7075 aluminum, iron- and silicon-rich inclusions represent
about 1.3 vol. % of the material (El-Soudani and PeUoux,
1973). It appears that these impurity inclusions have an effect
on acoustic emission similar to zirconium additions in the
high purity alloy.
Heiple et al. (1981) instead proposed that the major
effect of precipitates was to form (under favorable circumstances) initiation sites for dislocation avalanches. In
alloy systems where cross slip is difficult (low stacking fault
energy, high elastic modulus), the precipitates can serve as
breakable or shearable pins if they are not too strong. This is
a favorable condition for formation of dislocation avalanches
and leads to higher acoustic emission near the onset of plastic
flow. With longer aging times, the precipitates grow larger
and stronger and no longer serve as breakable pins. Also,
larger precipitates more effectively restrict the glide distance
of any avalanches.

The effects of copper added to the ternary were to
increase substantially the acoustic emission associated with
Portevin-LeChatelier yielding, reduce emission near yield
slightly in the peak aged condition where strain localization
was observed, and leave the acoustic emission peak near yield
unchanged for the secondary aged material.

Precipitation strengthening stainless steels fall into this
class of alloys, and an increase in the height of the rms peak
near yield was observed after short aging times in JBK-75 (an
alloy similar to A286), in an experimental austenitic stainless
steel (KHB) hardened with a beryllium-containing precipitate,
and in Incoloy 903. The height of the acoustic emission peak
at yield for JBK-75 and KHB as a function of aging time are

Zirconium additions had a much greater effecL (Zirconium forms small insoluble particles, which pin grain boundaries and restrict grain growth during solution heat treatment.) The zirconium additions suppressed almost completely
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Fig. II Yield stress (0.2%) and magnitude (transducer output
corrected for noise) of the nns acoustic emission peak near
yield in beryllium-strengthened stainless steel as a function of
aging time (Heiple et al., 1981).
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Fig. 13 Height of the rms acoustic emission peak near yield
in 2024 aluminum as a function of prior aging treatment. The
preaging treatment was 48 hours at 20°C (Fukuzawa et at.,
1984).
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into this class, and a decrease in acoustic emission (compared
with the solution treated and quenched condition) was
observed for all aging conditions tested in 7075, 6061, and
2219 aluminum as well as sterling silver. The height of the
acoustic emission peak near yield as a function of aging in
7075 aluminum is shown in Fig. 12. No aging treatment
tested in these commercial alloys resulted in a large increase
in acoustic emission similar to that observed by Scruby et aI.
(198Ic) in AI-4% Cu.
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However, more detailed studies than those by Heiple
et a1' (1981) on acoustic emission as a function of aging a
commercial aluminum alloy showed a small maximum in the
nns acoustic emission peak height with increasing annealing
time for initial aging. Fukuzawa et aI. (1984) observed such a
maximum in 2024 aluminum after aging 10 minutes at 190°C
(Fig. 13). Comparable results are reported by Cousland and
Scala (1983) on the same alloy. This maximum may occur
because the precipitates serve as breakable pins with these
aging conditions.
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Fig. 12 Yield stress (0.2%) and magnitude (tmasducer output
corrected for noise) of the rms acoustic emission peak near
yield in 7075 aluminum as a function of heat treatment. The
uncertainty in peak height in the overaged condition is due to
overlap from a second acoustic emission peak centered at
about 1.6% plastic strain (Heiple et al., 1981).

. Precipitation also removes atoms from solid solution,
If the solute atoms had led to Cottrell atmosphere pinning
WIth consequent serrated yielding, then removing these atoms
from solution by fonning precipitates may significantly reduce
the acoustic emission. This effect ,was observed in 7075 (Fig.
12) and 6061 aluminum alloys. In a detailed aging study conducted by Schmitt-Thomas et al. (1977), an increase (Fig. 14)
in acoustic emission at yield was observed in AICu4.3 for
aging treatments that produced reversion. (Reversion is resolution during artificial aging of precipitates formed either during the quench from a solutionizing anneal or during room
temperature aging.) They attributed the rise to increased glide
distance of the dislocations, but an alternative explanation is
that the reversion made more solute available for Cottrell
locking.

shown in Figs. 10 and II. No acoustic emission peak was
seen in 17-10 P steel, where the hardening precipitate was an
unshearable carbide. An increase in height· of the rms peak
near yield has also been observed with increased aging times
before maximum strength in an AI-2.5% Cu-2% Li-I% Mg
alloy (Roman et al., 1985). The precipitates in this AI-Li alloy
are shearable and apparently serve as initiation sites for dislocation avalanches.

a~d

In. easy cross slip systems (high stacking fault energy,
low elastic modulus), the precipitates do not easily serve as
breakable pins because dislocations tend to cross slip around
them, rather than create pileups. Thus, aging would not usually increase acoustic emission in easy cross-slip systems,
al~ough a narrow range of precipitate size and strength may
eXIst that would create favorable conditions for breakaway
avalanches. Most precipitation hardening aluminum alloys fall
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incoherent only after severe averaging. The initial precIpItates are small (3 nm for 3 minutes at 650°C for a Cu-3.1 %
Co alloy), and grown to only 10-15 nm by the maximum
strength (peak aged) condition.

Cl

For the Cu-2.8% Ti alloy, the acoustic emission peak
near yield increased in height with aging from the solutiontreated condition, with the maximum height occurring in the
slightly underaged condition. Increased aging produced a
metastable W phase, which twinned extensively and resulted
in intense acoustic emission beyond yield. The acoustic emission near yield in this alloy was stronger than in any of the
other copper alloys tested. Precipitation in this alloy occurs
by spinodal decomposition of the supersaturated solid solution
(Laughlin and Cahn, 1975; Cornie et aI., 1973). Upon initial
aging, there is a redistribution of the Ti along <100> directions in the copper lattice. This produces a periodic composition modulation, the amplitude of which increases with
increased aging. The composition gradients also steepen at
the interface of the titanium-rich regions with increased aging.
Further aging results in transformation of the titanium-rich
regions to metastable p'. Maximum strength occurs after formation of the W.
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Fig. 14 Hardness and height (corrected for noise) of the rms
acoustic peak near yield in AICu4.3 alloy as a function of
aging time at 150°C (Schmitt-Thomas et al., 1977).

It has not been established whether aging precipitates
sometimes increase acoustic emission because they form sites
for dislocation breakaway avalanches, because they promote
flow localization into slip bands, or both. One useful experiment would be to determine whether slip bands generally
form at low plastic strains (~ 0.2%, where most the acoustic
emission occurs) in alloys in which acoustic emission is
increased by prior aging and whether they fail to form in
alloys where acoustic emission is decreased by prior aging.

Three Cu-Ni-Si alloys were also tested: Cu-7.99%
Ni-1.48% Si, Cu-6.01% Ni-1.35% Si, and Cu-3.98% Ni-Q.9%
Si. The acoustic emission peak height at yield increased with
increased aging from the as-quenched condition and reached a
maximum prior to the maximum strength aging treatment
The hardening precipitates in this alloy system are large
Ni sSi2 intermetallic particles. These particles had an average
diameter of 0.4 J.1rn for the aging treatment producing maximum emission in the Cu-3.98% Ni-0.9% Si alloy, and they
were over 0.1 IJ.m in diameter in the as-quenched condition.

The sequence of precipitates (solid solution ~ GPI ~
GPII ~ i ~ y formed during aging of Cu-Be alloys is similar to the aging sequence in the precipitation hardening beryllium stainless steel KHB discussed above. The stacking fault
energies in the two alloys are also comparable. Masuda
(1980) measured the acoustic emission as a function of aging
treatment for Cu-1.65% Be and Cu-1.85% Be alloys.
Changes in height of the rms acoustic emission peak near
yield with aging are similar to those observed for KHB. The
acoustic emission increased from the solution-treated condition after initial aging treatments that formed GP(I) and probably some GP(2) Guinier-Preston zone precipitates. Further
aging resulted in a lower peak near yield. The acoustic emission peak disappeared when sufficient aging produced maximum strength (i.e., l' precipitates). The level of acoustic
emission was low for all aging treatments.

Heat treatment effects were also reported (SchmittThomas et a1. 1980) in an AI-3% Mg alloy, although this is
not an age-hardening system. There was a large increase in
the maximum rms near yield with longer aging treatments following a solution heat treatment The high level of acoustic
emission was in agreement with results from the similar commercial alloys, 5083 (Heiple, 1978) and 5086 (Baram and
Rosen, 1979). The height of the observed maximum in rms
acoustic emission also depended on cooling rate after aging.
The increased acoustic emission after aging was attributed to
enhanced segregation of solute to dislocations and resultant
increased solute locking.

Masuda (1978, 1980) also reported acoustic emission
as a function of aging for three other copper-base precipitation
hardening alloy systems, including CuoCo, Cu-Ti, and Cu-NiSi (Corson) alloys. For Cu-1.03% Co and Cu-3.l5% Co,
there was a decrease in the rms peak height at yield from that
in the solution-treated condition after an initial aging treatment, a rise in the height of the acoustic emission peak to a
maximum near the maximum strength condition, and a decline
with further aging. The peak was higher (about five times) in
the solution-treated condition for the 1.03% cobalt alloy compared with the higher cobalt alloy. However, in the maximum
strength condition, the peak near yield was twice as high in
the 3.15% copper alloy. The initial precipitates to form in
this alloy are coherent, spherical, fcc particles rich in cobalt
(Phillips, 1964). They grow with increased aging and become

Commercially, steels are the most important heattreatable alloys. The microstructural changes resulting from
heat treatment of steels can be very complex, and sorting out
which microstructural variables are responsible for changes in
acoustic emission from dislocation motion is not an easy task.
Most acoustic emission studies of heat treatment effects on
steels have been aimed at effects on the emission during crack
propagation. Although there is some contention that the
source of acoustic emission (at least for some steels) during
crack propagation is the plastic zone ahead of the crack (see,
for example, Green, 1981 or Blanchette and Dickson, 1983),
acoustic emission from crack growth is outside the scope of
this review.
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Landy and Ono (1979, 1982) systematically investigated acoustic emission from A533B steel with both bainitic
and martensitic microstructures as a function of isochronal
tempering treatments of 24 hours between 300°C and 750°C.
They observed strong variations with tempering treatment in
height and shape of the rms acoustic emission peak near the
onset of plastic flow, as well as variations in the stress at
which acoustic emission was first detected. The maximum in
the nns acoustic emission peak near yield for the tempered
martensite occurred for tempering temperatures between 200
and 300°C. They correlated their results to changes in initial
dislocation density, pinning strength, and mean glide distance.
Teoh et at. (1984), as part of a study of inclusion fracture and
decohesion in A533B, saw a maximum in rms acoustic emission near yield for steel tempered between 250 and 500°C for
24 hours.
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- Rao and Gopal (1979) measured acoustic enusslon
from A533B steel after one hour tempers at temperatures
between 400 and 675°C following austenitizing (900°C, 1/2
hour) and water quenching. The maximum count rate near
yield occurred for tempering at 510°C and below, where £.
carbide plate-like precipitates were formed. Higher tempering
temperatures produced lower count rates near yield even
though a yield point and yield serrations were observed.
Spheroidial carbides (cementite and alloy carbides) replaced
the £-carbide after the higher temperature tempers. Rao and
Gopal attributed the acoustic emission after low-temperature
tempering to fracture of the £-carbides, even though the
acoustic emission maximum occurred at small plastic strains.
Sano et al. (1974) presented strong evidence that the acoustic
emission from steels with a similar microstructure arises from
dislocation motion.
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Fig. 15 Height of the rms acoustic emission peak near yield
for three quenched and tempered steels as a function of
tempering temperature. One-hour tempering used. (Sano et
aI., 1974)
The large amplitude bursts, which occurred primarily in the
as-quenched samples and samples tempered below 250°C,
were associated with microcracking. The height of the rms
continuous acoustic emission peak near yield increased
strongly from the as-quenched condition with tempering tem·
perature and was a maximum for a tempering temperature of
250°C for the plain carbon steel and about 3000C for the alloy
steels. They associated changes in acoustic emission with
carbide precipitation and growth.

Scruby et al. (1981a) also measured the acoustic emission during deformation from steel of A533B composition
with a range of microstructures produced both by different
cooling rates from the I,OOO°C austenitizing anneal and by
isothermal tempering at 650°C of water-quenched samples. A
small amount of emission near yield was observed in the samples that were air- and furnace-cooled from austenitizing. A
larger acoustic emission peak occurred for tempering times of
eight hours or more. They proposed that acoustic emission
near yield was detectable after slow-cooling and tempering
treatments because these treatments increased the dislocation
glide distance by reducing initial dislocation density, eliminating martensite lath boundaries, and increasing carbide spacing.
The tempering temperature selected in this investigation
appears too high (even for short tempering times) to detect the
large increase in acoustic emission after low temperature
tempers observed by others, i.e. Landy and Ono (1979, 1982)
and Rao and Gopal (1979) in A533B steel, as well as Sano et
aI. (1974) and Wadley et al. (1981) in other tempered martensitic steels.

The maximum acoustic emission came after tempers
that formed the most e-carbide (as reported earlier by Rao and
Gopal, 1979). The e-carbide is a coherent or semi-coherent
carbide, which transforms to cementite at higher tempering
temperatures. Cracking of the £-carbide was not detected by
Sano and coworkers with transmission electron microscopy at
low strains. Confirmation that dislocation motion was responsible for the observed acoustic emission came from internal
friction measurements.
A sharp rise in damping occurred after deformation to
the stress at which the acoustic emission peak occurred. When
the sample was then allowed to age at room temperature after
deformation, the internal friction declined with time toward
the predeformation value. They also observed a sharp
minimum (Fig. 15) in acoustic emission for the Fe-O.3% C1% V steel for a 600°C tempering treatment, which
corresponds to secondary hardening by precipitation of a fine
dispersion of vanadium carbides.

Sano et al. (1974) investigated acoustic emission during deformation as a function of one-hour tempering treatments between 50°C and 750°C, following austenitizing and a
water quench (Fig. 15). The martensitic steels studied had
compositions of Fe-0.3% C, Fe-0.4% C-1.5% Si, and Fe-0.3%
C-I% V. Both burst and continuous emission were observed.

Wadley et aI. (1981) also measured acoustic emission
during deformation of a Fe-3.5% Ni-0.2% C steel as a function of lOO-minute tempering treatments between 50 and
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6S0OC following austenitizing at I,OOO°C and an oil quench.
Both the height of the acoustic emission energy peak near
yield and the total acoustic emission energy during the test
were greatest for tempering treatments between 200 and
300°C. This result is similar to that described above by Sano
et aI. (1974) for Fe-O.3% C steel and Landy and Ono (1979,
1982) for AS33B steel.
For the as-quenched condition and for tempering
below 200°C, Landy and Ono (1979, 1982) as well as Wadley
et aI. (1981) propose that the high density of transformationinduced dislocations and small precipitates in the martensite
laths restrict the glide distance and velocity of dislocations so
that little acoustic emission is detectable (in accordance with
equation 2). Tempering between 200 and 400°C reduced the
dislocation density and density of original precipitates. This
tempering also caused formation of small precipitates on martensite lath boundaries, prior austenite grain boundaries, and
dislocations. Higher temperature tempering resulted in growth
of these precipitates. They propose that large precipitates
formed at higher tempering temperatures restrict dislocation
glide distance so that little acoustic emission is detectable. For
the critical intermediate tempering temperatures (200-300°C),
the fine precipitates may act as breakable (shearable) pins.
The reduced mobile dislocation density (compared with lower
temperature tempers) and lack of large, unshearable precipitates (compared to higher temperature tempers) allow longer
dislocation glide distances and produce substantial detectable
acoustic emission.

3.

Reducing grain size increases yield stress. Therefore,
dislocations in fine grained samples are subjected to a
higher stress when plastic flow begins than in coarsegrained samples. The higher stress increases dislocation velocity. For example, Gorman et aI. (1969)
demonstrated substantial increases in dislocation velocity in aluminum with increased resolved shear stress.
This effect tends to increase acoustic emission with
decreasing grain size (see equation 1). The reduction
in flow stress may be great enough so that a high
enough stress is never reached in coarse-grained samples to activate sources that operate (at higher stresses)
in fine-grained samples (Scruby et al., 1981d).

4.

Changing the grain size changes the shape of the
load-time curve. Since virtually all tests have been
constant cross head velocity tests, the strain rate near
the onset of plastic flow (where the maximum in
dislocation-generated acoustic emission occurs) is not
at all constant. The dependence of strain rate on time
for this type of mechanical test depends on the shape
of the load-time curve and thus on grain size. Since
acoustic emission is strain rate dependent, the rate of
acoustic emission is affected.

5.

For impure materials, the major source of dislocation
avalanches may not be grain boundaries. The source
could, for example, be breakaway from Cottrell
atmospheres as when Portevin-LeChatelier yielding is
observed. Thus, a grain size dependence different
from pure materials might be expected, and has been
observed (Scruby et aI., 198Id).

6.

Reducing the grain size (at least for pure materials)
decreases the glide distance and increases the dislocation velocity, as discussed above, which results in a
shorter glide time for the dislocation packets. Fleischmann et aI. (1977) reported a shorter glide time shifts
the frequency distribution of the energy released by the
moving dislocations to higher frequencies. Since meas~rements generally are made over a relatively narrow
frequency band, this shift in the spectral distribution of
the energy emitted changes the amount of acoustic
emission detected.

7.

Because of varying annealing treatments required to
obtain a range of grain sizes in a given material, the
initial dislocation density generally varies with grain
size. The type and distribution of grain boundary
dislocation sources, particularly ledges, may also vary
with annealing treatment.

8.

Changing the grain size may change the deformation
mechanism and thereby change the acoustic emission
substantially. For example, Papirov et aI. (1982)
observed the near disappearance of acoustic emission
during superplastic flow. Changing grain size can
thereby dramatically alter the acoustic emission in
superplastic alloys because the existence of superplastic flow is a strong function of grain size.

2.2.9 Acoustic emission from single crystals and effects of
grain size
2.2.9.1 Grain size
Grain size might appear to be a simple material variable with a straightforward effect on acoustic emission from
dislocation motion. It is not. Grain size changes produce a
more complex melange of interacting effects on acoustic
emission from dislocation sources than any variable considered in this paper. The experimental results available reflect
the complexity of the problem: different experimenters using
apparently similar materials have obtained diametrically opposite dependencies of acoustic emission on grain size.
Several possible effects of grain size on acoustic emission are listed below. The relative importance of the different
effects is not known.
1.

For pure materialS, the glide distance of dislocation
avalanches near the onset of plastic flow is proportional to the grain size. This effect tends to increase
acoustic emission with increasing grain size (see equation I).

2.

For pure materials, the most likely source of dislocations and dislocation avalanches is grain boundaries.
Increasing grain size reduces the grain boundary area
and, hence, the number of possible avalanche sources.
This effect tends to reduce acoustic emission with
increasing grain size.

There have been many observations of acoustic emis.sion dependence on grain size. The experimental observations
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Table 1 Observations on the dependence of acoustic emission on grain size
Grain Size
Material Range (lun) Type of AE
(* single crystal) Measurement

Frequency Transducer
Grain Size for
MaximumAE
Bandpass Resonant
(kHz) Frequency (kHz)
Oun)

AEFeature
Measured

Group I: AE increases with increasing grain size
99.99Cu 15·250
counts
Total counts to 0.2% or 1% strain
rms peak height
99.99 AI 200-SC· rms
>99.99 Al
rms
rms peak height
99.999 AI 500-SC
AE energy Total AE energy in test
Group II: A.E. has a maximum with increasing grain size
22-72
99.9 AI
rms
rms peak height
rms
rms peak height
99.99 AI 50-SC
99.99 AI 10-2000a counts
Total counts to selected stressb
10-450
counts
Total counts to selected stressC
99.9Cu
Fe-3%Si 35-1260
Total counts to 90% of the LYSd
counts
counts
Total counts from 90% of the
Fe-3%Si 35-1260
LYS to 2.5% straind
max. count rate
counts
1100 Al
40-120
max. count rate
counts
99.99Cu 40-130
AI-1.3%Mg 250-2900 AEenergy Total AE energy in test
rms peak height
ons
99.97 Fe 250-SC
Group III:
"Pure AI"
99.9 AI
99.9 AI

99.9 Fe
Zone Melt
Fe .005C
99.99 Al
99.99 Al
99.7 Fe
99.7 Fe

AE decreases with increasing grain size
21-11000 rms
rms peak height
30-94
rms
rms peak height
rms peak height
26-156
rms
9OQ- SC
rms
rms peak height
30-1500
70-1700
70-1700
30-150
30-150

counts

rms
ons
ons
rms

100-300
100-300
100-1000

larges!
single crystal
largest
single crystal

A
B
C
D

30
900

E
B
F
G

480
480

-50
2000
350-450
<150
-400
smallest

150-300
150-300
flat
140

5S-7OC
70
75
100

I
J
K
L

130-140
140
140

100-200

140

smallest
smallest
smallest
smallest

100-300
100-300
100-300
100-300

140
140
140
140

smallest
smallest
smallest
no change
largest

30-150

max. count rate
Integrated rms2 to selected strain
rms peak height
Integrated rms2 to selected strain
rms peak height

150
140
170
flat

120-180
120-180

100-1000
100-200

Reference

H

H

M.N,O

P

Q
R
S
T
T
T
T

Notes
a) The 10 and 20 ~m grain sizes were subgrain sizes.
b) The total counts to several stresses were measured. Because the plastic strain required to achieve a given stress decreases
with decreasing grain size (from the Hall-Petch relation), this type of measurement tends to underestimate the acoustic
emission from fine-grained materials. The existence and grain size at which the maximum occurred were not, however, very
sensitive to the stress level selected. The grain size at which the peak occurred shifted to a larger grain size when the count
trigger level was raised.
c) Measurements made as in Note b. The grain size at which the maximum occurred moved toward smaller grain sizes as the
selected stress was increased.
d) Most of the acoustic emission from silicon iron comes in the Liider's extension region (between the upper yield stress and
2.5 percent strain). Therefore, if the total counts (or rms peak height) were measured, the emission would decrease with
increasing grain size in the grain size range tested. L YS =Lower yield stress
e) The count rate maximum was at a grain size of 55 ~m for a strain rate of 3.3 x 1O-3/sec and at 70 ~m for 6.6 x 1O-3/sec.
References for Table 1
A. Mintzer et al. (1978)
D. Scruby et al. (1981d)
G. Frederick (1972)
J. Baram and Rosen (1981)
M. Hatano et aI. (1975)
P. Kishi and Kuribayashi (1979)
S. Krasovskii (1976)

B. Kiesewetter and SchiUer (1976)
E. Kuribayashi et a!. (1981)
H. Tandon and Tangri (1975)
K. Simmons and Clough (1981)
N. Hatano and Niwa (1973)
Q. Kim and Kishi (1979)
T. Wilson and Carpenter (1987)
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C.

Hamstad (1980)

F.
I.

Bill et al. (1979)
Baram and Rosen (1980)
FukuZ2wa et al. (1982)
Hatano et aI. (1972)
Nakamura etal. (1980)

L.

O.
R.

10

are summarized in Table I. Some possible trends in the data
may be noted. The maximum acoustic emission for the
highest purity material appears to occur at the largest grain
size or in single crystals. As the purity level decreases or as
alloying elements (in solid solution) are added, the maximum
acoustic emission apparently occurs at smaller grain sizes.
The grain size at which maximum acoustic emission occurs
may be less than the finest grain size achieved for a particular
experiment. The grain size at which maximum acoustic emission occurs also appears to depend on the frequency band in
which the emission is measured, as predicted by Fleischmann
et al. (1977).
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Gerberich and Jatavallabhula (1981) reviewed the
available data on the grain size effect on acoustic emission.
They proposed that the appropriate acoustic emission parameter for evaluating acoustic emission dependence on grain size
is the summation of counts to a given strain or the integral of
the rms voltage squared (i.e., total energy detected) to a given
strain. This measure avoids variations caused by changes in
the shape of the load time curve with grain size (Item 4
above), and is certainly an improvement over summations to a
given stress (as used in References F, G, and H in Table I).
They replotted the data of Bill et al. (1979), Kim and Kishi
(1979), Fleischmann et aI. (1977), and Kieswetter and Schiller
(1976). These data were all taken on polycrystalline
aluminum of at least 99.9% purity in terms of the summation
of counts or integral of the rms voltage squared to a given
strain. The resultant plot always produced a decrease in
acoustic emission as grain size increased, at least to 1000 ~.
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Fig. 17 Integrated rms acoustic emission voltage squared
versus grain size for 99.99% AI. (a) 0 - 0.5% strain,
(b) 0.5 - 2% strain. (Wilson and Carpenter, 1987)
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Wilson and Carpenter (1987) measured acoustic emission from 99.99% Al as a function of grain size for grain
sizes ranging from 70 to 1700 ~m. They measured the
integral of the rms voltage squared from 0 to 2% strain, as
suggested by Gerberich and Jatavallabhula. The integrated rms
voltage squared decreased with increasing grain size to a
400-500 ~m grain size, and was independent of grain size for
larger grain sizes (Fig. 16), in agreement with the results
replotted by Gerberich and JatavalJabhula (1981). The effect
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Fig. 16 Integrated rms acoustic emission voltage squared
from zero to two percent strain versus grain size for 99.99%
AI. (Wilson and Carpenter, 1987)

Fig. 18 Height of the rms acoustic emission peak near yield
versus grain size for 99.99% AI. (Wilson and Carpenter,
1987)
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of grain size on the amount of acoustic emission produced
occurred at small strains. The integrated nns acoustic emission from 0.5 to 2% strain was independent of grain size,
while the integrated nns voltage from 0 to 0.5% strain was
strongly grain size dependent (Fig. 17). For the high-purity
aluminum, essentially the same dependence on grain size is
obtained if the nns peak height is plotted instead of the
integrated nns voltage squared (Fig. 18).
Wilson and Carpenter (1987) also measured acoustic
emission from Annco iron (99.7% Fe) as a function of grain
size, but over a much smaller range of grain sizes • 30 ~ to
ISO 11m. Over this range, the integrated nns voltage squared
through the acoustic emission peak near yield was nearly
independent of grain size, but the peak height increased with
increasing grain size.
Gerberich and Jatavallabhula perfonned a theoretical
evaluation of the effect of grain size on the integral of the rms
voltage squared using the analysis of Fleischmann et al.
(1977) (See Section 2.1.3). Fleischmann et al. derived the following expression for the energy spectral density of the
acoustic emission signal
(12)
S(v, E) oc NL2y(E)2sin2 (1tvA.(E)lV(E»
where N is the number of sources, L is the length of the
dislocation segments, VeE) is the dislocation velocity, v is the
frequency, and k is the dislocation glide distance. To develop
the grain size dependence of the integral of the rms voltage
squared (which is the sum of S (v, E)], expressions for the
dependence of N, L, v, and the sin 2 tenn on grain size and
strain must be developed. They considered two possible
forms for the number of sources,

N oc d£fl..L

(13)

and
N

oc

dEIDL

(14)

where 0 is the grain size and d£ is the strain increment. The
second case arise!> from assuming that the initial dislocation
density is relatively immobile and a new dislocation density is
created as a response to plastic strain with grain boundaries as
the major sources.
Two possible dependencies of dislocation velocity on
stress

a are considered
VeE)

ec

a

(15)

that is, the dislocation velocity is strain rate independent (athermal), or
VeE)

oc

exp(afcreJ

(16)

where the dislocation velocity is strain rate dependent (thermally activated).
For the sin2 term, if v)Jv is small, then sin x
sin2(xv)Jv)

=(XV)Jv)2

=x, or
(17)

but if v)Jv is large, then
sin2(xv)Jv)

=I

(18)

These possibilities yield eight possible combinations, which
may be further increased by different assumptions about the
average glide distance k and dislocation length >... Naturally,
these various combinations generate quite a variety of strain
and grain size dependencies for the integral of the rms voltage
squared to a given strain, including E, EID, (ElDpl2, and
(EID)2.
For aluminum, Gerberich and Jatavallabhula propose
that dislocation motion is largely athermal [VeE) oc a)] and
grain boundaries are the principal sources of dislocations ( N
oc 110), so that in the low frequency case (v)Jv small), the
analysis predicts that the integrated emission to a given strain
will vary as lID. This is in agreement with the trend in the
reported data of Bill et al. (1979), Kim and Kishi (1979),
Fleischmann et a1. (1977), Kiesewetter and Schiller (1976),
and Wilson and Carpenter (1987) - See also Fig. 16.
When the grain size becomes large enough to be comparable to the sample size, it is likely the assumption of grain
boundaries as the principal sources of dislocations is no
longer valid. Thus, N independent of grain size becomes the
more appropriate fonn for N. Then the analysis predicts
integrated emission to a given strain to be either independent
of or proportional to grain size, depending on the fonn
assumed for the dependence of A and L on grain size and
strain. This result is then consistent with acoustic emission
independent of grain size for large grain sizes (Fig. 16), or
with increasing acoustic emission for the largest grain size
samples, as observed by Scruby et al. (1981d), [Reference 0,
Table 1]. Gerberich and Jatavallabhula also propose that this
analysis is consistent with the results of Mintzer et al. (1978),
(Reference A, Table 1], and Tandon and Tangri (1975),
[Reference H, Table I].
Several factors in addition to grain size may be
changed at the same time. Under these conditions, it is
difficult to separate the effect of grain size. Rushbridge et al.
(1983) and Scruby et al. (1983b) studied acoustic emission
from high purity AI-S.5% Zn-2.5% Mg, Al-S.5% Zn-2.5%
Mg-1.6% Cu and AI-S.S% Zn-2.S% Mg-1.6% Cu-0.16% Zr
alloys. The ternary alloy had a 420 Jim grain size (84 MPa
yield stress), the quaternary alloy had a 230 Jim grain size
(129 MPa yield stress), and the quaternary alloy with zirconium (170 MPa yield stress) had a 200 by SO ~ grain size
with a well-developed 10 ~ subgrain size. The zirconium
additions fonn small insoluble particles, which pin grain
boundaries during solution treatment and restrict grain growth.
In the solution treated and quenched condition, the
maximum acoustic emission power near yield in the two
copper-containing alloys was about 4 times greater than in the
ternary alloy. In the two copper-containing alloys, the maximum was slightly higher with the zirconium added. Thus,
the greatest emission in these alloys at the onset of plastic
flow occurred in the alloy with the shortest glide distance, i.e.,
about 10 J.UIl in the zirconium alloy. The copper and zirconium additions also caused major changes in acoustic emission as a function of aging treatment as discussed in Section
2.2.8.
Clough and Wadley (1985) measured acoustic emis·
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sion during the melting and solidification of a small surface
pool of melted metal created by a high-energy electron beam
pulse. The acoustic emission was attributed to plastic flow
adjacent to the pool. They observed greater emission in
coarse grained aluminum than in finer grained material and
lower emission in previously worked material.
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2.2.9.2 Single crystals
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Acoustic emission measurements during the defonnation of single crystals have been made from the early days of
acoustic emission testing. They were used to demonstrate that
acoustic emission is not exclusively associated with grain
boundaries and that acoustic emission is generated in the bulk
of the material -- not only at the surface (Schofield, 1964).
However, surface oxides (Liptai. 1963) can substantially alter
the acoustic emission (particularly in aluminum).

0

>

CJ

II:

~

w

0

o

10

20

SHEAR STRAIN l%)

Several characteristics of acoustic emission versus
strain are common to most measurements on single crystals.
Acoustic emission begins at the onset of plastic flow, rises to
a maximum, and then declines slowly with increasing strain.
The peak (whether measured as count rate, rms. or energy
rate) is much broader in strain than for polycrystalline
material of comparable purity. The acoustic emission level
falls slowly with increasing strain after the maximum. As
indicated in Table I, some investigators find the height of the
peak is greater in single crystals than polycrystals while other
investigators obtained the opposite result.

Fig. 19 Acoustic emission energy detected at three different
measurement frequencies as a function of shear strain for a
99.99% aluminum single crystal (Rouby and Fleischmann,
1978).
distance at the end of Stage II was calculated to be of order
12 J.1m.
Reported results for single crystal copper differ somewhat from those for aluminum. Hatano (1977) and Mazzolai
and Kim (1975) reported a small acoustic emission peak at
the onset of Stage I and a broad, larger maximum in Stage n.
Kishi and Kuribayashi (1979) and lax and Eisenblaner (1973)
report a maximum in Stage I and a gradual decrease through
Stages n and III.

There is, in addition, some disagreement as to the
location of the peak in single crystal aluminum, which is the
most commonly tested material. Kuribayashi and Kishi
(1978) and Kuribayashi et aI. (1976) observed the maximum
at the transition between Stage I (easy glide) and Stage II
(linear hardening) in 99.99% aluminum (20-200 kHz
bandpass, 140 kHz resonant transducer). Scroby et aI.
(1981d) report the maximum lies at about 4% strain in Stage
II for their crystal, which did not exhibit easy glide (99.999%
aluminum, 100-1,000 kHz bandpass, broadband transducer).
Shimizu et aI. (1974) studied 99.999% aluminum with a 140
kHz resonant transducer and Kiesewetter and Schiller (1976)
reported on 99.99% aluminum with a 140 kHz resonant transducer. Both groups found found the maximum at the
transition between Stage II and Stage ill (parabolic hardening). Toronchuk (1974) found the count rate maximum in
Stage III for crystals oriented to favor easy glide (99.999
aluminum, 140 kHz resonant transducer).

Ebener and Schaarwachter (1980) observed an acoustic
emission maximum in 99.999% Cu at the transition between
Stages I and II. An additional peak early in Stage I could be
created by slight torsional predeformation. The peak at the
Stage I to Stage II transition could be suppressed by greater
torsional predefonnation. (See Section 2.2.7 for additional
discussion of these experiments). The peak was attributed to
breakaway of glide dislocations on the primary slip plane
from forest dislocations or other obstacles created by operating secondary slip systems at the beginning of Stage II or
from the torsional predeformation. The maximum unloading
emission was also seen in Cu crystals strained to the Stage I Stage II transition (Rahouadj et al., 1984 - See Section 2.2.6).
The varying locations of the peak as measured by other
researchers may be related to the initial dislocation structures
in their crystals. James et aI. (1984) saw a small peak in 304
stainless steel at a strain corresponding to the beginning of
significant cross slip. This is consistent with findings of
Ebener and Schaarwachter (1980) on high purity copper.

The explanation for the varying location of the maximum may lie partially in measurements on single crystal
99.99 aluminum reported by Rouby and Fleischmann (1978).
They found a broad acoustic emission peak having its location strongly dependent on the measurement frequency (Fig.
19). For example, at a measurement frequency of 750 kHz,
the maximum was at about 4% shear strain (near the end of
Stage II); however, at a measurement frequency of 2,000 kHz,
the maximum was at about 18% shear strain (well into Stage
no. They intetpreted their results to indicate a rapid decrease
in duration of the dislocation glide event with increasing
strain in Stage II and a slow decrease in Stage III. The glide

Nakamura et aI. (1980) reported the acoustic emission
from 99.9% iron single crystals, bicrystals, and large grained
polycrystals (100-200 kHz bandpass, 140 kHz resonant transducer). They reported a maximum at about 0.2% strain and a
gradual decrease with increasing strain. The peak for bicrystals was slightly sharper and higher. Acoustic emission
began at lower strains in bicrystals than single crystals with a
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where A and m are constants. The value of m decreased
slightly with increasing strain, and the magnitude of m when
compared at the same strain was smaller for the larger
specimen. Thus, both the average pulses and the biggest
pulses were larger for the bigger specimen. Kim et al. (1979)
also make a valid point concerning previous investigations of
the relation between acoustic emission and sample size.
When the sum of counts or integral of the rms output over a
wide range of strains is used, the data should be corrected for
changes in strain rate during the test

trend toward even lower strains in polycrystals of decreasing
grain size. This trend was attributed to local plastic ftow near
grain boundaries before general yielding. Fukuzawa et al.
(1982) reported additional results in the same material studied
by Nakamura et al. (1980). They detected bursts and
continuous emission in bicrystals, but only continuous emission in single crystals.
Kuribayashi et al. (1976) reported differences in acoustic emission peak height as a function of the initial orientation
of single crystal aluminum. They suggested that the
difference was partially caused by different strain rates on the
primaJY slip plane as a function of orientation. For variously
oriented single crystals of zinc, they correlated the rms acoustic emission peak height with shear strain rate on the basal
slip plane. For copper, Hatano (1977) reported the magnitude
of the large peak in Stage D was nearly independent of initial
orientation of the crystal. Ebener and Schaarwachter (1980)
measured a broader (in strain) and somewhat lower rms peak
in 99.999% copper crystals oriented favorably for easy glide
compared with unfavorably oriented crystals.

Finally, the detection of events is not necessarily
independent of sample volume. Heiple and Adams (1976)
showed that, for the same size source event, the detected
acoustic emission energy for a beryllium compression sample
(3.8 x 1.3 x 1.3 em) was ten times smaller than for a tensile
sample (0.5 x 0.3 x 2.9 em gage). The events in this test
were bubbles bursting on one surface of the sample, which
were formed by reaction of dilute hydrofluoric acid with the
beryllium. The apparent size reduction of acoustic emission
events in the compression samples caused smaller events to be
lost in the noise and reduced the measured burst rate during
deformation.

2.2.10 Sample size

2.2.1 I Stress state and testing mode

If the events responsible for acoustic emission occur
within a distance (or volume) small compared with the sample
dimensions and if the sources are homogeneously distributed
within the sample, then the only effect of altering the sample
volume should be a proportional change in the number of
events activated at a particular strain. (Other experimental
variables such as strain rate must remain \Inchanged.) These
conditions should be satisfied for polycrystalline materials
with a grain size small compared with the sample cross section, since the postulated mechanisms for acoustic emission
from slip are expected to operate within one or, at most, a
few grains. Thus, burst rate or energy release rate should be
proportional to sample volume, and V~ should be proportional to sample volume. This will be true provided the
detection of acoustic emission events is not changed by the
change in sample volume. For aluminum, Kiesewetter and
Schiller (1976) have shown that V~ is directly proportional
to specimen length. (No measurements with respect to sample
cross-sectional area were reported.)

Hamstad et al. (1979, 1981) have shown that the stress
state significantly alters the acoustic emission from a given
material. In tests on 21-6-9 and 304 stainless steels and 7075
aluminum, more acoustic emission was detected and it
occurred at lower strains in uniform biaxial loading than in
uniaxial loading. The difference was attributed to enhanced
fracture of inclusions in the biaxial, as compared with the
uniaxial stress state. Whether complex stress states alter
acoustic emission from dislocation motion is not known.
One interesting example of the application of a complicated stress state is provided by the work of Krishtal et at
(1983). They applied liquid surface active elements (indium,
lead, tin, and gallium) to the surfaces of solid specimens (iron
and silicon iron). A large increase in dislocation density (in a
surface layer about 10 Ilm thick) occurs after interaction with
the surface active liquid for times on the order of seconds.
The dislocation generation and motion presumably arise from
the reduction in surface energy of the solid in the presence of
the surface active liquid. If acoustic emission is monitored
while the specimen is heated, a substantial acoustic emission
signal appears when the sample is wetted by the surface
active liquid. The signal decreases after a modest time interval. The acoustic emission was attributed to dislocation
motion.

If the distance over which the source operates is comparable to the sample cross-section, the number of events is
longer proportional to sample volume. For single crystals
where the acoustic emission events were associated with formation of a slip band traversing the entire width of the sample, Fisher and Lally (1967) found that the event (burst) rate
was proportional to sample length and independent of crosssectional area.

Acoustic emission created by dislocation motion is not
affected by deformation mode (tension or compression),
although the acoustic emission actually detected may be
different because of differences in specimen geometry. The
situation with slip is therefore quite different than for twinning (Section 3.2.11) and inclusion fracture (Section 4.2.9)
where the testing mode has a major influence on the acoustic
emission produced. The different responses of acoustic emission from slip and inclusion fracture to changes in testing

Kim et al. (1979) studied the effect of specimen size
on the acoustic emission from two NaCI single crystals. They
took great care to have the same deformation behavior
irrespective of sample size. The amplitude distribution of the
acoustic emission pulses from the two samples was measured,
and the relation between the number of pulses N j and their
amplitude VI was found to be:
Nj

::

Avj-m
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mode were used in part to identify two sources of acoustic
emission in 7075 aluminum (Carpenter and Higgins, 1977;
Hamstad and Mukherjee, 1978; Wells et al., 1983; Causland
and Scala, 1981). The first peak, near yield, arises from dislocation sources. The second peak. centered at about 1.7%
plastic strain, arises from inclusion fracture. The second peak
is essentially absent in compression. Prior to these tests, the
second peak had been widely attributed to dislocation
processes, particularly in the T651 condition where the first
peak is suppressed by the prior work, which is part of the
T651 temper.

observed with strain rate changes. Event rate also appears
proportional to sample volume, provided the material is
polycrystalline and the grain size is small compared with the
sample dimensions. The event rate or nns signal actually
detected may depend in a more complicated way on sample
volume if signal transmission from the source to the transducer is significantly altered by changes in sample size.
Cold or warm working prior to acoustic emission testing generally reduces emission. The reduction is probably
caused by one or both of the following factors: (1) sources are
activated that otherwise would have operated during the test,
or (2) the dislocation density is increased, thereby reducing
glide distance for dislocation packets. Prior thermal history
influences the size, distribution, and morphology of precipitates, solute atoms, inclusions, and intentional second phases.
It also affects grain size and dislocation density. All of these
factors influence acoustic emission.

23 Summary: Acoustic Emission from Dislocation Motion
The evidence is overwhelming that dislocation motion
creates acoustic emission during defonnation of many materials. Furthennore, it is unlikely that uncoordinated motion of
individual dislocations can presently be detected by acoustic
emission measurements, with the possible exception of measurements during defonnation of high purity single crystals and
very large-grained polycrystals. The nearly simultaneous
motion of many dislocations within a small volume of
material is generally required. In addition to the formation of
a packet or avalanche of moving dislocations, the packet must
glide far enough at sufficient velocity; otherwise the elastic
waves produced are too small to be detected. These conditions
are not often satisfied simultaneously, so only a small fraction
of the dislocation motion within a sample produces acoustic
emission. Microstructural and testing variables can change
the probability of avalanche formation, the glide distance, or
the glide velocity to varying degrees and produce large
changes in observed acoustic emission. Also, equipment limi·
tations (particularly sensor sensitivity and the frequency
bandwidth over which the measurement is made) substantially
influence the acoustic emission observed.

Solute atoms may serve as breakable pins (e.g., during
Portevin-LeChatelier yielding and at some yield points),
thereby favoring the fonnation of dislocation avalanches and
increasing acoustic emission. Under other conditions, solute
atoms may reduce dislocation velocity (or possibly acceleration) and thereby reduce acoustic emission. Precipitates
formed during aging increase the acoustic emission during
subsequent deformation in some alloy systems and decrease it
in others. A decrease in acoustic emission caused by aging
precipitates is generally attributed to reduction in the glide
distance of the dislocation packets. An increase in acoustic
emission in the presence of shearable precipitates is attributed
to either: (1) precipitates serving as breakable pins and
increasing the probability of dislocation avalanches or (2) precipitates causing strain localization and a long glide distance
in the resulting slip bands.

Sometimes it is difficult to determine whether acoustic
emission in a particular test is related to dislocation motion.
It is helpful to compare acoustic emission from different
deformation modes (for example, tension and compression),
and to apply careful microstructural characterization. Simultaneous measurement of another parameter sensitive to dislocation processes, such as internal friction, may also be helpful. Failure to take these precautions has resulted in
misidentification of acoustic emission source mechanisms,
most notably in 7075 aluminum beyond yield.

The effect of changing grain size on acoustic emission
remains an area of controversy. Apparently, acoustic emission
has a maximum at a particular grain size (which may be a
single crystal), but the grain size at which the maximum
occurs depends on sample purity, the frequency bandwidth
over which measurements are made, or other factors.
Substantial progress has been made in the last few
years in providing quantitative estimates of surface displacements expected from dislocation motion. These provide valuable insight into the effects of various testing and microstructural variables on the acoustic emission produced by disloca·
tion sources. Sensors have been developed to measure actual
surface displacements from simulated acoustic emission events
and the more energetic actual acoustic emission events; however, these sensors are rarely sensitive enough to detect acoustic emission from dislocation motion.

Acoustic emission is strongly dependent on test parameters and metallurgical condition of the material. Increasing
the strain rate increases the rate at which acoustic emission
events occur within the sample, generally leading to proportionality between the nns acoustic emission voltage and the
square root of the plastic strain rate. Under some conditions,
acoustic emission mechanisms are altered by strain rate
changes, and rms voltage is no longer proportional to the
square root of plastic strain rate. Portevin·LeChatelier yielding
and the accompanying acoustic emission are very strain rate
sensitive. Test temperature appears to alter significantly the
amount of acoustic emission even in the absence of an obvious change in the the source mechanism. Changes in acoustic
emission with test temperature can also result from changes in
the source mechanism in a manner analogous to effects

Understanding acoustic emission from dislocation
motion has advanced significantly over the past several years.
Difficult problems remain in developing a quantitative
description of dislocation source mechanisms and in understanding the precise way microstructural variables affect dislocation acoustic emission sources. However, recent work has
greatly narrowed the range of reasonable explanations for the
effects of material variables on acoustic emission.
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Conferences and Symposia

noted that Japanese researchers use the tenn Kaiser ratio in place
of Felicity ratio and a uniform tenninology should be established
to avoid possible confusion.

The 30th AEWG Meeting, Norman, Oklahoma, May

12-14,1987
The Thirtieth Meeting of the Acoustic Emission
Working Group was held from 12 to 14 May 1987 in
Norman, Oklahoma. The meeting was hosted by the
University of Oklahoma and was attended by forty-seven
particip,ants. Papers were presented covering a wide range of
AE research interests including process monitoring
instrumentation and sensor development, and applications to
both fiber reinforced resin- and metal-matrix composite
materials. Of particular interest was the development by T.
Proctor of the National Bureau of Standards of a new AE
sensor which accurately measures the horizontal component of
surface displacement in contrast to the vertical displacement
sensor previously developed at NBS. The availability of a
horizontal displacement measuring device will allow
researchers to more fully quantify the surface motions
associated with AE activity and should prove valuable in
many source characterization applications. Dr. Clem Tatro of
Lawrence Livennore Laboratories was the banquet speaker and
presented a well-received talk on the past, present, and future
of AE testing.

Historically, the term "Kaiser effect" honors 1. Kaiser and
his original observations of reloading phenomena in several
metals (Kaiser, 1950). The important point here is that these are
physical observations, not immutable laws. This much in the
sense of Hooke's law being a useful representation of mechanical
behavior for certain materials and loading conditions. The tenn
Felicity effect was originally coined by T. Fowler (1979) for the
observed behavior of many composite materials. Over the past
several years, several inaccurate notions have arisen regarding
this phenomena including:
Myth #1 - All metals exhibit the Kaiser effect (e.g.,
materials which exhibit twinning do not exhibit this effect).
Myth #2 - All composites exhibit the Felicity effect.
(metal matrix?)
Myth # 3 - If a material exhibits the Kaiser effect for a
particular test condition, it will exhibit the Kaiser effect for all
conditions and geometries.
The Kaiser effect has been shown to be valid only for
unflawed polycrystalline metals tested under uniaxial loading
conditions where reloading was immediate. If, for example, one
waits a period of time (the amount of time required depends upon
the material and the temperature), some AE activity can and
usually does return. This is principally attributable to the
migration of dislocations, the readhesion of cracked particulates,
or the reformation of oxide coatings in the intervening time
period. It should also be mentioned that most tests are conducted
under uniaxial test conditions while most structural materials are
actually subjected to biaxial or triaxial loading conditions.
While we are not aware of experiments which have been
performed to examine multiaxial loading and the effect of load
path on AE activity, it is plausible to expect that the results
would be path dependent, i.e., if one were to change the manner
in which the load was applied on reloading, even though the
final stress state was the same (e.g., tension followed by torsion
initially vs. torsion followed by tension) the Kaiser effect would
probably not be seen. For these materials, local material failure
(either via matrix cracking, fiber-matrix debond, fiber friction
etc.) is the principal AE source, not dislocation motion. Upo~
reloading, AE can still be generated at these microfunction sites,
principally by rubbing of mating crack surfaces. In this regard,
composites are similar to flawed metals where the Kaiser effect
is not nearly as evident

n.M. Egle and R.A. Kline
Conference Co-organizers

A Brief Note on the Kaiser and Felicity Effects
R.A. Kline and n.M. Egle
The University of Oklahoma
At the 30th AEWG meeting, a discussion was held
regarding the nature of the Kaiser and Felicity effects and various
misconceptions that have arisen regarding terminology.
Accordingly, it was agreed that a brief overview should be
prepared in order to clarify the situation. Both of the above
effects refer to the presence or absence of AE activity upon the
reloading of a sample. If no acoustic emission is observed, the
Kaiser effect is said to hold. Any deviation from this behavior is
known as the Felicity effect. Fowler has introduced a measure of
this deviation as the Felicity ratio, defined to be
load at which AE is observed on reloading

Felicity Ratio

= ----:.---------.:.:.:=~
preViously applied maximum load

Obviously, a Felicity ratio of one would correspond to the
Kaiser effect. Ratios greater than one, while possible, would
also indicate that the Kaiser effect was present. It should be
Jouml1 or Acouslic Emission

Volumc6, Number 3

All of this does not mean that the Kaiser or Felicity effects
are not useful concepts. Observations of AE reloading behavior
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have been the basis for many estimates of the previously applied
maximum load that a structure has experienced in service. In
fact, H. Dunegan patented a bridge inspection device based on
this principle. Similarly, for composite studies, the Felicity
effect has proven to be a good qualitative measure of damage
severity. Therefore, one should not discard a useful concept just
because it is not an expression of a universal law. It seems
reasonable to expect that applications of this type will continue
to grow in the foreseeable future. And in order to effectively
exploit this phenomena, one should be mindful about some of
the inherent limitations with particular approach as well as its
strengths.

I. AE CharaeterizatlOD or Material Properties I (Graphlle,
Polymer aDd Wood)
1·1 Acoustic Emission During Fracture Process in Graphite, Y. Fukuzawa and
M. Nakamura (Technological UniveJSity of Nagaoka). S. Imoto (Citizen Watch
Co., LId.) T.Ob and S. Yoda (Japan AIomIc Energy Res. InsIiblte)
1·2 AE During Mechanical DefonnaliOll of Polymeric Materials, K. Matsushige
and S. Tiki (Kyushu University), S. ShirouDl (Idemitsu Kosan Co•• Ltd.), S.
Shichiyjo (Mitsui Petrochem Ind). T. Takemura (Ariake Nat') College of Tech)

1-3 AE Studies on Fatigue Fracture of Poly-Vinyl Chloride, K. Takahashi, N.
Takeda and Y. Inoue (Kyushu UniveJSity)
1-4 Effect of Species and Moisture Content on Fracture Toughness and AE
Otaracreristics in Wood, K. Ando. K. Sato and M. Fushil3l\i (Tokyo Univ. of
Agriculture and Technology)

References

I·S AE Testing for Resorcinol Wood Glue Joint, K. SalO, J. Mori and M.
Fushil3l\i (Tokyo University of Agriculture and Technology)

1. J. Kaiser (1950), "Untersuchungen iiber das Auftreten von
Gerauschen bei Zugversuch," Ph.D. thesis, Technische
Hochschule, Miinchen, Germany.

D. AE Characterization or Material Properties D (Rock and

Concrete).
n-I Characlerization of Subsurface Structure and Qn-Une Monitoring by Means
of AE MeasuremeDl During Well·DriDing, H. Asanuma, H. NilSuma and N.
Chubachi, (Tohku University)

2. T. Fowler (1979), "Development of an Acoustic Emission
Test for FRP Equipment," ASCE Annual Convention, Boston,
MA, Preprint 3583.

n-2 Fracture Mechanism and Frequency Analysis on Various Rocks, K.
Michihiro (Setsunan Univezsity), K. Hata, T. Fujiwara and H. Yoshioka
(Ohbayashi Corp.)

The Tbird International Worksbop on Composite Materials.
Katbolieke Universiteit. Leuven (BELGnJM), May 30·
June 3, 1988
This workshop is the first of a three level High-Tech
Education in Composite Materials - Project, awarded by The
Commission of the European Communities as part of their
Commett program. Workshop team consists of Prof. Steve Tsai
(Air Force Materals Lab., Dayton), Prof. George Springer
(Stanford University), the staff members of the Composite
Materials Group, K.U. Leuven, and specialists from leading
European companies/institutes (AKZQ, CASA, ICI, PeugeotCitroen, DFVLR). Workshop topics include materials science of
composites: fibers, matrices, interfaces, analysis of stresses,
strains and failure of laminates (including computer aided
learning) and manufacturing, testing and quality control
(including laboratory demonstrations).
If you would like to be invited, please write to:
Dr. IR. Martine Wevers and Dr. JR. Ignaas Verpoest
Department of MetaJlrugy and Materals Engineering
(Composite Materials Group)
Katholieke Universiteit, Leuven
de Croylaan 2, B-3030 Leuven, Belgium

n-3 Evaluation of Damage in Concrete by AE Method, M. Yamanouchi
(Fukushima Nat'l College ofTechnology) M. Satake (Tohob University)
U-4 AE Propeny of InrernaJ Crack in Concrete by CorrosiOll of Steel Bar, K.
Minami, K. Kalo and H. Masuda, (The National Defense Academy)

u-s Diagnostic Applications of Acoustic Emission in Civil Engineering. M.
OhlSu. Y. Sabta (Kumamoto Univezsity)
W. Medical AE
m· I Loosening Estimation using AE Transfer Function, K. Takashima, H.
Tonda, H. Sakata, H. Mizuta, K. SakamolO, K. Kubota. K. Ishikawa and T.
Kitagawa (Kumamoto Universily), Y. Higo and S. Nunomura, (Tokyo Institute
of Technology)

m·2 Acoustic Diagnosis of Intracranial Vascular Disease, Y. Kosugi (Tokyo
Insuhlle of Technology). J. Ikebe (Tokyo Engineering University), T. Sasaki and
K. Takakura (University of Tokyo)
m-3 The Transmission Propenies of AE from Artificial Hip Joint, XJ. Gao. K.

Murata, Y. Tomita, H. Sugiyama and M. Ono (Jikei University). Y. Higo and
S. Nunomura (Tokyo InsL Technology)
IV. Development and Characterization or New Seosors
IV·I Development of a High Accuracy Acoustic Emission sensor with Flat
O1aracleristics on Higb Frequency Band, K. MUIO (lnsliblte of Vocational
Training), K. Miyashita (RION Electronics Co., Ltd.), A. Katayama (ANRITSU
COIp.), H. Nishiumi (Teitsu Denshi Kenkyusho Co., Ltd.)

The Sixth (Japanese) Conference on Acoustic Emission

IV-2 Wideband AE Sensor and Easy Calibration of AE Sensor. H. Inaba and K.
Miyake (Fuji Ceramics Co.• Ltd.)

The Japanese AE Committee organizes this series of conferences
on odd years. In contrast to the international AE symposia well
known outside Japan, these conferences are presented in Japanese
and the proceedings are published also in Japanese. In the fall of
1987, Prof. K. Takahashi of the Research Institute of Applied
Mechanics, Kyushu University, arranged the latest, held in the
southern island of Kyushu. The content of the Proceedings
(approximately 260 pages) are given below. The Proceedings can
be ordered from JSNDI (see page 156 for the address).

IV-3 Frequency Responses Analysis ofPiez.oelecuic elements using BEM-FEM
Coupling Method, M. Ohtsu (Kumamoto University), S. Uesugi (Kumamoto
Institute of TechnoJogy)
V. Real·Tlme Diagnosis and Monllorlng Systems I
V· I Multipurpose Adaptable AE MOllilOring System by Disuibuted Processing ofWaverormMicrodata, K. Yamaguchi andH. Oyaizu (UnivofTokyo)
V·2 Observation of Acoustic Emission During the HydrofraclUring of Coal
Seam. M. Seto (Nal'l Res. InSL for Pollution and Resources), M. Kohno and H.
Nabeya (Coal Mine Safety Research Center, HokJcaido)
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v.]

Development ofBeariDg Abnormal PfIenomenon Detective Technique by
Acoustic EmissiOll, S. NishimOfD and Fujimoto (Koyo 5eikou Co.), N. Inoue
(Kawasaki Steel Co.), S. Harada (Kawatetsu Instruments Co.)

1X4 Real·Tlme AE Spectrum Analyzer. H. Hara (Sandenshi Ind. Co.. Ltd.)

IX·S Rolling Bearings Condition Diagnosis System HIDIS AE 1000. Hitachi
Service Engineering Co.. Ltd.

V4 Machine Condition Diagnosis Syslem using Aroustic Emission Techniques
and Applications fIX' Bearings, I. Sato,T. Yoneyama (Hitachi Research
LaboralOfy, Hitachi). T. Tanaka, M. Yanagibashi and Y. Taguchi (Hilllchi
Service Engineering Co.)

1X-6 The Function and Application of Shimadzu Acoustic Emission Analyzer
SAW·l000A, Y. Tanaka (Shimadzu Corporation)
IX·' Wave Memory. Y. Yoshida (NF Electronic Instruments)

VI Real Time Dluagtlosis and Monitoring SystelDS D
VI·I Disaimination of AE Signals for Automatic Sou/te·Location of
Subswface Acoustic Emission, K. Nagano, H. Niitsuma and N. Oubachi
(Toholtu Univ)
VI·2 An Analysis of AE EneIgy from Tensile Cracking in a 10 Meter Sized
Rock Specimen, J. Yokouchi. H. Niilsuma and N. Chubachi (Tohoku Univ)
VI·] A Quantitative Evaluation Method of Acoustic Emission Activities using
Amplitude Distribution Analysis, H. Nakasa (Central Reserach Institgure of
Electric Power IndustJy)
VI4 Three Dimensional SOUlte Location of Subsurface Microcrack by
Down·Hole sensor Array. H. Niitsuma and N. Chubachi (Tohoku University)
VI·S Evaluation ofOaracterislic of Subsurface CracIts Based on Elastic Waves
due 10 Sudden Growth of a Puny Shaped Crack. K. Hayashi (Tohoku Univ). J.
Kozaki (Shimadzu Corp). H. Abe (Tohoku University)

vn.

AE Characterization or Material Properties In (Metals)
vn-l Acoustic Emission Generaled During Cyclic Stress Testing in Notched
AZ91 Magnesium AUoy. K. KIlO, T. Tozawa, Y. Takayama and T. Fujinuma
(Utsunomiya University).
vn·2 AE Oaracreristics and Sound Velocity Oanges in Steels during EllPOSure
High Temperature and High Pressure of Hydrogen Aunospllere, T. lmanaka
(Kawasaki Steel Corp.) M. Miki and S. OnilSuka (Asahi Electric Co.)

OR

vn·) Acoustic Emission Characlerizalon of Degradation in Aunosphere
Corrosion Resisting Steel (SMASSQ). J. Takatsubo and H. Yokogawa (Gov't
Industrial Research Institute, Chugoku)
vn4 Acoustic Emission During Fracture Toughness Testing in Titanium
Alloy, K. Tomita and M. Sadaike (Fukui·ken Industrial Technology Center). T.
Kishi. T. Naguma and M. Enoki (University of Tokyo)

Invited Lecture
Molecular Composites, M. Taltayanagi (Kyushu Sangyo University)
X. New Materials I
X·I Acoustic Emission SWdy of Plasma Sprayed Ceramic Coatings under
Repeated Heating and Cooling Cycles. H. Taira, S. Tamura and M. Ikeda
(Nippon Steel Corp.)
X-2 Inspection of Damage in Composire Malerials by Thermo-Acoustic
Emission Technique. N. Salo. T. Kurauchi and O. Kamigaito (ToyolaS Central
Research and Dedvelopment Labol1llories.lnc.)
X·] Comparative Evaluation of Acoustic Emission Properties ofCFRP
Laminaled Composites Containing DefeclS. I. Kimpara and I. Ohsawa
(University of Tokyo), H. Ohtsuka (Industrial Products Reserach Institure), Y.
Tanaka (Shimadzu Corporation)
X4 Acoustic Emission Behavior during Thennoelastic Manensitic
Transformation ofCu·Al·Ni ADoy Single Crystal, K. Sakamaki, K. Yoshida, H.
Takagi, K. Ohhashi. M. Yoshida (Tokushima Univ)
XI. New Materials n
X1-1 Characreristics of Acoustic Emission from a New Hybrid Marerial
(ARALL) for Aircraft SlJUCture, T. Ishida (NiPPOn Sleel Corp), M. Shiwa
(Nippon Physical Acoustics Corp), T. Kishi and M. Sunagawa (Univ ofToltyo)
X1-2 The Evaluation of Strengthening Mechanism of Fiber ReinfO/ted Metal
with the Microstructure Controlled by Ultrasonic Vibration Using Acoustic
Emission, S. Wakayama and H. Nishimura (Tokyo Metropolitan University)
XI·) Fracwre Mechanism and Acoustic Emission Behavior of SiC Whisker
Reinforced Aluminum Alloy. S. Yamashita, Y. Kagawa, H. Halta, S.
Utsunomiya and Y. Kago (Mitsubishi Electric Corp)

VIn. Composite Materials
VIlI-l Acoustic Emission Signal Analysis During Fatigue Damage of GFRP.
M. Shiwa and S. Yuyama (Nippon Physical Acoustics, Ltd.). T. Kishi
(University of Tokyo)

Call for Papers
Nondestructive Testing and Evaluation for
Manufacturing and Construction, August 10·12,
1988, Urbana, Illinois

VIII-2 Waveform Feawres of Acoustic EmisSion and Fracture Modes and
Behavior on Tensile Tests ofGFRP. K. Yamaguchi. H. Oyaizu and J. Hirai
(University of Tokyo), Y. Nagata (Nippon Steel Corporation)

Abstract (300 words) due on II April 1988

VIII·) Failure Process of a G1assiEPOlly Cross-Ply Laminare Subjecred to
Uniaxial Tension, H. Ohira, K. Ono and N. Uda (Kyushu University)

Dr. H. Reis, Conf. Chairman

VID-4 Acoustic Emission during Delamination in GFRP 31 Low TemperatuJeS,
T. Uenoya and A. Yokoyama (Osaka Prefectural Industrial Research Instiwre)

Dept of General Engineering
University of IDinois. 117 Transportation Bldg
104 S. Mathews Ave. Urbana, II. 61801

VIU·S AE Characteristics of Short Fiber Reinforced Polymer Composites •
Effects of AE Signal Atlenuation. K. Takahashi, N. Takeda. Y. Sakurada and
N.5. Choi (Kyushu University)

Review of Progress on Quantitative NDE, July 31 •
August S, 1988. La Jolla, Calif.

IX. Commercial AE Measurement Systems
IX· I Measurement of Propagation Characteristic of Acoustic Waveform by
FFT, A. Katayama (AnrilSU Corporation)

Abstract «200 words) due on I May 1988
Dr. D.O. Thompson. Appl. NDE Program Director
Send Abstracllo Mrs. Libby Bilyeu
303 Wilhelm Hall, Ames Laboratory
Iowa Stale University, Ames.1A 50011

1X·2 Inuoduction of Acoustic Emission Sysrern, K. Iwai
(Nippon Sreel Technology Corporation)
IX·) Advanced AE Systems for Evaluation of Advanced Malerials
S. Yuyama (Nippon Physical Acoustics. Lid.)
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AE Training Courses
Workshops/or AE Testing and
Signal Processing
AEWG·31, Mar. 21, 1988, at Univ. of
Calif.• Los Angeles
Contact K. 000 (213)-825-5233
AET Corp. 1824J Tribute Road,
Sacramento. CA 95815
Contact J. Rodgers (916) 927-3861

MakesYOU
Ihe EXPERT!
You've heard the buzzwordsartificial Intelligence, expert systems,
pattern recognition-and you've wondered when they would come up to the
practitioners' fevel where the real problems are.
The wait is over.
ICEPAK (Intelligent Classifier Engineering Package)* is the first general
purpose software-based system to smash
the barrier between laboratory curiosity
and practical application.
ICEPAK incorporates elements of
signal processing. pattern recognition.
and adaptive learning into a comprehensive. interactive-and user-friendlysoftware environment
ICEPAK can be taught by the user to
recognize signal features that separate
noise from flaws in eddy current testing.
or one flaw size from another in ultrasonic
testing, or one emission mechanism from
another in acouatlc emission testing. With
over 100 signalleatures in 5 different signal domains. and up to 20 user·defined
variables. ICEPAK can handle the tough
signal identification problems.
The other nice news is ICEPAK runs
on your favorite computer systems-the
IBM PC/XT/AT** and compatibles; HP
Vectrat; VAXIVMSt and RT-llt systems.
Whether your job is research.
methods development or production NOT,
we can supply you with an ICEPAK system meeting your needs. Options include
complete PC-based systems with PCcompatible transient recorders. and customized software lor on-line production
applications.
Call or write now lor more information
that will make you the expert:
Acoustic emission Technology Corp.
1824J Tribute Rd.•
Sacramento. CA 95815;
916-927-3861 or Telex 171-356 AET.
Represented Worldwide.
• ICEPAK is a prOduct
of Tektrend International. Inc., Montreal.
canada. and marketed
worldwide by AET
Corp.
"IBM PC/XT/AT are
trademarks of Interna-

lienal Eklsin8ss Machines.
tVectra is a trademark
of the Hewlett·Packard

Corp.
~VAXIVMSand

RT-ll
are trademarks of Oigital Equipment Corp.

Fundamentals 0/AE Technology
and SNT·TCIA QualifICation
Course, Mar. 7·11, July 18-22, and Nov.
14-18. 1988, Sacramento. California
PAC. P.O. Box 3135, Princeton, NJ
08543 Contact N. Stack (609) 896-2255
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The Application of Acoustic Emission Techniques inHigh-Temperature Oxidation Studies
A. S. Khanna, B. B. Jha and Baldev Raj
Abstract

appears, some changes such as an initiation of a crack, a
phase transformation, fracture etc. are expected to have taken
place. From the intensity of the AE activity, it is possible to
assess the severity of the phenomena.

The acoustic emission technique was utilized in studying the initiation of breakaway oxidation and in-situ spalling
of the oxide scales formed on metals and alloys at high temperatures. The technique has been successfully applied to
detect the breakaway oxidation in 2t.4Cr-IMo and 9Cr-IMo
steels, in-situ scale spalling and the anomalous behavior of
copper oxide scale formed at 500°C. Time domain, frequency
domain and amplitude distribution modes were used to study
these phenomena, and AE results have been corroborated with
corresponding thermogravimetric results.

2.2 Frequency-Domain Analysis or Frequency-Spectrum
Analysis

The frequency content of the raw AE signal is measured as its power spectrum, and characteristics of the specific
sources are reflected in the power spectrum. Hence, it is quite
useful as a record of source signature. The digitized samples
are used to compute power spectral density.

1. Introduction

2.3 Amplitude-Distribution Analysis

In the last two decades, acoustic emission (AE) studies
have found numerous applications in nondestructive testing
and materials research. Recently, this technique has been used
to detect oxide scale cracking during high temperature oxidation (Coddet, et al., 1984; Ashray, et aI., 1983; Coddet, et ai,

The amplitude-distribution analysis is a useful way of
characterizing the AE signal. The relationship between the
cumulative AE events and the peak amplitude (V) is often
given by a power law:
F (V) =

We are actively engaged in using this technique both
for nondestructive testing of nuclear components and materials
research. In this paper, we report the application of AE to
study the high-temperature oxidation behavior of metals especially the breakaway phenomenon and spalling of oxide scale.

where V0 is the lowest detectable amplitude and b is a constant. A lower b value indicates a signal including low and
high-amplitude events, while a higher value of b signifies a
signal having a large number of small-amplitude events.

3. Oxidation

2. Acoustic Emission Technique

Oxidation is a process in which metal combines with
oxygen to form an oxide. The oxide growth is generally
measured as a weight gain due to oxygen absorption and subsequently oxide formation as a function of time using a sensitive thermogravimetric (TG) balance. One of the disturbing
feature during oxide growth in certain metals and alloys is the
generation of stresses during growth. The stress generation
can arise due to several reasons: a difference in the volume
of oxide formed to that of the substrate metal; a difference in
the structure of the oxide and metal; a difference in the thermal expansion coefficients of metal and oxide, etc. These
stresses grow and accumulate as the oxide growth continues
until a certain thickness of the oxide scale, which is known as
the critical thickness, stress relief occurs in the form of microcracks within the scale, which results in faster access of oxygen to the metal through these cracks resulting in a very high
oxidation rate. If one plots the oxide growth stress vs. thickness, vis-a-vis the weight gain vs time plot, one can see the
change in the slope of the weight gain curve at this critical
thickness where the stress release occurs (Fig. I). It is there-

The acoustic emission technique has three important
steps: generation of transient elastic waves by the application
of stress; detection by a suitable sensor; and analysis. The
purpose of analysis is threefold: identification of the AE
source; location of the AE source and some means of quantifying the AE signal. Analysis is generally carried out using
one of the following three modes: Time-domain mode.
frequency-domain mode; and amplitude-distribution mode.
2.1 Time-Domain Mode

The most commonly used methods are ring-down
counting (RDC) method, event counting method or rootmean-square (rms) voltage level measuring method. Any of
the above parameters or their cumulative counts or events are
measured as a function of time. Wherever a higher count rate
Received 13 February 1987. The authors are affiliated with Metallurgy
Program. Materials Development Laboratory, Indira Gandhi Center for
Atomic Research. Kalpakkam, 603 102 Tamilnadu. India
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ii.

fore expected that this transition point known as the breakaway point is detected only when a certain weight gain has
occurred after the occurrence of microcracks due to stress
release. Thus the conventional weight gain method is detecting this transition point wrongly after a delay time due to
crack formation and subsequent weight gain to occur. Thus a
more sensitive and accurate technique was needed to detect
such changes. It is for this reason, a technique such as the
AE technique, was explored to detect such changes.

Use an inert material for the waveguide which has a
very low attenuation for the AE signal. This can be
welded to both, the sample OD one end, and to a support plate on which the transducer can be fixed on the
other end.

Both of these methods have been tried in this laboratory. These are shown schematically in Fig. 2(a) and (b),
respectively.

4. Experimental Set·Up
One of the most important requirement for AE measurements at high temperatures is the availability of transducer
materials which can sustain the high temperatures. Since
most of the transducers available at present can be used only
up to 150°C, an alternate way is to use a proper waveguide.
There can be two choices:

i.

AET 5000

Choose the same material for the sample as for the
waveguide. Part of this material can be inserted in the
furnace, and the remaining portion outside the furnace
can act as the waveguide. The main problem in this
system is that the sample would be under a thermal
gradient, which is difficult to account for.

TRANSDUCER

,~.~.~

(0)

I

L...-_-1 AET-SOOO

THICKNESS OF OXIDE FORMED

TRANSDUCER

( b)
TEMPERATURE 1---,1lI111l.
MONITOR
-GAS OUTLET

___-Transition temperature
for breakaway oxidation
I

FURNACE

I

GAS INLET

I

(b)

protective :
oxide growthl

Fig. 2 Experimental set-up using (a) sample as a waveguide,
(b) inert material as a waveguide.

TIME
Fig. 1 (a) Variation of stress due to oxide growth with
increase in thickness; (b) weight gain vs. time plot, showing
protective and non-protective oxidation stages.
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Fig. 3 Time-domain AE results of 2Y4-1Mo steel oxidized at
800°C and 900°C.

S. Summary

or Results

found that a large increase in the AE activity was due to
internal cracking and/or separation of the scale from the
matrix and not due to just spalling of the layer, as was
observed at lower temperatures. This was further confirmed
from the level of ring-down counts and the rms voltage
values. Figure 3 summarizes these results at 800 and 900°C,
respectively.

5.1 Breakaway Oxidation and Spalling of2 1hCr-1Mo Steel
The time-domain analysis method was used to detect
breakaway oxidation and spalling (Khanna and Jha. 1985).
ROC, event counts, and rms voltage levels were measured.
Results for 600, 700, 800°C indicated that the AE activity was
present only during cooling. This was due to the spalling of
the oxide layer due to cooling and was confinned by observing the corresponding surface layers under a stereomicroscope. At 900 and 950°C, there was a sudden increase in AE
activity during heating in addition to the enormous increase in
AE activity during cooling. On comparing the corresponding
thermogravimetric results it was found that the increase in AE
activity during heating at these temperatures was due to breakaway oxidation, and on observing subsequently the cross
section of oxide layers formed at these temperatures it was

5.2 Frequency-Specmun Analyses
In a subsequent study (lba, et al., 1986), frequency
spectrum of AE signal obtained during oxidation of 2V4CrIMo steel was analyzed. At 900°C, oxidation of 2 1/4Cr-lMo
steel shows three regions: a pre-breakaway region where
there is very little AE activity; a breakaway region, where the
activity level suddenly rises during heating; and a spalling
region, where enormous AE activity is released during cooling. AE signals in each of these regions were processed
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Fig. 4 (a) Schematic of experimental set-up and (b) Details of signal analyzed at various
intervals in three regions.

5.3 Anomalous Oxidation of Copper at 500D C

using a signal analyzer (experimental set-up shown schematically in Fig. 4), and results are shown in Fig. 5. It is seen
that the phenomenon of microeracking shows a stronger high
frequency (0.66 MHz) component compared to that of spalling. The latter has the highest peak at 0.49 MHz, indicating
that this process may be less transient in nature compared to
that of the former. Moreover, it is obvious that macrocracking can occur instantaneously, while separation of the scale
from the matrix or within itself will occur rather slowly. On
the other hand, the frequency spectrum during pre-breakaway
region shows stronger low frequency components, indicating
that there is no single frequency range for the AE signal.
Clearly, the source mechanisms responsible in this region are
different from microeracking or spalling.

A discontinuous weight gain (TO) curve, indicating
repeated breaks after some intervals was observed at 500 0 e as
shown in Fig. 6 (Khanna and Jha, 1987). On the other hand,
a smooth oxidation curve was observed at 8oooe. The reason
for this behavior was explained due to the fact that the scale
at 500 De is brittle and therefore cracks as soon as it reaches a
certain critical thickness while at goo°C, the scale becomes
quite ductile and does not crack. This was confirmed using
the AE technique. The increase in AE activity was found at
points where discontinuities were observed in the TO curves
at 500 De, while no AE activity was observed at gOODe (Fig.
6b and c).
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Fig. 8 Logarithmic cumulative amplitude distributions for the
experiments performed at 900°C and 950°C.

6. Conclusion
The AE technique has tremendous potential in detection andlor characterization of defects (cracks/discontinuities
etc.) in the oxide scales formed on materials operating at high
temperatures especially for on·line monitoring techniques. It
is an accurate and more sensitive technique complimentary to
conventional thermogravimetric techniques for the detection
and evaluation of breakaway oxidation and in-situ spalling.
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Acoustic Emission Produced by Deformation of Metals and
Alloys - A Review: Part II
C. R. Heiple and S. H. Carpenter
3. Acoustic Emission from Deformation Twinning

POUSHED SURFACE

Slip and twinning are the two fundamental mechanisms by which metals deform plastically. Slip is the translation of crystal planes past each other accomplished by the
movement of dislocations. Deformation by twinning differs
fundamentally from slip; following slip. the slipped and
unslipped areas maintain the same crystallographic orientation.
while twinned and untwinned regions have differing orientation. Twinning results when a portion of the crystal changes
its original orientation to a new one relared to the orientation
of the untwinned lattice in a definite. symmetrical way. The
twinned region is a mirror image of the parent crystal. The
plane of symmetry between the two portions is called the
twinning plane. Figure 20 illustrates the classical atomic picture of twinning. Figure 20a represents a section perpendicular to the surface in a cubic lattice. The twinning plane is
perpendiCUlar to the paper. H a shear stress is applied. the
crystal will twin about the twinning plane. as shown in Figure
20b. The region to the right of the twinning plane is undeformed. To the left of this plane. the planes of atoms have
sheared in such a way as to make the lattice a mirror image
across the twinning plane. ..In Fig. 2Oc. open circles represent
atoms that have not moved, dashed circles indicate the original positions of atoms that have moved. and solid circles are
the final positions of the atoms after twinning deformation.

(AI
BEFORE TWINNING.

.I . . . -

TWIN PLANE

(8)

AFTER TWINNING.

It should be pointed out that there are other significant
differences between slip and twinning in addition to crystallographic relationships. Atomic movement during slip generally
occurs in multiples of the atomic spacing. while in twinning
the atomic movements are often much less than one atomic
distance. Slip occurs on separate and most often widelyspaced planes; however. in the twinned region of a crystal.
every atomic plane is involved in the deformation. Furthermore. at least the initial part of twin nucleation and growth
proceeds at high speeds. on the order of the sonic velocity.
Dislocation velocities during slip may also be large under
some conditions. but they can be quite low in other circumstances.

(C)

THE DISPLACEMENT OF ATOMS.

An additional important distinction between slip and
twinning is that the shear strain produced by twinning is
small. For example. the maximum extension possible in a
zinc crystal by converting the entire crystal to a {IOI2} twin
Fig. 20 OassicaJ representation of twinning (Dieter, 1976).
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is only 7.39%. The major importance of twinning in plastic
deformation is that orientation changes resulting from twinning may orient new slip systems favorably for slip and
thereby permit additional deformation (Dieter, 1976).
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-196°C and 250°C at a film speed of 250,000 frames/sec.
They found the initial propagation velocity was about 2200
mlsec at -196°C and that this velocity dropped with increasing
temperature to about !300 mlsec between 20 and 250°C. The
sound velocity in this material is 2470 mlsec at 20°C. They
also found that the twin propagation velocity was not constant
and appeared to be related to the sample's elastic stress state.
While these measured velocities are large, they are
significantly less than the sonic velocity.

3.1 Motkls for Deformation Twinning
Deformation twinning has been investigated extensively. As a result, several excellent reviews are available
(Mahajan and Williams, 1973; Cahn, 1953. 1954; Reed-Hill et
aI., 1964; Christian, 1965). A textbook authored by Hall
(l954) has become a standard text on deformation twinning.
Since the parent and product phases of a mechanically
twinned crystal must remain in contact by virtue of their
mutual boundary, the necessary deformation must be an
invariant plane strain. Further, since there is no volume
change, it must be a simple shear. It is possible to define a
deformation twin in terms of parameters associated with the
shear deformation; however, twins are most commonly
described by the Miller indices of the twinning plane.

Following initial growth, twins may thicken at a much
slower velocity to accommodate the imposed strain. If twins
are already present in a material prior to deformation, deformation in these materials may be partially accommodated by
thickening the existing twins without forming new twins. The
thickening rate is much slower than the initial growth rate.
Lubenets and Fomenko (1987) measured twin broadening in
indium. They found a thickening velocity of about 10-6
mlsec near the yield stress. The velocity was strongly depen·
dent on stress. but reached only about 100 mlsec under impact
loading conditions where the stress was nearly 100 times the
slow strain rate yield stress. Thus, the thickening rate is many
orders of magnitude slower than the growth rate.

The twinning process occurs in three stages: nucleation of a twin embryo, rapid growth of the embryo into a
macroscopically observable twin, and thickening of the twin
normal to its original growth direction. Typically, the rate of
thickening is much slower than the growth velocity. In spite
of numerous studies, fundamental understanding is still lacking concerning the atomic mechanisms for nucleation and
growth of deformation twins in metal crystals.

There are problems with the classical dislocation
models of twin nucleation and growth. For example, the velocities of twin dislocations forming the twin-matrix interface
need to be several orders of magnitude higher than that typical of slip dislocations to accommodate the initial growth rate
of twins. Shaw (1973) proposed instead a continuousnucleation theory of twin growth much like the autocatalytic
theory of martensite formation. He proposed that each time a
twin nucleus forms. the altered stress state nearby produces a
second twin nucleus, and so forth. The twin forms by linking
the nuclei. The propagation velocity is controlled by the
speed with which the change in strain energy produced by
formation of a twin nucleus can be transmitted through the
lattice, i.e., the speed of sound in the metal.

Classically, two different approaches have been used
to model the formation of deformation twins. Cottrell and
Bilby (1951), Venables (1961), and Ogawa (1965) among others proposed that a deformation twin could nucleate from a
heterogeneity, such as a particular dislocation arrangement.
Since the twinning vector is smaller than the slip vector, a
model for heterogeneous nucleation from dislocations must
account either for the formation of identical partial dislocations on every lattice plane or for the motion of a twinning
dislocation from plane to plane in a crystal. The latter
approach has been used in formulating possible models for
nucleation and growth of deformation twins in bee, fcc, and
hcp metal lattices. This approach is, in principle, analogous to
Frank's (1949) theory of crystal growth.

Deformation twinning has many features in common
with martensite transformations. Wasilewski (1977) proposed
that it is, in fact, a special type of stress-assisted martensite
transformation. He proposed that a deformation twin forms
by formation of unstable martensite. which retransforms to the
original structure but with a different orientation.

A second approach championed by Orowan (1954) is
based on homogeneous nucleation of a deformation twin
embryo in a region of high stress concentration. Orowan's
model predicts that in the presence of stress concentrations. a
stable lens-shaped twin nucleus can form. By equating the
energy of the twin boundary to work done by the applied
stress in creating the nucleus, it is possible to show that the
twin embryo cannot occur by thermal fluctuations. Support for
the homogeneous nucleation of twins comes from studies of
twinning in thin films (Fourie et aI., 1960) and in zinc whiskers (Price, 1961) where twins appeared to nucleate in
dislocation-free regions.

Regardless of the precise mechanism by which twinning occurs, the rapid shear deformation from growth of a
deformation twin makes it an excellent source of acoustic
emission. Deformation twinning of tin and zinc (tin and zinc
cry) was one of the earliest reported sources of acoustic emission (Czochralski. 1916). Equation I (Section 2.1.1) shows
that surface displacement caused by the motion of a dislocation is proportional both to the distance the dislocation moves
and its velocity of motion. The energy released by the
motion of a dislocation is proportional to the area traversed.
Thus, the size of the acoustic emission signal produced by a
source is related both to the amount of energy released and
the time over which the release occurs. Since deformation
twins both release significant energy and do it within a short

The nucleation and growth of deformation twins are
rapid processes. The rapid growth rate can be inferred from
the load drops, which are often observed during deformation
when twinning occurs. Several investigations show that twins
grow at or near the sonic velocity. Finkel et al. (1980) photographed twin growth in silicon iron at temperatures between
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time, they are excellent sources of acoustic emission. Audible
acoustic emission is generated by deformation twinning in
several materials. We are unaware of any acoustic emission
investigations using modem electronic equipment where
acoustic emission was not detected during deformation twinning.

waveform parameters. Although they were able to vary the
twin volume by as much as a factor of ten, neither the acoustic emission waveform amplitude nor the duration could be
consistently correlated with the differences in twin volume.
One difficulty in correlating twin volume with acoustic
parameters is that (as discussed previously) most acoustic
emission is produced by initial nucleation and growth of the
twin with little, if any, contribution from subsequent thickening. If, however, only the initial nucleation and growth of the
twin is considered, a larger twin should produce a higher
amplitude acoustic emission event. other factors being equal.
This expectation is supported by an increase in acoustic emission burst amplitude during the deformation of uranium with
increasing grain size (see Section 3.2.9.1).

There are no available calculations of surface displacement from twin nucleation and growth similar to those for
dislocation motion (Section 2.1.1) and crack propagation (Sections 4.1.1 and 4.1.2).
It is not apparent whether the various models for twin
nucleation and growth predict different acoustic emission signal characteristics. However, the strong similarity between the
formation of martensite plates and formation of deformation
twins makes it likely that the acoustic emission produced will
be similar. In the absence of data from deformation twinning,
results from measurements during martensite transformations
may be used to predict the probable acoustic emission
response from deformation twinning.

Measurements from formation of martensite plates in
304 stainless steel provide additional evidence. These plates
extend across only one grain, so their size can be altered
easily by varying the grain size. Takashima et aI. (1980)
demonstrated that smaller plates produced smaller amplitude
acoustic emission events; however, the decrease in event
amplitude with decreasing grain size was less than expected
from the decrease in martensite plate volume. Thus, factors
that decrease twin size. such as grain size and second phase
particles, produce smaller acoustic emission event amplitudes.

Chen (1982) combined acoustic emission event measurements with metallographic observations and found a good
correlation of one acoustic emission event per deformation
twin formed during the compressive deformation of an
appropriately oriented zinc rod. Boiko et a!. (1984) created
small twins in zirconium by indenting the surface with a
microhardness indenter. An acoustic burst accompanied formation of the twins, usually with one burst for each twin
formed near the indentation. Occasionally, there were more
twins than acoustic emission bursts - presumably because two
twins formed simultaneously and their acoustic emission signals overlapped. No acoustic emission bursts were produced
if no twins formed. The conclusion that one acoustic emission event is produced by formation of a twin is supported by
a beautiful set of experiments by Takashima et a!. (1980).
They demonstrated by exhaustive metallography that one
acoustic emission event corresponded to one martensite plate
formed in 304 stainless steel.

All available evidence indicates that when deformation
twins are formed, measurable acoustic emission is generated.
In fact, acoustic emission measurements were used to verify
the formation of deformation twins during deformation of U2.2 wt. % Nb alloy (Heiple and Christiansen, 1986). This
alloy is heavily twinned prior to deformation, and detecting
metallographically additional twins formed during deformation
is nearly impossible. Because the formation of one twin produces one acoustic emission event. whatever factors control
nucleation rate also control the acoustic emission burst rate.
Factors expected to be important in determining twin nucleation rate include strain rate, strain, temperature, material crystal structure and purity, prior mechanical work, and prior
thermal history.

A careful study of acoustic emission generated during
the growth and thickening of twins in single-crystal zinc
(Toronchuk, 1977) indicates that the maximum amplitude of
acoustic emission events is an order of magnitude greater during the growth of the twins than during their thickening.
Chen (1982) also notes that acoustic emission produced from
twin thickening is significantly smaller in amplitude than
acoustic emission generated during initial nucleation and
growth. The lower amplitude of acoustic emission signals
produced during twin thickening is consistent with the much
slower speed of this process.

3.2 Effects of Experimental and Material Variables

As with acoustic emission from dislocation motion,
acoustic emission from deformation twinning is dependent on
a numerous experimental and material variables. These variables include strain rate, test temperature, purity, prior irradiation, crystal structure, stacking fault energy, prior thermomechanical treatment. grain size, sample size, and stress
state. Available evidence on how many of these variables
affect acoustic emission from deformation twinning is limited
or nonexistent The known effects of these variables are discussed in the following sections.

The authors are unaware of any experimental or
theoretical studies where the details of twin formation (e.g.,
size, growth velocity, or resulting surface displacement) were
related to measured acoustic emission event characteristics.
Van Doren et a1. (1976) attempted to relate the volume of
deformation twins in indium to various acoustic emission

3.2.1 Strain rate
For most metals, varying the strain rate changes the
proportion of deformation accommodated by slip and
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This behavior is particularly common in bee metals. There is
only one reported study of the acoustic emission generated
from deformation twinning at a test temperature other than
room temperature. Friesel and Carpenter (1984c) measured the
acoustic emission generated during the tensile deformation of
an alpha titanium sample oriented to favor {lin} twinning.
For this material, the stress required to initiate {U22} deformation twinning decreases with decreasing temperature from
room temperature to about -200OC. Below about -200°C, this
twinning system is no longer active. Friesel and Carpenter
observed that the maximum in acoustic emission from twinning shifted to lower strains (and stresses) with decreasing
temperature, as expected from the reduction in stress required
to form twins. The height of the rms acoustic emission peak
also decreased with decreasing temperature and was much
smaller at -200°C where the {1l22} twinning system is no
longer active.

twinning. Increasing strain rate usually increases the amount
of deformation twinning. Deformation at high strain rates,
such as obtained in shock loading, causes deformation twinning in materials that do not twin at ordinary strain rates. An
increase in the number of deformation twins usually occurs
with an increase in shock pressure, which increases the strain
rate.
When a change in strain rate does not alter the
mechanism for producing acoustic emission, then it causes a
corresponding change in acoustic emission event rate. As discussed in Section 2.2.1, this leads to a Vrms DC £112 strain rate
dependence. Since the probability for deformation twinning is
a function of the strain rate, the normal £112 strain-rate dependence does not occur when there is significant deformation
twinning.
The acoustic emission and amount of deformation
twinning generally increase with increasing strain rate, but
there is no quantitative agreement among studies of the strain
rate dependence in similar materials. Melekhin et al. (1971),
Imaeda et al. (1976), Kuribayashi (1978), and Chen (1982)
investigated the acoustic emission generated during the deformation of zinc. In all of these studies, acoustic emission was
attributed to deformation twinning. Kuribayashi (1978)
reported Vrms DC £105 and Chen (1982) found Vrms DC
The
other two investigators reported an increase in acoustic emission generated with increasing strain rate, but did not determine a strain-rate exponent.

Since the stress necessary to activate the {1122} twinning system decreases with decreasing temperature, it was
expected that the energy per event or acoustic emission burst
amplitude would also decrease. This expectation was realized
and presumably caused the decrease in rms acoustic emission
peak height.

e.

3.2.3 Effect of solid solution impurities and alloying additions
The effects of sample purity on the probability of
deformation twinning have been investigated, and the results
may be classified in terms of host-crystal structure and nature
of the impurity, i.e., whether the solute is substitutional or
interstitial. In general, substitutional solutes increase deformation twinning probability while interstitial solutes decrease
deformation twinning probability (Mahajan and Williams,
1973). There are no reported studies of low level impurity
effec:ts on acoustic emission generated by deformation twinning.

The origin of the different strain-rate dependencies is
uncertain. One difficulty in establishing the relationship
between VrIllS and strain rate is defining the strain at which
VrIllS is to be measured. The results from Melekhin et al.
(1971) and Imaeda et aI. (1976) clearly show that the dependence of Vnus on strain rate changes dramatically as a function of the strain at which acoustic emission is measured.
There are exceptions to the general observation that
increasing strain rate produces more twins and higher acoustic
emission. Friesel and Carpenter (1984c) observed a decrease
in acoustic emission from twinning with increasing strain rate
in an alpha titanium sample oriented to favor {U22} twinning.

Heiple and Christiansen (1986) investigated acoustic
emission produced by deformation of a series of U-Nb alloys.
They investigated niobium contents ranging from zero to 7.1
WI %. In this composition range, the alloy can have several
different metastable crystal structures at room temperature as
a function of niobium content. These structures have quite
different twinning behaviors during deformation. Unalloyed
uranium twins extensively during both tensile and compressive deformation and produces a strong acoustic emission
peak near yield for both deformation modes. The 2.2 WI %
niobium alloy is heavily twinned prior to deformation, but the
twins are not glissile. From the behavior of this alloy during
deformation, it was inferred that extensive deformation twinning occurred in tension but not in compression (Jackson,
1981). This inference was supported by subsequent acoustic
emission measurements in which a large peak was found near
yield in tension, but essentially no acoustic emission was pr0duced during compression (Fig. 21).

An exact determination of acoustic ermSSlon anslDg
only from twinning is difficult, because deformation twinning
is always accompanied by some slip. The separation of contributions to the measured acoustic emission from deformation
twinning and slip is at present nearly impossible. Kuribayashi
(1978) proposed a model for zinc, based on the kinetics of the
probability for deformation twinning, which separated the
contributions from twinning and slip. The authors are
unaware of further use of this model.
3.2.2 Test temperature
Lowering the deformation temperature causes changes
similar to those produced by an increase in strain rate, so
there is usually increased probability of deformation twinning.

The higher niobium alloys are also heavily twinned
prior to deformation, but the twins are glissile. Little acoustic
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emission is observed in either tension or compression. The
twins move and thicken during deformation but produce little
acoustic emission. These results are consistent with the observation discussed in Section 3.1 that twin nucleation and
growth is a good source of acoustic emission, but twin
broadening is not. Kato et al. (1986) measured acoustic emission generated during tensile deformation of unalloyed magnesium and a series of Mg-AI alloys containing up to 9.3 wt.
% aluminum. They observed in all the materials tested a single acoustic emission peak with strain located near yield. The
height of this peak, as measured by either nns or count rate,
increased with increasing aluminum content from zero to three
percent, and decreased with further increases in aluminum
content. The materials were tested after three different heat
treatments with qualitatively similar results. The heat treatments were a solution heat treatment (420OC for 10 hr) followed by either a water quench, air cool, or furnace cool.
The solubility of aluminum in magnesium at 420°C is about
12% (Murray, 1982), declining to 3% at 200°C. Thus, the
aluminum is likely to be completely in solid solution for
alloys containing 39& or less aluminum for all beat treatments,
but some second phase precipitates will fonn in the higher
aluminum alloys, at least for the air and fumace-cool treat-

'200
'0.'0'

ments. These precipitates appear to reduce the height of the
acoustic emission peak, since the decrease in acoustic emission peak height with increasing aluminum content (beyond
3% AI) is much sharper for fumace-cooled samples than
water-quenched samples. Furthermore, aging studies on the
9.3% Al material demonstrated a substantial reduction in
acoustic emission peak height with increasing aging time.
The increased acoustic emission peak height with increasing
aluminum content (to 3% AI) is consistent with observations
discussed above that substitutional solutes increase the probability of deformation twinning.
Kato et al. (1986) attributed the acoustic emission in
their materials to deformation twinning, however there was no
demonstration that deformation twinning was the primary
source of the measured acoustic emission peak. Friesel and
Carpenter (I 984b) measured acoustic emission in AZ31B
magnesium alloy (containing nominally 3% Al) in tension and
compression as a function of sample orientation with respect
to the parent plate. They concluded that both dislocation
motion (slip) and twinning contributed to the acoustic emission, with slip being primarily responsible for the peak near
yield in tension. Thus, the source of the acoustic emission
peak measured by Kato et al. (1986) may be slip rather than
twinning, and further work is required before their observations can be used to help characterize the effect of solute
additions on acoustic emission from deformation twinning.
3.2.4 Irradiation
The effects, if any, of prior irradiation on deformation
twinning are unknown. We are not aware of any studies of
acoustic emission from defonnation twinning in irradiated
material.
3.2.5 Crystal structure

•• 10'
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Fig. 21 Acoustic emission burst rate Vi. strain in tension and
compression from U-2.2 wt.%Nb. The alloy was heated into
the "t"phase (900OC) and furnace cooled prior to testing. The
cooling rate in the "( -+ a + "(2 phase transformation temperature range near 650°C was = 8100 CIhr. The alloy was tested
at a nominal erosshead speed of 0.05 mm/min. Sample gage
volumes were 0.46 cm3 (tension) and 0.89 cm3 (compression)
(Carpenter and Heiple, 1979).

According to our present understanding of twin formation, there is no reason that acoustic emission produced by a
given deformation twin should depend on the material's crystal structure. There are no acoustic emission data relevant to
this issue. However, crystal structure has a substantial effect
on the probability of defonnation twinning, with twinning
being much more common in less symmetrical structures.
This arises because of the fewer slip systems in less symmetrical structures, so that the twinning stress is less than the
stress for slip for a greater range of stress orientations. Under
the appropriate testing conditions (e.g., strain rate and temperature), defonnation twinning can occur in all metal structures - although shock loading may be required to produce it.
Neumann bands in iron were the first mechanical twins
observed in bcc metals. Twinning has since been observed in
many other bee pure metals and alloys. Deformation twins
have also been observed in pure fcc metals and alloys. Twinning is far more common in the less symmetrical hcp structure. The value of the cia ratio determines which twinning
systems operate in hcp metals. This occurs because the cia
ratio determines the sign and magnitude of the strain produced
by a particular deformation twin. In structures of lower
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symmetry, deformation twinning is often an important mode
of deformation. For example, extensive twinning occurs during the deformation of orthorhombic alpha uranium and rhombohedral mercury.
3.2.6 Stacking fault energy
Alloys with low stacking fault energy generally have a
higher probability of deformation twinning than alloys of
higher stacking fault energy with the same crystal structure.
There are exceptions, including low stacking fault energy
copper base alloys which exhibit less twinning that Co-Fe
alloys (8 - 9.5 wt.% Fe) alloys with higher stacking fault
energy (Mahajan and Williams, 1973). The effect of stacking
fault energy on twin size is unknown. There are no reported
studies of acoustic emission from deformation twinning as a
function of stacking fault energy.
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3.2.7 Prior mechanical work and the Kaiser effect
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Numerous observations indicate that the probability of
deformation twinning in many materials can be substantially
reduced by a small strain previously applied at a higher temperature. The amount of prestrain necessary to suppress subsequent deformation twinning depends on the strain rate used
during subsequent deformation. In the only acoustic emission
work relevant to this issue, Chen and Carpenter (1982)
showed that prior deformation in a direction orthogonal to the
testing direction has no effect on the deformation or resultant
acoustic emission in polycrystalline zinc.

TIME

Fig. 22 Root mean square voltage and load for successive
loading as a function of lime for constant crosshead speed
compression tests of polycrystalline zinc (Chen and Carpenter,
1982).
deformation. In many metals, the original twinning behavior
can be restored by aging. Aging can also inOuence the size,
distribution. volume fraction, and coherency of second-phase
particles. There have been a few studies of precipitation
effects on deformation twinning. Richman (1964) has
observed that in the presence of FeBez particles, obtained by
overaging Fe-24.6 at% Be, deformation twinning is not inhi·
bited, but the twins simply pinch off in the immediate neighborhood of the FeBez particles. No acoustic emission measurements have been made on this material, but it is reasonable
to expect that the amplitUde of acoustic emission events
would be reduced since the precipitates cause smaller twins.
In this same alloy, when the precipitates are present as a very
fine dispersion, deformation twinning is completely
suppressed and plastic flow occurs by slip. In contrast, Chung
and Byrne (1969), working with the Mg-Zn system, reported
that large particles (on the order of 1 J.Ull diameter) inhibited
twinning. It has also been observed that when carbon, nitrogen, and oxygen are present in excess of their solid solubility
limits in bcc metals, the formation of twins is usually
suppressed.

3.2.7.2 Kaiser effect
Acoustic emission studies of the effect of prior
mechanical work on acoustic emission from deformation twinning have been concerned primarily with whether the Kaiser
effect is observed. When a sample is loaded, unloaded, and
then reloaded in the same direction as the original load,
acoustic emission is not often observed upon reloading until
the previously achieved stress is reached. This type of
behavior is known as the Kaiser effecL Furthermore, upon
reaching the previous stress, the acoustic emission generated
returns to its previous value. (See Section 2.2.7 for a further
discussion of this phenomenon.)
Chen (1982) and Chen and Carpenter (1982) have
shown that the Kaiser effect behavior occurs for compressive
deformation of polycrystalline zinc at room temperature,
where twinning is a major deformation mode. Figure 22
illustrates this behavior. Heiple and Christiansen (1986) also
reponed Kaiser-effect behavior during deformation of unalloyed uranium at room temperature, where the major source
of acoustic emission is also deformation twinning.

Chow and Embury (1980) used acoustic emission
measurements to detect the onset of twinning in polycrystalline iron containing dispersions of second phase particles.
They stated that twinning occurred due to attainment of a
large local stress concentration and that the stress for twin formation was independent of the dispersion of second phase
particles. It was noted that the twin density may vary in
single-phase and two-phase materials and that large second
phase particles may result in twin fragmentation.

3.2.8 Heat treatment
As discussed in Section 3.2.7.1, the probability of twin
formation can often be reduced by prestraining before
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from large-grained and fine-grained unalloyed uranium and
demonstrated that indeed the acoustic emission bursts were of
higher amplitude in the large-grained material. The amplitude
distributions from the two materials are shown in Figs. 23 and
24.

Heat treatment can have a pronounced effect on twin
formation and resulting acoustic emission for several alloys.
Kennedy (1982) investigated acoustic emission generated during tensile defonnation of Ti-6Al-4V alloys after selected heat
treatments. The starting material was a fine-grained, mill
annealed alloy composed primarily of (X phase. It was tested
in both the longitudinal and transverse directions. Other
specimens were vacuum annealed for two hours and furnace
cooled from the (X + Ii phase field at 900°C, and above the Ii
transus at I025°C, to produce characteristic recrystallizedannealed and beta-annealed microstructures, respectively.
Twin fonnation during defonnation was detennined metallographically after selected amounts of tensile strain. The
measured acoustic emission correlated well with the metallographic detennination of defonnation twins. There were no
twins prior to deformation in any of the specimens. Each
specimen exhibited mechanical twinning in localized sections
with defonnation to 3% plastic strain. Acoustic emission was
also produced in all specimens in this region. For the millannealed longitudinal samples and the recrystallizationannealed samples, there was little additional twinning beyond
3% plastic strain. However, for the mill-annealed transverse
samples and the beta-annealed samples, twinning increased
significantly with tensile deformation beyond 3% plastic
strain. The acoustic emission behavior mirrored the observed
twin fonnation behavior.
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Kato et al. (1986) measured the acoustic emIssIon
from Mg-9.3% AI as a function of aging at 200 and 300°C
for up to 1000 hours. They found that the height of the rms
acoustic emission peak near yield decreased with increasing
aging time for both aging temperatures. The decrease was
similar for both aging temperatures. Unfortunately, the source
responsible for the acoustic emission peak in this alloy has
not yet been demonstrated to be deformation twinning (see
Section 3.2.3). Thus, the evidence from this work with regard
to the effect of aging on acoustic emission from deformation
twinning is still preliminary.

Fig. 23 Amplitude distribution near yield of acoustic emission bursts produced during tensile deformation of largegrained, beta-quenched unalloyed uranium. Amplitudes are
transducer output (Heiple and Christiansen, 1986).
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The applied stress necessary to fonn a mechanical twin
in a given material generally decreases as the grain size
increases. Thus, acoustic emission will be generated at a
lower stress in a large-grained material. Acoustic emission
generated from defonnation twinning as a function of grain
size has been reported by Kuribayashi (1978), Tanaka and
Horiuchi (1975), and Heiple and Christiansen (1986). Zinc,
titanium, and uranium were investigated. For zinc and
titanium, the rms acoustic emission increased with increasing
grain size, but the dependence was less clear in uranium. The
increased rms acoustic emission can arise from either an
increase in burst amplilude, an increase in burst rate, or both.
When the defonnation twin forms initially, it usually propagates completely across the grain. Thus, higher amplitude
acoustic emission events are expected from larger grain-size
material since the twins are larger. Heiple and Christiansen
(1986) measured the acoustic emission amplitude distributions

4:

..
~

<II

<II
II:

...al

o
z

-

s-

0

;:
u

...~

1
J,
10

~_

I

100

I

1000

BURST AMPLITUDE /sIVI

Fig. 24 Amplitude distribution of acoustic emission bursts
produced near yield during tensile deformation of finegrained, alpha-annealed unalloyed uranium. Amplitudes are
transducer output (Heiple and Christiansen, 1986).
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3.2.11 Stress state and direction

It is less clear what the effect of grain size will be on
the burst rate. It can be argued that for a smaller grain size,
the mechanical twins are smaller so more are required to
accommodate the imposed strain. If this were true. a higher
acoustic emission burst rate would be expected during the
defonnation of a fine-grained material. On the other hand,
with the smaIler grain size and therefore more grains per unit
volume, there is greater probability of finding grains of the
proper crystallographic orientation to produce maximum strain
in the direction of the applied stress. In this case. fewer twins
would be needed to accommodate the imposed strain and a
lower acoustic emission burst rate would be expected. Heiple
and Christiansen (1986) found that the bUlSt rates from their
fine·grained and large-grained samples were roughly equal,
although there was considerable variation from sample to
sample. Further wofk is necessary to define the effect of
grain size on bUlSt rate.

The effect of stress state, i.e., uniaxial or multiaxial,
on deformation twinning is unknown. However, the direction
of deformation is critical in deformation twinning because the
shear in twinning, as contrasted to slip, is polar; that is, it can
occ!I' in only one direction. For example, formation of a
(1012) twin in zinc increases the length of the crystal in a
direction parallel to the basal plane. Thus, tension parallel to
the basal plane of zinc produces deformation twinning but
compression does noL For magnesium, the opposite is true.
Compression parallel to the basal plane produces deformation
twinning and tension does not (Reed-Hill, 1973).
Obviously, the defonnation mode and direction are
important in deformation twinning and the associated acoustic
emission in single crystals. Polycrystalline metals usually
have some degree of preferred crystallographic orientation, so
testing direction and mode are important in determining the
amount of deformation twiMing and the resultant acoustic
emission. An example of the drastic difference possible in
the acoustic emission produced in tension and compression of
a polycrystalline material is shown in Fig. 21 (Section 3.2.3),
where a major acoustic emission peale was found in tension
and essentially no acoustic emission was observed in
compression of U-2.2 WI % Nb alloy.

Kato et al. (1986) measured the height of the rms
acoustic emission peak near yield in unalloyed magnesium,
Mg-l % AI, and Mg-2.9% AI for two grain sizes. The two
grain sizes were produced by annealing at 420°C and 350°C,
respectively. For the two aluminum-containing alloys, the
acoustic emission peak height was about haIf as high in the
finer-grained (3()..4() ~) material compared to the coarsergrained (70-90 ~) material. However, in the unalloyed magnesium, there was little difference in peak height for the two
grain sizes. As discussed in Section 3.2.3, the mechanism
responsible for the acoustic emission peak in this material has
not yet been shown to be deformation twiMing, so the above
result is still preliminary.
•

4. Acoustic Emission from Fracture and Decohesion of
inclusions
Inclusions and second-phase particles have been recognized for many years as possible sources of acoustic emission
during defonnation (Dno, 1974). However, the initial
demonstration of acoustic emission from inclusions is relatively recent (Graham, 1976; 000 et al., 1976; Carpenter and
Higgins, 1977; Hamstad et al., 1977) compared with that from
other sources, such as twinning and martensite formation.
Under some conditions, inclusion fracture is the only
significant source of acoustic emission. This is usually the
case in tensile tests of steel plate in the short-transverse direction, as demonstrated by 000 and coworkers (000 et al.,
1976; 1977; Okajima and Ono, 1980, Teoh et aI., 1984). In an
elegant series of experiments, McBride et al. (1981) demonstrated that the only significant source of acoustic emission
during slow crack growth in 7075 aluminum is inclusion fracture.

3.2.9.2 Preferred orientation
Crystallographic texture or preferred orientation has a
substantial effect on the probability of twin fonnation.
Richards and Reid (1968) investigated the twinning behavior
of iron with nearly random orientation and compared it with
the twinning behavior of the same material with a strong
<110> fiber texture. Considerable differences in the stress
necessary to form deformation twins were observed. No
acoustic emission studies of the effect of texture on acoustic
emission produced by deformation twinning have been
reported.
3.2.10 Sample size
When the deformation twin size is smaIl compared
with the sample dimensions and· when the twins are homogeneously distributed in the sample, the only effect of a
change in sample volume should be a proportional change in
the number of events activated at a particular strain. Thus,
burst rate or energy release rate should be proportional to
sample volume, and Vria should also be proportional to sample volume. There has been no experimental verification of
these expectations. See Section 2.2.10 for a discussion of the
conditions under which the number of events would not be
expected to be proportional to sample volume.

The distinction between inclusions and second phase
particles is somewhat arbitrary; inclusions arise from impurities in the alloy. and second phase particles are intentional
components of the alloy. Most inclusions are compounds,
such as sulfides in steels or silicides in aluminum alloys.
These compounds are usually hard and brittle compared with
the matrix. Manganese sulfide is an important exception to
this general rule. It is only slightly harder than ferrite at
20OC, has a lower Young's modulus than steel, and has some
plasticity even at room temperature (Jaffrey, 1982).
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4.1.1 Energy released by the fracture of an inclusion

The precipitates responsible for strengthening in
precipitation-strengthened alloys are a special class of
second-phase particles. These precipitates are small compared
with typical impurity inclusions. Hardening precipitates are
not nonnally fractured during deformation; but even if they
were, their small size would make the energy release from
their fracture or decohesion too small to be detected as acoustic emission.

Scruby (1984) has given the energy release produced
by the sudden appearance of a "penny-shaped" crack in an
infinite medium subjected to a unifonn tensile stress, 0.
Assuming that the material behaves elastically and elastic properties are unifonn throughout the body, the static sttain
energy AE released by the formation of the crack is given by
AE

Because the elastic and plastic properties of inclusions
are generally quite different from the matrix, substantial stress
concentrations are built up within and near inclusions during
plastic deformation. If the stresses become high enough, fracture of inclusions andlor crack propagation along the
inclusion-matrix interface (decohesion) will occur. Both of
these processes are believed to be relatively high-speed, brittle
crack propagation events and therefore are expected to be
good sources of acoustic emission. Although Jaffrey (1979)
has shown that under some conditions extensive cracking and
decohesion of MnS inclusions in steel can occur apparently
without producing significant acoustic emission, Teoh et al.
(1984) showed that if decobesion is produced by a prior beat
treatment such as quenching, then most of the acoustic emission is eliminated. Swindlehurst (1978) has also shown that
cracking of sufficiently small spherical carbides can occur in
steels without producing measurable acoustic emission. When
the sulphur level in a steel is reduced to below 0.0019&, MnS
inclusions become 1 to 2 J.1m size spherical particles and also
produce no acoustic emission during deformation (Kwon et
al., 1985).

=ova

(20)

where 0 is the applied tensile stress and V is the crack
volume. With the assumptions given above, the volume of
the crack can be calculated, and equation 20 becomes
AE

=(413)(1 -

\I)(a2J3IE),

(21)

where v is Poisson's ratio, r is the crack radius, and E is
Young's modulus. Kant (1979) derived the same result. He
also considered the sttain energy released from cracking a
spherical inclusion in an infinite matrix with the spherical
inclusion having elastic properties different from the matrix.
The energy released is a function of the elastic properties of
the inclusion and matrix and is plotted in normalized fonn in
Fig. 25. The energy released continues to depend essentially
on ,J as in the case of a crack in a homogeneous material.
4.1.2 Surface displacement from inclusion fracture

Scruby (1984) calculated the amplitude of the surface
displacement expected from the fonnation and growth of a
crack. The same assumptions used in the derivation of equation 21 were employed, that is, a "penny_shaped" crack
fonned in a half-space under unifonn tensile stress, -the plane
of the crack nonnal to the tensile direction, elastic behavior,
and elastic properties unifonn. The surface displacement U is

Thus, the situation is a good deal more complex than
with twinning (Section 3). The formation of a deformation
twin produces one acoustic emission burst; however, decohesion of an inclusion may occur in many steps and produce
many acoustic emission signals. It appears that fracture of an
inclusion produces one burst, although multiple bursts could
be produced by multiple cracks in a single inclusion. The
stress state and deformation mode are important in inclusion
fracture and decohesion. Tensile deformation and biaxial
stress favor inclusion fracture and decohesion; compressive
deformation has the opposite effect The drastic difference in
acoustic emission produced during tension and compression
from inclusion fracture and decohesion was used to separate
acoustic emission caused by dislocation motion (which is
nearly the same in tension and compression) from acoustic
emission derived from fractureldecohesion of inclusions most notably in 7075 aluminum.
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4.1 Models for Acoustic Emission from Inclusion Fracture
and Decohe.sion
There have been a number of calculations relevant to
acoustic emission produced by fracture and decohesion of
inclusions. These calculations involve the energy released by
the fracture process, the surface displacement expected, and
the stress concentration expected in the inclusion because of
plastic flow. These calculations are summarized in the following sections.

Fig. 25 Ratio of the energy release AE* from the cracking of
a spherical inclusion (with Poisson's ratio \1* and shear
modulus ~.) to energy release dE from the formation of a
crack of the same length in the matrix (poisson's ratio V and
shear modulus I!). The ratio is plotted as a function of the
ratio of the elastic moduli of inclusion and matrix (Kant,
1979).
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the stress in the matrix because of (Shibala and Ono, 1978a.
1978b)

calculated for the epicenter location on the surface with the
crack a distance D below the surface. Under these assumptions, the amplitude of the surface displacement is given by
(22)
where C 1 is the longitudinal wave speed and V is the crack
volume. With the above assumptions, the crack volume is
given by

V = 8(1-v}m3I3E.

= 4(1-V)aAv/x2c 1ED,

(24)

f.LD

aAr

3.

different thermal expansion coefficients of inclusions
and matrix (misfit stress).

= KJ.l(a* -

(26)

a)AT,

where J.l is the matrix shear modulus, K is a constant depending on the shear- moduli of the matrix and inclusion, a is the
thermal expansion coefficient of the matrix, a* is the thermal
expansion coefficient of the inclusion, and AT is the temperature change. The calculated misfit stress for modest temperature changes can greatly exceed the matrix yield stress (Coade
et aI., 198 I). Under these conditions, plastic flow occurs in
the matrix around the inclusions, and the actual stress in the
inclusions is on the order of the matrix yield stress (Coade et
aI., 1981).
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where K"(f) is a function of frequency and J.l is the shear
modulus. As before, A is the area swept out by the source
. (the cross sectional area of the inclusion if it cracks completely) and r is the inclusion radius. Thus, this result
predicts the acoustic emission voltage is proportional to ~
rarher than r2 as in Equation 24, and the dependence on crack
velocity is contained in K"(f).
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Using the formalism of Reischmann et al. (1977) (see
Section 2.1.3), Gerberich and Jatavallabhula (1981) derived
the following expression for the nns acoustic emission voltage
expected from inclusion fracture:
=: 2K"(O

accommodation stresses between the inclusion
(assumed to defonn only elastically) and the plastically
deforming matrix (plasticity stress), and

am

As discussed in Section 4.1.1 , the energy released
from cracking an inclusion with elastic properties different
from the matrix is not the same as for fonnation of a crack in
the matrix. However, the energy release for a cracked inclusion is still essentially proportional to r3, so the functional
dependences in equation 24 are expected to be approximately
valid for inclusion fracture. Some evidence in support of this
expectation is available. McBride and Maclachlan (1983a)
measured the acoustic emission from fatigue crack growth in
aluminum alloys. The source of acoustic emission was attributed to fracture of inclusions by the advancing crack. They
found the amplitude distribution of the acoustic emission to be
the same as the area distribution of fractured inclusions (Fig.
26), as predicted by Equation 24.

rms

2.

The misfit stress does not, of course, arise from deformation but is generated during the heat treatment of the alloy.
Shibata and Ono (1978a) demonstrated that the misfit stress is
given by

with A = xr2, the final crack area. Thus, the surface displacement is proportional to crack growth velocity, the area of the
crack created, and the applied stress.

V

different elastic moduli in the matrix and inclusion
(inhomogeneity stress),

(23)

which is the same expression used to derive equation 21. If
the crack grows from a radius of zero to a final radius r at
constant radial velocity v (v = dr/dt), then equation 22
becomes
U
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Gerberich and Jatavallabhula also correlated the
number of acoustic emission counts recorded to the measured
crack advance in compact tensile samples. They used this
result to predict that the cracking of carbides and nitrides of
average diameters 4.3 J1rn in IN 718 produces about one
count.
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Fig. 26 Comparison of the area size distribution of the
magnesium-silicon inclusions in the specimen material and the
acoustic emission amplitude distribution from the room temperature experiment. Both distributions are normalized to
10 mm2 of crack-face area (McBride and Maclachlan, J983a).

4.1.3 Stress concentration at an inclusion
During deformation, stress on an inclusion differs from
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Shibata and Dno (1978a) calculated the inhomogeneity
and plasticity stresses in an oblate spheroidal inclusion
oriented so that the broad faces are parallel to the stress (and
defonnation) axis. The tensile stresses (inside the inclusions)
parallel to the applied stress are given by

= BaA (inhomogeneity stress)
a~ =CE*£p (plasticity stress)

a~h

4.1.4 Decohesion
The analyses described above cannot be applied
without modification to the decohesion process because crack
propagation is occurring at an interface between materials
with different elastic properties. Furthermore, the crack distance to assume is not obvious since decohesion may take
place in many steps, rather than one as would be expected
from brittle fracture of an inclusion.

(27)
(28)

where aA is the applied matrix stress, E* is Young's modulus
of the inclusion, £p is the matrix plastic strain, and B and C
depend on the aspect ratio of the inclusion, the ratio of matrix
and inclusion elastic moduli, and Poisson's ratios of the
matrix and inclusion. The parameters B and C can be
obtained from plots in the paper by Shibata and Ono (1978a)
for the case when Poisson's ratio of the mattix and inclusion
are both equal to 113. A similar calculation for the inclusions
oriented with their broad faces perpendicular to the applied
stress (as seen in through thickness tests of rolled plate) is
given by Shibata and Dno (1978b).

Nevertheless, there is evidence that decohesion may
make a substantial contribution to the observed acoustic emission. Heiple et al. (1986) measured the acoustic emission
associated with boron particles intentionally added to 2219
aluminum. The number of acoustic emission events greatly
exceeded the number of boron particles in the matrix so that
most of these events arise from decohesion of the boron.

4.2 Effects of Experimental and Material Variables
As with acoustic emission from dislocation motion and
deformation twinning, acoustic emission from inclusion fracture and decohesion is dependent on several material and
experimental variables. The effects of these variables on the
acoustic emission produced are discussed in this section.

Coade et al. (1981) measured experimentally the
stresses on spherical silicon particles in an Al-Si-Mg alloy
during defonnation to 1% plastic strain. Their results agree
with the predictions of Shibata and 000 (1978a) for the inhomogeneity stress, but not for the plasticity stress. Coade et al.
(1981) found instead that the plasticity stress was considerably
smaller in magnitude and proportional to
at small strains,
with a possible linear dependence on £p at higher strains.

4.2.1 Strain rate

ti

In spite of the substantial effort devoted to investigating acoustic emission generated by fracture and debonding of
inclusions, there are no published reports of the effect of
strain-rate on acoustic emission from inclusions. As discussed
in Section 2.2.1. when the mechanism responsible for producing the acoustic emission is not altered by a change in strain
rate, the effect of changing strain rate is a corresponding
change in acoustic emission event rate. Under these conditions, the rms acoustic emission should be proportional to t l12.
The mechanism of fracture and/or debonding of inclusions is
expected to be independent of strain rate (at least for nonnal
deformation rates and relatively low homologous temperatures) and dependent only on the applied stress required to
produce a high enough stress on the inclusions to initiate fracture and/or debonding. Thus, the Vnns oc £112 behavior would
be expected.

Gerberich and latavaUabhula (1981), using the analyses of others, give the following expression for the tensile
stress applied to the matrix, which will cause the fracture of a
spherical inclusion of radius, r:

a =q(£)-I~ 6E*'Yc

(29)
2r
where q(£) is a complicated strain concentration factor (which
typically has a value slightly less than two and increases
slowly with strain), Yc is the specific work of fracture for the
particle, and E* is Young's modulus for the particle. Using
appropriate values for inclusions (E*yc =- 4.3 x 10 1I N2/m 3)
in aluminum alloys, the calculated stress to produce particle
fracture was in the range of 460-580 MPa (67-84 ksi), which
is consistent with observations by Van Stone et al. (1974).
Equation 29 can be rearranged to give the particle size which
will be fractured by a given stress,
r

=3E*Ycla2q2(£).

In unpublished work, Carpenter and Betterton (l981)
found an excellent correlation between Vnos and £112 for the
second acoustic emission peak produced during tensile deformation of 7075-T6 aluminum. The second acoustic emission
peak produced during tensile deformation of 7075-T6 arises
from the fracture and/or debonding of inclusions (Hamstad et
aI., 1977; Carpenter and Higgins, 1977).

(30)

As expected, the size of particle that will fracture decreases
with increasing strain because the stress increases with strain
due to work hardening and q(£) also increases modestly with
strain. Thus, for a given particle size distribution. the fraction
of particles fractured as a function of strain can be estimated.
In addition, the resulting acoustic emission from inclusion
fracture can be predicted if appropriate infonnation about the
properties of the inclusions is available.

4.2.2 Test temperature
McBride and coworkers reported systematic studies of
acoustic emission generated by fracture and decohesion of
inclusions in 7075 aluminum (McBride and Maclachlan,
1983a, 1983b; McBride and Harvey, 1985). This alloy is
commonly used in load-bearing aircraft components, which
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micrographs of samples tested at 288°C revealed inclusionmatrix decohesion. and the acoustic emission was attributed
primarily to this source.

undergo numerous thermal cycles ranging from -4Q°C to
120°C. They measured acoustic emission generated during
propagation of a fatigue crack at various temperatures from
room temperature to 120°C. Correlation of the acoustic emission amplitude distribution with the area distribution of fractured inclusions along the crack interface (see Section 4.1.2)
indicates that the acoustic emission is produced by inclusion
fracture. Their results also show that testing at elevated temperatures (90-l20°C) produces a significant decrease in the
number of acoustic emission events, compared with room
temperature tests for the same increment of crack growth.
This result is expected from equation 28. since the yield and
ultimate stresses decrease with increasing temperature so that
the stress required to fracture the smaller inclusions will not
be reached in higher temperature tests.

4.2.3 Inclusion density
A fundamental method for identifying acoustic emission generated by fracture andlor debonding of inclusions is to
compare acoustic emission generated during deformation of
two alloys whose only significant difference is their inclusion
content Cousland and Scala (1981. 1983) carried out this
type of experiment using 7050 and 7075 aluminum alloys in
one study and 2024 and 2124 aluminum alloys in another
study. In both investigations. significantly more acoustic
emission was observed in the alloys with the higher inclusion
content The authors carefully identified the types of inclusions present and determined their size distributions; however.
no correlation of this information with acoustic emission
characteristics was reported.

However, they found that the number of acoustic emission events decreased at all amplitudes. not just at the low
amplitudes presumably originating from fracture of the
smaller inclusions. The decrease in acoustic emission at all
amplitudes was proposed to arise from increased probability
that the inclusions would decohere rather than fracture ahead
of the advancing crack in tests at elevated temperature.
Decohesion under these conditions in this aUoy apparently
produces little or no acoustic emission. Decohesion is
favored at higher temperatures because of reduced matrix
strength and a reduction in the misfit stress. Scanning electron micrographs of the fracture surface confinned an
increased percentage of decohered inclusions and a reduced
percentage of fractured inclusions for crack propagation at
higher temperatures.

Ramstad et al. (1981) tested samples of air-melt and
vacuum-melt 21-6-9 austenitic stainless steel and obtained
more acoustic emission attributable to inclusions in the airmelt material. This result is consistent with the greater inclusion density in air-melt material.
Ono et al. (1978) investigated acoustic emission from
MnS inclusions in HSLA steels and found burst-type acoustic
emission signals in samples tensile tested in the thickness
direction. The number and size of acoustic emission bursts
increased with increasing sulfur content of the steel plate (Fig.
27). A characterization of the MnS inclusions revealed that
their size distribution could be described with a Weibull distribution. The size distribution was dependent on the rolling
ratio and finish temperature. Ono and Yamamoto (1981)
obtained similar results on A533B steels. i.e. an increase in
burst-type acoustic emission with increasing sulfur content for
both tensile tests and slow bend Charpy fracture tests and a
WeibuU size distribution for the MnS inclusions.

Numerous investigations show that acoustic emission
produced during deformation of hot-rolled structural steels is
sensitive to the number. size, and distribution of inclusions,
primarily MnS inclusions. Acoustic emission from these inclusions is produced most strongly during tensile deformation in
the short transverse (thickness) direction. The acoustic emission generated is burst type in character and occurs primarily
in the macroscopic elastic range. Because of the testing
direction dependence and the low stress at which they occur,
these acoustic emission events apparently are produced primarily by decohesion of the MnS inclusions.
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Okajima and Ono (1980) investigated the effect of
-150°C to 150°C test temperatures on burst-type acoustic
emission generated in the elastic portion of tensile deformation of ASTM A533B steel. The peak value of the event rate
was essentially independent of test temperature within this
temperature range. Total events decreased slightly with
increasing temperature. The effect of cooling rate from the
tempering temperature on the amount of acoustic emission
produced during subsequent tensile tests was also investigated.
Faster cooling rates produced more total counts.

In

t;

a:

4

:l

lD
W

<
..J
<

S
...

Airoldi (1980) also measured acoustic emission from
A533B steel as a function of test temperature from 24°C to
288°C. She showed a steady increase in both count rate and
energy rate with increasing temperature; the increase became
more pronounced above 200°C. Scanning electron
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Fig. 27 Total acoustic emission bursts (I0~V threshold voltage) during tensile tests in the thickness direction for seven
steel plates vs. steel sulfur content (Ono et aI., 1978).
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4.2.4 Mechanical properties of the inclusions

be restored by heat treatment if the samples were plastically
deformed during the initial loading. Thus, heat treatment cannot effectively heal debonded inclusion-matrix interfaces when
plastic deformation has produced voids around the inclusions.

The type, size, probable composition, and other
features of the inclusions have been characterized in numerous
acoustic emission investigations; however, the mechanical
properties of these inclusions are mostly unknown. This lack
of knowledge is primarily due to the obvious difficulty in
obtaining macroscopic samples for mechanical property measurements. From equation 24, inclusions that fracture with
high crack velocity (i.e. brittle inclusions) and inclusions that
fracture at high stress produce the largest acoustic emission
events. Stress concentrations within the inclusions are
increased as the elastic and thermal expansion properties of
the inclusions become more different from those of the
matrix. Such stress concentrations may be required to achieve
a high enough stress in some inclusions to cause fracture.

4.2.6 Heat treatment
Teoh et al. (1982, 1984) investigated in detail the
effects of heat treatment on the acoustic emission generated
by the debonding of MnS inclusions in HSLA steels. In general, the acoustic emission attributed to debonding of MnS
inclusions is of the burst type, occurs in the macroscopically
elastic region of the stress-strain curve. and is most pronounced from samples tested in the thickness direction of
rolled plate. Because the bond between the MnS inclusions
and the matrix is relatively weak, quenching alone provides
sufficient thermal stress to cause debonding if the quench temperature is high enough. A quench temperature between 300
and 500°C is estimated to be high enough to produce substantial debonding. Samples tested after quenching from or above
this temperature range produce little acoustic emission from
debonding. However. the acoustic emission can be restored if
the quenched samples are tempered prior to testing. The
acoustic emission shows a rapid increase with increasing
tempering temperatures above 45QoC and reaches a maximum
for a 600°C temper (Fig. 28). The acoustic emission results
have been correlated with fractographic observations and
Auger electron spectroscopy.

Heiple and Carpenter (1982) investigated acoustic
emission in 7075 aluminum, employing the analysis of Shibata and Dno (1978a, 1978b) (see Section 4.1.3) to estimate
stress on inclusions at the matrix tensile stress corresponding
to the maximum acoustic emission for material with different
prior heat treatments. They found that the total estimated
stress on inclusions (at the matrix stress corresponding to the
peak acoustic emission) was essentially the same for the various heat treatments, even though the matrix stress at the maximum varied. This result is reasonable since it is unlikely that
the properties of the inclusions or their bonding to the matrix
would be greatly affected by low temperature aging treatments. Properties of the inclusions were estimated from
known properties of materials such as borosilicate glass,
CU3Al, Al2Cu, and FeO. Details of the estimation are given
in their paper.

Recovery of the acoustic emission with tempering is
due to recohesion of the MnS inclusions with the matrix. The
8000
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As discussed in Section 4.1.3, Gerberich and Jatavallabhula (1981) calculated the matrix stress required to produce
inclusion fracture in aluminum alloys. The calculated stress
was consistent with observations by Van Stone et al. (1974).

Al413 MPa

• At 345 MPa

o

4.2.5 Prior mechanical work and the Kaiser effect
With the widespread application of alloys containing
significant inclusion content, it is surprising that there are no
published systematic investigations of the Kaiser effect (see
Section 2.2.7.2) for materials where the major source of
acoustic emission is the fracture and/or debonding of inclusions. Since the acoustic emission is produced by fracture,
one would expect Kaiser-effect behavior unless healing of the
cracks or debonded regions occurs during unloading or durin g
some intermediate heat treatment Roman et ai. (1984) investigated the pre-yield burst emissions generated during tensile
deformation of AS33B steels in the thickness direction and
found that acoustic emission was totally absent during the
second tensile loading. The source of the pre-yield burst
emissions in AS33B steel has been identified as the debonding
of the MnS inclusions. As discussed in Section 4.2.6, the
burst emissions in the pre-yield region can be restored and
even enhanced by a heat treatment following the initial loading, provided the material was not loaded beyond yield in the
initial loading. However, the pre-yield burst emissions cannot

400

600

TEMPERING TEMPERATURE
(OC)

Fig. 28 Total number of pre-yield acoustic emission bursts
during tensile tests of AS33B steel in the thickness direction
vs. tempering temperature following quenching (Teoh et aI.,
1984).
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recohesion arises from a combination of mechanical
(differential thermal expansion) and chemical (solute
diffusion) processes. Alloying elements are important in the
recohesion process (Kwon et aJ., 1985). In particular, nickel
appears to be necessary for recohesion.
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Heat treatment has been used to change the geometry
of inclusions, which in tum affects the acoustic emission generated. The effect of inclusion geometry on the acoustic
emission produced is discussed in Section 4.2.7. Heat treatment also affects the hardening precipitates in age-hardening
systems, which alters the acoustic emission produced during
subsequent deformation in two ways. The first is a change in
character of dislocation motion in the alloy, as discussed in
Section 2.2.8. By changing the matrix strength and possibly
affecting the bonding of inclusions to the matrix, heat treatment of precipitation hardening alloys also affects acoustic
emission produced by the fracture andJor decohesion of inclusions.
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Fig. 30 Height of rms acoustic emission peak 2 and the plastic strain at which the peak occurs in 7075 aluminum as a
function of aging time at 190°C (FukuZ8wa ct aJ., 1984).
The effect of prior aging time on the height of nns
acoustic emission Peak 2 was also measured in 2024 aluminum. Kato and TOZ8wa (1982) found the peak height essentially unchanged with room temperature aging times to 165
hours, although a weak maximum may exist at about 3S
hours. In contrast, Cousland and Scala (1983) found the
height of the second peak nearly doubled with room temperature aging between 0.56 hours and 16S hours. The reason for
this difference in results is not clear, since the materials Studied were of similar composition and heat treatment.
The origin of the structure (Fig. 30) in the height of
nns Peak 2 versus aging treatment is not immediately obvious. Zhu and Carpenter (1986) investigated the exfoliation
corrosion of rolled 7075-T651 aluminum plate as a function
of annealing time at 163°C. Samples were tested according to
ASTM standards in the as-received condition and after annealing for various times to 64 hours. The acoustic emission was
monitored during the corrosion tests to determine whether the
degree of exfoliation could be correlated with some acoustic
emission parameter. Higher acoustic emission energy per
event correlated with more severe exfoliation. Annealing for
eight hours produced samples with the most severe exfoliation. Since exfoliation is a specific fonn of inlergranular corrosion, attempts were made to evaluate what role, if any, the
large intennetallic inclusions played in the exfoliation process.
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Heiple and Carpenter (1982) investigated the acoustic
emission generated during tensile deformation several precipitation hardening alloys as a function of prior heat treatment.
In addition to the rms acoustic emission peak near yield, a
second peak centered at plastic strains greater than about 1%
was observed in several alloys tested. The height of the
second rms peak is a weak function of prior aging treatment
in 7075 aluminum, as shown in Fig. 29. A somewhat
stronger dependence of peak height on aging time was

0,8

~

0_

Z

175°C
8 hr

Fig. 29 Height of rms acoustic emission peak 2 and the yield
stress in 7075 aluminum as a function of heat treatment (Heiple and Carpenter, 1982).

Measuring the acoustic emission from inclusion fracture and debonding in a standard tensile test produced the
surprising result shown in Fig. 31. The peak value of the rms
acoustic emission at Peak 2 (from inclusion fracture and
debonding) shows a sharp minimum for the aging condition
producing the most severe exfoliation. Using the analysis of
Shibata and Ono (1978a, 1978b), internal stresses on the
inclusions can be evaluated. Since all samples were annealed
at the same temperature, the misfit stress is the same for all
samples. The inhomogeneity and plasticity stresses can be
estimated at the strain corresponding to the rms maximum.
The inhomogeneity stress is proportional to the applied stress,

for the various heat treatments for a given alloy (Heiple and
Carpenter, 1982).
FukuZ8wa et aI. (1984) performed a more detailed
study of the height and location in strain of nns acoustic
emission Peak 2 in 7075 aluminum as a function of prior
aging (Fig. 30). The maximum Peak 2 height occurs in the
T6 condition (about nine hours for the 190°C aging temperature used); however, they observed more structure in the plot
of peak height versus aging time than in the earlier work (Fig.

29).
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strain is required to produce a stress high enough to fracture
the inclusions, thereby moving the rms peak to higher strains.
Second, the magnitude of the rms peak is reduced because
debonding of the inclusions is easier and produces a smaller
energy release, thereby reducing the debonding contribution to
the acoustic emission peak. Third, the average energy per
event increases because a greater fraction of the acoustic
emission arises from inclusion fracture rather than the lower
energy decohesion events. Finally, exfoliation is more severe
because the debonded interfaces around the inclusions provide
an easy corrosion path.
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4.2.7 Inclusion size and geometry
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Both the size and geometry of inclusions are important
in determining the acoustic emission from inclusion fracture
and decohesion. As discussed in Section 4.1, both the energy
released (equation 21) and the stress required (equation 28) to
fracture a spherical inclusion are sensitive functions of the
inclusion radius. The larger the inclusion, the more energy is
released by its fracture and the lower the stress required to
produce fracture. Experimentally, McBride and Maclachlan
(1983a) demonstrated a correlation between acoustic emission
burst amplitudes and the size of the fractured inclusions. This
acoustic emission dependence on the size of inclusions can
explain the results of Swindlehurst (1978), where cracking of
spherical carbides occurred with no measurable acoustic emission produced. It is believed that the carbides were simply
too small to produce measurable acoustic emission.

HEAT TREATMENT lhrl

Fig. 31 Height of rms acoustic emission peak 2 in 7075
aluminum as a function of prior aging time at 163°C (Zhu and
Carpenter, 1986).
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Zhu and Carpenter (1987) recently measured acoustic
emission from the fracture and debonding of second-phase
particles as a function of particle size. Using samples of ductile nodular cast iron, heat treated to have only the ferrite and
graphite phases present, they obtained samples with spherical
graphite nodules of different sizes in the ferrite matrix. Pr0perties of the samples tested are given in Table 2.
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Fig. 32 Plastic strain at the location of nns acoustic emission
peak 2 in 7075 aluminum as a function of prior aging time at
163°C (Zhu and Carpenter, 1986).

Table 2 Properties of Nodular Cast Iron Samples
Sample
Number

which (when measured at the position of peak rms voltage)
decreases slowly with annealing time. No unusual behavior at
the eight hour aging time is observed.

1304
1272
1397
1429
1395

The plasticity stress is proportional to the plastic
strain. Figure 32 shows the plastic strain at which the rms
maximum occurs as a function of aging time. Note the sharp
increase in plastic strain at which the rms maximum occurs
for an eight-hour age. While not as distinct as in the results of
Zhu and Carpenter (presumably because of more widely
spaced data), the same minimum in rms Peak 2 height and the
same maximum in the strain at which the peak occurs appear
in the data of FukuZ8wa et aI. (1984) for 7075 aluminum aged
about two hours at 190°C (Fig. 30).

Yield Strength
(MPa)
214
177
199
210
300

Grain Size
Hun)
38
34
28
27
27

Average Nodule
Diameter (J.un)
382
287
105
82
42

The acoustic emIssIon was measured during uniaxial
compression. The acoustic emission produced is characterized
by a small peak in the ems voltage at yield followed by a
broad maximum at 2-3% strain. The acoustic emission at 23% strain was shown by Zhu and Carpenter (1987) to be
caused by the fracture and debonding of the graphite nodules.
The height of the peak is a function of the nodule size. The
larger the nodule, the higher the emission, as would be
expected from equation 24 or 25. The maximum value of the
rms voltage in the 2-3% strain region is plotted on a log-log
plot as a function of average nodule diameter in Fig. 33. A

Zhu and Carpenter (1986) postulated that an eight-hour
age at 163°C produced particularly weak bonding between the
inclusions and the matrix. With weaker inclusion-matrix
bonding, several effects are expected. First, stress is transmitted less efficiently to the inclusions. Therefore, more plastic
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4.2.8 Sample size
For samples having the same density and distribution
of inclusions, a change in sample volume should produce a
proportional change in the number of acoustic emission events
produced during deformation, provided other experimental
variables are unchanged. Thus, the burst rate and energy
release rate should be proportional to sample volume, and
V rms should be proportional to the square root of sample
volume (Section 2.2.1). This is true provided the detection of
acoustic emission events is not affected significantly by the
change in sample size. James and Carpenter (1976) investigated the effects of sample size on acoustic emission from
inclusion fractureldecohesion in 7075 aluminum during tensile
deformation. Many samples of various sizes were pulled to
the same strain, and the total counts and the integral of V rms
were measured. As expected, the sum of the counts was
directly proportional to the gage volume, while the integrated
rms voltage was proportional to the square root of the gage
volume.
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Fig. 33 Height of rms acoustic emission peak 2 in nodular
cast iron as a function of graphite nodule diameter. (Zhu and
Carpenter, 1987)
good straight-line fit is obtained with a slope of 0.5, which is
lower than predicted from equation 24 or 25. The most likely
cause of the discrepency is that debonding, as well as fracture,
is contributing to the acoustic emission.

4.2.9 Stress state
Both the stress state and deformation mode are important in generating acoustic emission from inclusion fracture
and decohesion because they affect the probability of failure.
For uniaxial stress, tension favors inclusion fracture or
debonding while compression tends not to fracture or debond
inclusions. This effect was used to perform the first
identifications of acoustic emission from inclusion fracture
(Hamstad et aI., 1977; Carpenter and Higgins, 1977). Sample
orientation also has a significant effect on acoustic emission
activity level during uniaxial deformation of materials with
nonspherical inclusions. This effect is noted most commonly
in roUed steel plate where the MnS inclusions are flattened
disks with their large faces parallel to the plate surface. Samples tested in tension in the short transverse (throughthickness) direction produce more acoustic emission than samples tested in other directions.

Inclusion geometry, as well as size, can have an
important effect on the acoustic emission produced by fracture. Hadjicostis and Carpenter (1980) measured a high level
of acoustic emission from hot-rolled mild steel caused by
fracture of lamellar pearlite. When the same material was heat
treated to spheroidize the carbides, acoustic emission dropped
significantly. Holt and Goddard (1980) investigated the
effects of carbide morphology on acoustic emission produced
during tensile deformation in the through-thickness direction
of a C-Mn steel. They tested four types of samples:
(I) as received, that is annealed at 6500C for two hours to
partially spheroidize the originally pearlitic carbides,
(2) re-austenitized at 900°C for two hours and slow cooled to
room temperature to form pearlitic lamellar carbides,
(3) re-austenitized at 900°C for two hours, slow cooled to
room temperature and then annealed at 650°C for two hours
to partially spheroidize the initially pearlitic carbides, and
(4) re-austenitized at 900°C for two hours and then oil
quenched to form lath-like carbides with a bainitic microstruc-

Testing in uniform biaxial tension produces enhanced
acoustic emission at lower strains than testing in uniaxial tension (Hamstad et al., 1979; Hamstad et al., 1981). The
increased acoustic emission activity was attributed to
increased probability for inclusion fracture or decohesion in
the biaxial, compared with the uniaxial stress state.

ture.

Samples given Heat Treatment 1 showed a limited
amount of acoustic emission, while samples given Heat Treatment 2 produced high acoustic emission activity However,
samples given Heat Treatment 3 also produced high acoustic
emission activity similar to that from lamellar carbides (Heat
Treatment 2). Finally, samples given Heat Treatment 4
showed acoustic emission activity similar to that from Heat
Treatments 2 and 3. These results are not surprising since the
microstructures following Heat Treatments 2, 3, and 4 should
not differ greatly. The two hour anneal at 650°C produces
quite limited spheroidization; and (from an acoustic emission
standpoint) the lath-like bainitic structure (Heat Treatment 4)
scarcely differs from the lamellar pearlite structure.
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The 9th International AE Symposium
The 9th IAES, sponsored by the JSNDI, will be held at International Conference Center Kobe in
Kobe, Japan on 14 - 17 November 1988. The Symposium attempts to cover all areas of interest in
AE applications, research and development, as well as standards activities. Review papers and
technical reports will be accepted. Poster sessions will be included. Prospective authors are asked to
send 200-300 words abstract by 31 May 1988 to Paper and Program Committee Chair, Dr. 1.
Kimpara, Dept. of Naval Architecture, University of Tokyo, Hongo 7-3-1, Bunkyo, Tokyo 113,
Japan. FAX No. is 03-815-8364 and Telex No. is 2722111 FEUT J. Selected authors will be
notified by 30 June 1988. Manuscripts will be due on 15 September 1988. The Organizing
Committee is chaired by Prof. K. Yamaguchi and the Secretarial Committee by Dr. Y. Higo.

The World Meeting on AE
The World Meeting on AE has been so named since the 3rd ICAE as originally planned was enlarged
in scope. It will be held in Charlotte, North Carolina on 21 - 23 March 1989. It will be sponsored
by the AEWG, ASNT, and ASTM. Aproceedings will be p~blished as an ASTM-STP. Program
Committee is headed by Prof. W. Sachse, Chair, Prof. K. Yamaguchi (Japan) and Dr. 1. Roget
(France) in addition to international members of about twenty. This Meeting is to provide a forum for
reviewing the acceptance of AE by industries and regulatory bodies and for describing new and novel
applications, as well as reviewing the unsolved problems of AE and its related technologies for
structural integrity monitoring, materials characterization, robotics, process control and sensor
development. Look for further announcements on this Journal. Inquiry should be addressed to Prof.
W. Sachse, Theoretical and Apllied Mechanics, Cornell University, Ithaca, NY 14853 USA. FAX
No.: 607-255-7116, Bitnet address: sachse@crnlmsc, Arpanet address:
mscbtc!bte!sachse@gvax.cs.comell.edu.

Third International Symposium on AE from Composite
Materials
The Third International Symposium on Acoustic Emission from Composite Materials will be held 17
- 21 July 1989 in Paris, France. Write to Dr. D. Valentine (Program Chainnan), Ecole des Mines de
Paris, Centre des Materiaux, BP 87, 91003 EVRY Cedex, France for further information. First call
for paper is expected this summer.
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Acoustic Emission During Deformation and Crack Initiation of
Pipeline Steels
M. W. Drew, B. R. A. Wood and R. W. Harris
Abstract
There have only been a few investigations of AE produced by the deformation of pipeline steels (Int Study Group
on Hydrocarbon Oxidation, 1985; Sano et al., 1980), and tests
on structural steels have shown a variety of responses. During tensile loading, AE has been observed during elastic and
plastic portions of the stress-strain curve, but usually most
acti,:ity was associated with the start of yielding (the initiation
of Luder's band propagation) (Wadley et al., 1980; Ingam et
al., 1974; Tandon and Tangri, 1977; Dno and Yamamoto,
1981). Other investigations have found that yield strength,
grain size, microstructure, inclusion content, and test-piece
orientation have significant effects on AE generation in structural steels (Dno et al., 1976; Dno et aI., 1978; Wadley et aI.,
1980; Sano et al., 1980; Jaffrey, 1979; Holt and Goddard,
1980a; Yamamoto et al., 1980; Ono and Yamamoto, 1981;
Runow, 1985). These results have indicated that dislocation
motion, the debonding of inclusions and carbide cracking may
produce AE, but the relative contribution of each mechanism
depends on many variables.

The acoustic enusslon (AE) characteristics of four
pipeline steels during tensile loading, crack· initiation and
stress corrosion cracking were examined. The steel grades
ranged from API X-42 to X-65, which gave a range of
strength levels and inclusion contents. The effect of mill
scale or paint on acoustic emission generation was also investigated. In addition, after initial loading some test-pieces were
heated to determine what times and temperatures were
required to remove the Kaiser effect.
Each grade of steel produced different amounts of AE
during tensile loading and crack initiation. The highest
strength steel (X-65) produced the most AE activity and the
next most active steel had the highest inclusion content (X42). In general, the onset of yielding produced an increase in
AE activity in the form of low amplitude continuous emission
and this is thought to be caused by the cooperative breaking
away of dislocations from pinned sites. The amplitude of the
continuous emission was affected by the grade of steel and
heat treatment. The Kaiser effect was removed only after
heating these steels for one hour at 600°C. The deformation
of paint and mill scale on the surface of test-pieces
significantly increased the numbers of AE events that were
produced. Preliminary results indicate that the initiation and
early growth of stress corrosion cracks in a carbonatebicarbonate solution may not produce any detectable AE. The
application of laboratory data to field tests is also discussed.

Studies of AE during ductile crack growth in structural
steels have also revealed a wide range of results. Some steels
emit large numbers of events whilst others are almost completely quiet during crack growth. In general, lower strength,
high toughness steels. were relatively quiet during fracture
toughness tests (Wadley et al., 1980; Ingham et al., 1975;
Teoh et al., 1984; Roman et al., 1984; Holt and Goddard,
1980b; Oark and Knott, 1977). As in tensile tests, the results
were affected by many variables. In higher strength structural
steels which have low work-hardening capacities, ductile
crack growth may occur by localized fast shear between
voids, which is a more energetic source of AE than the gradual, diffuse yielding between voids that occurs in lower
strength steels, which have a higher capacity for work hardening (Clark and Knott, 1977).

1. Introduction
A number of pipelines have failed in service and this
has highlighted the need for suitable integrity assessment
methods. Acoustic emission (AE) has the advantage that it
may be used as a surveillance technique during proof testing
which can potentially detect flaws and locate leaks. AE has
been used to successfully monitor pipelines, but the interpretation of the data requires both special techniques and expertise
(Kiefner and Stulen, 1982). Since a variety of steel grades
have been used to construct pipelines and the AE response of
different steels is not the same, it is necessary to evaluate the
characteristics of AE that are produced by the deformation
and fracture of various pipeline steels. This information
would enable more detailed analysis of the AE data obtained
during structural integrity tests.

The aim of the work reported in this paper was to
evaluate the characteristics of AE produced during the deformation and fracture of four different pipeline steels. Plain
tensile and fatigue precracked tensile test-pieces were loaded
to determine whether deformation and crack growth could be
detected and distinguished. In addition, because AE is usually
not produced until the previous maximum load is exceeded
(the Kaiser effect), the conditions of temperature and time
required to remove the Kaiser effect ("recovery") were investigated. Tests were also conducted to ascertain whether stress
corrosion cracking and subsequent overloading produced any
characteristic AE. Since pipelines have a variety of sUlface
coatings, but most test-pieces have new machined sUlfaces,
the effect of paint and mill scale on AE production during
deformation was also investigated.
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2. Experimental Procedures

Table 1 Chemical Composition (wt%)

2.1 Materials

Steel

Four grades of pipeline steel were tested. Briefly. the
steels could be described as:

C
P

A.

250 MPa Grade normal inclusion content

B.

Grade B low inclusion content (X-42)

C.

Fine grained AI-Nb steel (X-65)

D.

Fine grained AI-Ti-Nb, Ca treated (X-60)

Mn
Si
S
Ni
Cr
Mo
Cu
Al
V
Nb
Ti
Fe

Steel A was an S1021 type which was semi-killed, and
produced by the ingot route and so represented an older type
of lower strength pipeline steel which had a "commercial"
inclusion content. This steel was used to make AS1M
Al35B - AS 1836 TW9.C. pipe. In contrast. steel B was produced by more recent steelmaking practices (fully killed. continuously cast and calcium treated) which gave a very low
inclusion content and about the same strength as steel A.
This steel was used to make API 5L Grade B pipe. Steel C
was a fine grained AI-Nb treated steel which was an X-65
grade. Steel D was an X-60 grade which was fully killed,
continuously cast, Ca-Ti-Nb treated and control-rolled. The
chemical compositions of the steels are given in Table 1. The
tenns "killed" and "semi-killed" refer to the extent of deoxidation during steelmaking.

A

.15
.025
.66
.15
.021
.02
.02
<.01
.02
.04

B

C

D

.16
.018

.14
.013
1.35
.25
<.01
.02
.01
<.01
<.01
.025

.08
.018
1.24
.12
.005
.026
.032
.003
.019
.031
<.002
.047
.014
bal

.71
.12
.007
.024
.031
.006
.013
.02
<.002

.045
bal

bal

bal

machined from the plate material and longitudinal ones from
the pipe. Tensile test-pieces were machined so that as much
as possible of the thickness of the original sample was
retained. Test-piece dimensions for each type of steel are
given in Fig. 1. Stress corrosion test-pieces were machined in
an hour glass shape to provide a range of stress on the one
test-piece. The effect of different surface conditions was also
investigated by leaving the as-received surface on the gauge
length of one side of the test-piece. In addition, some testpieces were notched and fatigue cracked to investigate AE

2.2 Test-pieces

generation during crack initiation.

Steels A. B. and D were delivered as plates from a
coil and steel C was a section of a pipe which had been
removed from service. Transverse tensile test-pieces were

The different test conditions were identified as:
S:
C.
P:
F:

20 R

9 ?fi'

I~

60

100

0

J,L

2.3 Mechanical Testing
The tensile test-piece was loaded using a 50 leN capacity Instron testing machine equipped with wedge grips.
Noise isolators were used to attenuate any extraneous machine
noises and electrical interference. Extraneous AE from the
loading train was minimized by load cycling a dummy testpiece to loads in excess of those required for the experiments.
The test-pieces were loaded using a cross-head speed of 1.27
mm/min. The strain was measured using a 50 mm gauge
length extensometer.

210

,

STElL

W

lla'"

A

1...1
1-3

8

10·6

&-1

(

1-6

6·0
8-1

D

8·S

70S

Scale on one surface.
both surfaces cleaned,
Paint on one surface (as-received). and,
Fatigue cracked prior to tensile test.

'01

Test-pieces were loaded to 1%. and in some cases 2%
strain, then the load was reduced to almost zero, held for a
few minutes and increased again to the previous value. This
procedure established whether or not the Kaiser effect was
operational. Some test-pieces were reloaded to failure to
detennine the characteristics of AE over a wider range of
deformation.

20
286

'~I

Data obtained during the first 25% of the elastic load
range of each tests often contained AE which was produced
by the bedding-in of the grip faces into the test-piece. so

Fig. 1 (a) Tenslie test-pieces; (b) Stress corrosion cracking
test-pieces.
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Stress corrosion cracking was initiated in the steels by
holding test-piec:cs at constant load whilst immersed in a 1M
NaIICD, + 1M N~~ solution at 600C and a potential of
-680 mV (S.C.E.). The solution was purged with nitrogen gas
before and during a tesL AS transducers were positioned at
either end of the test-piece outside the containment ceU.

monitoring was not collUllCllCCd until this effect essentially
did not occur. The location of any AS events could be
estimated during a test by analysis of both the rise times and
the difference in arrival times of the events at the two transducers (one at each end, outside the gauge length). If the
difference in arrival times was greater than 30 JIS then the
event must have originated outside the gauge length.

2.4 Acoustic Emission Equip1lU!1Jl

Test-pieces which had been loaded to 19& slrain were
then aged at various times and temperatures to establish under
what conditions "recovery" occurred (i.e., when the Kaiser
effect was removed). Some test-pieces were left in the grips
of the testing machine (unloaded) and aged at 75, 100 or
IS00C for 30 mins., reloaded, aged again and reloaded. This
sequence simulated the effect of pipe fonning and hot coating
processes and was used to determine whether any recovery
occurred under these conditions. Keeping the test-piece in the
grips during aging minimised the effect of grip noise during
subsequent reloading. The event location procedures
described above showed that grip noise upon reloading was

rl
.

The main AS equipment used was the CSIRO
developed CSIRD-EAR main amplifier and Bruel and Kjacr
8313 transducers which are resonant at about 200 kHz. Two
transducers were positioned on the flat faces of the test-piece
outside the reduced section; one on each end. Any acoustic
pulse detected by a transducer was amplified 40 dB by the
preamplifier and a further 20 or 30 dB by the main amplifier.
Initial tests were conducted using a total gain of 60 dB, but
later tests were at a total gain of 70 dB. The usual settings
were a dead time of 100 JIS and a threshold of 100 mV.
After amplification the detected signals were fed simultane-

[YI~T

COUNTU

I
.NI1..Tloflf

....,....

DlS,a-I8UTI;Il

fI.iJlSCMtl

Fig. 2 Block diagram of AE monitoring equipmenL
only a minor problem, so for subsequent recovery tests the
test-pieces were removed from the grips. The other recovery
conditions that were investigated were two hours and twentyfive hours at SO or 200°C (in air), and one hour and two
hours at 600°C (in vacuum). Any surface that was produced
during heat treatment was removed before further tensile testing.
Recovery was assessed by comparing the number of
counts that occurred during the initial loading with the
number of counts that were produced during reloading, to the
previous maximum load, after aging. The event counting data.
was used for this purpose, and since for practical reasons the
dead time and threshold settings were not the same as used by
the CSIRO-EAR Amplitude Distribution system, the different
sets of data are not directly comparable.
Other tensile test-pieces were notched and fatigue precracked in three-point bending, and subsequently loaded in
tension. The final crack depth was about one-third the width
of the test-piece. AE activity during crack initiation and a
small amount of extension (0.10 mm) was monitored, and
recovery experiments were camed out at 50, 200 and 600°C.

Fig. 4 Typical microstructure of Steel B. Longitudinal section, etched in 2% Nital, magnification 2ooX.
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Fig. 5 Typical microstructure or Steel C. Longitudinal section, etched in 2% Nital, magnification 200><'

Fig. 8 Typical inclusion distribution in Steel B.
Longitudinal section, unetched, magnification 100><.
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50jlm

Fig. 9 Typical inclusion distribution in Steel C.
Longitudinal section, unetched, magnification lOOX.

100 ).Un

100 jlm

Fig. to Typical inclusion distribution in Steel D.
Longitudinal section, unetched, magnification lOOX.
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Fig. 6 Typical microstructure of Steel D. Longitudinal section, etched in 2% Nital, magnification 200X.
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Fig. 7 Typical inclusion distribution in Steel A.
Longitudinal section, unetched, magnification 100><'
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ously into a computer for peak amplitude counting and into a
second, different event counting system. The latter system
produced analogue outputs of the cumulative event counts and
the relative peak amplitudes of events, allowing these results
to be recorded directly onto chart recorders as a function of
either strain or time. The unconditioned waveform was also
displayed on a digital storage oscilloscope and also fed into
an audio amplifier so that the audible component of the signal
could be heard. The system was calibrated using the pencil
lead breaking technique. A block diagram of the experimental set-up is given in Fig. 2.

Table 3 AE Activity during Tensile Loading to 1% Strain
Clean Surfaces, System Gain of 70 dB
Sample Event Count Data
N>lSOmV

A-CIO
A-Cll
A-C8
B-CI2
B-C14
B-C1O
B-Cll
C-CI2
C-CI3
C-CIO
C-Cll
D-CIO
D-Cll
D-C8
D-C9

3. Results and Discussion
3.1 Mechanical Propenies
The mechanical properties of the four steels that were
evaluated during AE characterization tests are summarized in
Table 2.
Table 2 Average Tensile Properties
Steel Orientation 0.2% Y.S. T.S.
(MPa)
(MPa)

Amplitude Distribution Data
Weighted Amplitude of
N>lOOmV Average
Largest Event

ID

Elongation Y.s.rr.s.
(%)*
Ratio

7
25
42
4
7
9
3
39
28
28
47
15
20
41
6

15
81
198
13
27
97
42
288
152
118
219
53
73
162
21

Transverse
Transverse
Longitudinal
Transverse

367
312
488
468

489
489
586
526

28
32
31
33

0.17
0.15
0.19
0.19
0.13
0.09
0.09
0.11
0.09
0.11
0.11
0.30
0.12
0.26
0.15

0.78
0.66
2.14
0.89
0.39
0.50
0.42
1.38
0.46
0.42
1.48
1.64
0.66
3.51
0.78

B

A

0.75
0.64
0.83
0.89

(V)

40

40

A
B
C
D

(V)

100

100

~

..

* Elongation in 45 mm gauge length.
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I

(
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2
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3.2 Metallography
Figures 3 to 6 show typical microstructures in the
longitudinal section and Figs. 7 to 10 show typical inclusion
contents and distributions. Steel A appeared to have the largest number of inclusions of the four steels and also had the
largest grain size. Steels B and D were much "cleaner" and
the inclusions were globular rather than elongated, which is a
feature of recent steel-making practices.
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33 AE Activity During Tensile Loading
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3.3.1 Effect ofsteel grade

c
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~

Typical examples of the AE activity of each steel as a
function of load and extension up to 1% strain are given in
Fig. 11. A summary of the event counting data and the
amplitude distribution data from tensile tests up to 1% strain
when the gain was 70 dB and the surfaces were clean is given
in Table 3.

oL..U.
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o

I

I

Siul.

C·41

Sirai.

1%1

Fig. 11 Examples of the AE activity of the four steels. Clean
test-pieces, loaded to 1% strain with system gain of 70 dB.

All grades of steel produced some AE during deformation to 1% strain with most activity occurring in the elastic
region and being burst emission changing to low amplitude
continuous emission in the plastic region. The effect of steel
grade on AE activity can be seen by comparing AE parameters in Table 3. The ranking of the steels, in order of increasing AE activity during loading to I % strain was: B, D, A, C.

Overall, the loading of steels A, Band D to 1% strain produced less than 100 AE events, and most of the events had
amplitudes less than 0.5V at a gain of 70 dB, so the degree of
activity was relatively quiet In comparison, steel C produced
around 200 AE events when loaded to 1% strain.
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40,------------------,

The results show that inclusion content had a strong
influence on AE activity but other factors were also important.
Of the four steels, Steel C was the most active source of AE,
but this steel had fewer inclusions than Steel A, the second
most active source of AE of the group. Steel C was the
highest strength steel of the group, so microstructural features
that increase strength also appear to influence AE activity.
This observation is consistent with other investigations which
have found that AE activity generally increases as steel
strength is increased (Wadley et aI., 1980; Ingham et aI.,1974;
Holt and Goddard, 1980a and b; Ingham et aI., 1975).
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Other investigations have shown that inclusion content
and orientation had a major influence on the amount of AE
produced during defonnation. In general, steels with higher
inclusion contents produced more numerous and energetic
burst type emission. In addition, orientation had a significant
effect because AE was more energetic in test-pieces of
through-thickness orientation than longitudinal or transverse
orientations, especially when inclusions were elongated (Ono
et aI., 1976; Ono et aI., 1978; Holt and Goddard, 1980a;
Yamamoto & Ouchi, 1980; Ono and Yamamoto, 1981). From
these observations it has been proposed that the predominant
source of AE is the debonding of inclusions from the matrix
(Ono et aI., 1976; Ono and Yamamoto, 1981; Jaffrey, 1979;
Wadley et aI., 1980). Some studies have found that the
through-thickness orientation was the only orientation that
produced burst-type emission before the yield point (Ono et
al., 1976; Ono and Yamamoto, 1981; Teoh et al., 1982;
Roman et al., 1984), but the steels used in this investigation
produced burst emission before yield when tested in the longitudinal or transverse orientation, in addition to the continuous
emission during yielding.
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The amplitude of the continuous emission was larger
in steels which had been plastically strained and aged at temperatures up to 200°C such as steel C which had been strained
during pipe fonning and aged during the hot coating process.
Continuous emission was less pronounced in steel D, and was
just detectable in steels A and B. Since continuous emission
occurred at the yield point, and was most pronounced in steels
that had been strained and aged. the most likely mechanism
was the breakaway of dislocations in large numbers from
pinned sites associated with interstitial atoms which have
diffused to the dislocations. The amplitude of this continuous
emission was usually only just above the background electronic noise in the laboratory studies so it may not be detected
during pipeline monitoring unless the transducer is close to
the source of emission. However, it can be easier to detect
continuous emission in structures than in test-pieces because
the volume of steel which yields is usually much larger, and
yielding may continue for some time. This was iUustrated
during a recent test to failure of a steam receiver (Wood.
1987). Audible monitoring showed that the characteristics of
the signal from continuous emission could be differentiated
from electronic noise. Areas for improvement are the reduction of background noise from the preamplifiers, and the provision of spectral analysis for continuous emission.
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Fig. 12 Examples of the AE activity of the four steels. Steels
A, Band D had mill-scale on one side of the reduced section of
the tenslie test-pieces. Steel C had paint on one surface. Loaded
to 2% strain with system gain of 60 dB. In graph 2 (steel B), the
AE event count reset after every 100 counts were recorded.
activity as a function of load and extension when one surface
of a tensile test-piece had the mill-scale of the original plate
or the paint on the inside surface of the pipe (steel C). Table
4 gives the event count data and the amplitude distribution
data for tests up to 2% strain and at a total gain of 60 dB.
In general, the loading of test-pieces with mill-scale on
one surface produced more AE, and larger amplitude AE, than
the loading of test-pieces with machined surfaces. This can
be seen by comparing figs. 11 and 12 and Tables 3 and 4
whilst keeping in mind that the total gain for tests on clean

3.3.2 Effect of surface condition
Figures 12 and 13 are typical examples of the AE
244
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Table 4 AE Activity during Tensile Loading to 2% Strain
Mill-scale or Paint on One Surface, System Gain of 60 dB

A

Z

Amplitude Distribution Data
Sample Event Count Data
Weighted Amplitude of
ID
Largest Event
N >IOOmV Average
N>ISOmV
(V)
(V)

:!:
'0

'"
0

~

A-51
A-52
A-S3
A-54
8-51
8-52
8-53
C-PI
C-P2
C-P3
C-P4
0-51
0-53
D-S4

41
22
16
1557
1896
892
IS
I
11
13
27
32
3

244
66
I
33
5238
6237
1344
63
I
35
21
52
374
7

0.11
0.15
0.11
0.12
0.29
0.31
0.28
0.29
0.11
0.08
0.70
0.10

0.64
0.12

30

0.50
1.05
0.11
0.39
2.26
2.22
1.99
3.04
0.11
0.15
3.12
0.23
4.37
0.23

20
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50

B
40
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test-pieces was 70 dB, but was 60 d8 for tests on test-pieces
with mill scale or paint surfaces. Although tensile deformation of the steel produced AE, the results show that the deformation and fracture of mill-scale can also produce large
amounts of AE. A large increase in AE activity occurred
after yielding with many events being produced for strains up
to between 5% and 8%, and then with further straining
activity generally decreased.

'"
0

~

20

10

The condition of the mill-scale also had a significant
effect on the amount of AE that was produced. The weathered surface of steel A produced fewer and less energetic
events than the surface of steel 8, which had a relatively
fresh, tightly adherent mill-scale (Fig. 13). The surface condition of steel D was somewhere between A and 8, as was the
AE activity.

Time

Fig. 13 Effect of mill-scale condition on AE production during
tensile loading. Stage 1: 0 - 2% strain; Stage 2: 2 to 10% strain;
Stage 3: 10% strain to failure. (a) Steel A - weathered mill-scale;
(b) Steel B - fresh mill-scale.

Fresh, tightly adherent mill-scale appean to be a good
indicator of plastic deformation because this surface oxide
begins to fracture after yielding of the steel commences,
behaving like a brittle lacquer coating. Although crack extension tests have not been conducted on test-pieces with millscale surfaces, the spread of plastic deformation should produce similar results to those obtained on unnotehed testpieces. The generation of AE from surface oxide fracture
partly explains why AE testing is usually successful during
structural integrity tests. For example, during a recent test to
failure of a steam receiver (Wood and Harris, 1986), yielding
was readily detected because a large volume of steel yielded
and large numbers of events were generated by the associated
cracking of the mill-scale, in addition to the continuous emission at yield caused by dislocation mechanisms. Therefore,
the application of AE to pipeline monitoring may be more
promising than indicated by the results of laboratory tests on
the effects of surface conditions. The surface condition of a
steel will affect both the AE generation by surface defects and
the propagation of surface waves so these factors have to be
considered when laboratory data is applied to field tests.

The paint surface was also an active source of AE, but
the number of events produced by it were fewer than the fresh
mill-scale.
3.3.3 Recovery
Each grade of steel had a different response to straining and aging treatments and this influenced AE activity during subsequent straining. In general, steels A and 8 had
higher yield points after 1 or 2% strain and aging at temperatures from 100 to 2oo"C. However, steels C and 0 did not
have a tendency to strain age except after heating for 2 or 25
hours at 2oo"C.

In general, the Kaiser effect was only removed after
heating at temperatures above 600°C for periods in excess of
I hr. In some tests, a few AE events were observed before
the previous maximum load, but analysis of arrival times
showed that most of these events were produced by the
245

Table 5 AE Activity during Loading to Produce about 0.1 nun
Crack Extension, System Gain of 60 dB

3.4 AE Activity During Cracle Initiation and Extension
3.4.1 Initial loading

Amplitude Distribution Data
Sample Event Count Data
Weighted Amplirude of
ID
N>IOOmV Average Largest Event
N>ISOmV
(V)
(V)
A-F4
A-F7
A-F6
B-F4
B·F6
B-FS
C-F5
C·F6
C-F7
D·F4
D-F6

47

17
3
6
14
11
8
75
92
94
4
8
7

D-FS

0.17
0.13
0.15
0.13
0.09
0.16
0.16
0.20
0.18
0.17
0.11
0.11

IS
21
29
24
207
307
292
13
48
28

Typical examples of AE activity as a function of load
and extension for fatigue precracked tensile test-piece are
shown in Fig. 14. Summaries of the AE event counting data
and the amplitude distribution data are given in Table 5.

1.36
0.42
0.50
0.31
1.75
1.09
0.89
2.69
1.79
0.70
0.58
0.31

The loading of notched and fatigue cracked test-pieces
of steels A and B generated a small number of AE events.
Initial loading generated some AE, but crack tip blunting and
extension did not produce AE that could be detected at a gain
of 70 dB. The average amount of crack extension produced
by the loading and unloading sequence was about 0.4 nun in
steel A and about 0.1 nun in steel B.
Crack tip blunting and crack initiation processes in
steel C was well defined because there was a large increase in
the number of AE events, some of which were continuous
emission while others were burst type emission. The activity
during crack initiation was more energetic than during the
yielding for the tensile test-pieces, but many events had peak
amplitudes only sli3btly above the threshold setting of the
equipment Some AE events were observed during further
crack extension, but most activity was produced by crack initiation. The average amount of crack extension produced by
the loading/reloading sequence was about 0.15 mm.

bedding-in of the grips. The aging and straining of steels A,
C and 0 produced higher yield points and some low amplitude continuous emission. Since the onset of activity was at a
higher load than the previous maximum, this could not be
classified as recovery.
10
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Steel 0 was similar to steel C, but the emission was
less energetic and less events were detected. The average
amount of crack extension produced by the loading and
reloading sequence was about 0.1 mm. In all cases the Kaiser
effect was observed during reloading.

10
A

I
a

Other investigations have found similar results; namely
that ductile, tough steels may not produce much AE during
crack extension by micro-void coalescence (Landy and 000,
1982; Teoh et al., 1984; Wadley et al., 1980; Ingham el al.,
1975; Holt and Goddard, 1980b; aark and Knott. 1977)
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3.4.2 Recovery
40

40

D

Fatigue cracked test-pieces were loaded to about 0.10
nun crack extension, unloaded, heated and then reloaded to
produce further crack extension. The heat treatments for
some test-pieces were 600°C for 1 hr, while other test-pieces
were heated to 50°C for 2S hrs, or 2000C for 2S hrs.

100

100
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In general, recovery occurred after 1 or 2 hrs at 600°C
because several events were observed before the previous
maximum load. However, the Kaiser effect was not removed
after aging at 50°C or 200°C for 25 hrs, so "recovery" is
unlilcely during normal pipeline operating conditions. Several
events were introduced by regripping but these were distinguished on the basis of relative arrival times.
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Fig. 14 Examples of the AE activity during crack extension of
about 0.1 nun in fatigue-cracked tenslie test-pieces. System gain
of 60 dB was used. Note the graphs show load as a function of
the extension of the gauge length (of 50 mm), not the amount of
crack extension.

The steels had different strain aging responses after
heating for 25 hrs at SO°C and 200°C and reloading. If a
higher yield point was produced. generally some low amplitude continuous emission and burst emission was generated
during further crack extension, but this occurred at loads
248

The non-conclusive result may be associated with the
relatively low rate of crack growth of stress corrosion cracks
by a mechanism of anodic dissolution (Okada et aI., 1974).
In contrast, AE is usually produced by events which release
energy abruptly. However, some investigators expect that
anodic dissolution should produce some low amplitude emission which could be detected at high gain (Pollock and Hardie, 1982). The fact that there was not any significant AE
during overloading may be a result of the shallow depth of
cracks so that the test-piece was effectively like an unnotehed
one. In practice there may be some scope for the use of AE
to detect stress corrosion cracks because hydrostatic testing
above working pressure should load cracks of any potentially
dangerous size to a point where a small amount of crack
extension occurs, and AE would be produced by crack initiation and also the cracking of mill-scale and painL

greater than the previous maximum load, so this cannot be
classified as recovery.
These results show that recovery occurred under the
same conditions as stress relieving. The diffusion processes
at lower temperatures that produced new yield points and the
associated continuous emission cannot be classified as
recovery, because the only significant AE events were produced after the previous maximum load had been exceeded.
These results complement other recovery studies (lmaeda et
aI., 1983), which have shown that some steels recover at temperatures greater than 300°C, and other steels recover at temperatures greater than 600°C. These investigations have
shown that many factors influence whether the Kaiser effect is
removed by heating. These include initial microstructure,
inclusion content, orientation of loading, temperature and
time of heating (Landy and 000, 1982; Teoh et aI., 1982;
Imaeda et aI., 1983; Roman et aI., 1984). The variables of
time and temperature may change the microstructure, which
may produce different characteristic AE, and/or may influence
whether previously debonded inclusions are re-bonded to the
matrix during heating (Teoh et aI., 1982; Roman et aI., 1984).

Further tests with deeper cracks and in other grades of
steel are needed to assess the ability of AE to detect stress
corrosion cracking under laboratory conditions.

4. Conclusions
3.4.3 AE activity during stress corrosion cracking and subsequent overloading

The tensile loading of clean test-pieces of the four
pipeline steels produced measureable AE activity, but the
amplitudes of the events were relatively small and the
numbers of events were relatively low. The most energetic
source of AE during loading to 1% strain was steel C (X65),
the highest strength steel of the group.

Stress corrosion cracks were initiated in a test-piece of
steel D which was loaded to about 90% of the ultimate tensile
stress whilst immersed in the carbonate-bicarbonate solution at
60°C. Acoustic emission was observed during the initial
loading and some events came from the pin loaded grips. As
yet it has not been ascertained whether the initiation or
growth of stress corrosion cracks produces any distinct AE
pulse signature. The test on this sample did not produce
significant amounts of AE. When this sample was overloaded
no significant AE activity was detected. Numerous small
stress corrosion cracks were observed after sectioning the
test-piece (fig. 15), and the depth of cracking was about 0.1

The onset of yielding in some steels coincided with the
production of many small amplitude events (continuous emission). This effect was most pronounced in steels which had
been strained plastically and aged, and this is thought to be
produced by the breakaway of dislocations from pinned sites.
The amplitude of the continuous emission was often only just
above the electronic noise of the detection system, but was
detected by listening to the audible component of the
amplified signal (due to the frequency selectivity of the ear).

mm.

The deformation of mill-scale or paint produced larger
numbers of more energetic events after yielding commenced.
Fresh tightly adherent mill-scale produced more events with
higher amplitudes than weathered mill scale.
Crack initiation of about 0.1 mm extension was well
defined in steel C (X65) by a large increase in the number of
AE events, some of which were burst type events and some
of which were continuous emission. Steel D (X60) was similar but produced fewer, lower amplitude events, whilst steels
A and B were relatively quiet during crack initiation.
The Kaiser effect was observed during the reloading of
test-pieces and the Kaiser effect was removed only after healing for 1 to 2 hrs at 600°C.
Fig. 15 Longitudinal section, showing stress
corrosion cracks in Steel D that had been opened
up by tensile loading. Magnification 200X.

SO J.U11
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Initial results from stress corrosion cracking tests conducted in a carbonate-bicarbonate solution indicate that the
initiation and early stages of stress corrosion cracking, and
subsequent overloading, may not produce any measureable
AE under the chosen experimental conditions.

Int. Study Group on Hydrocarbon Oxidation, Working Party
on AE Testing (1985), "Guidance Notes on the Use of Acoustic Emission Testing in Process Plants," The Institution of
Chemical Engineers, England.
D. Jaffrey (1979), Proc. Ninth World Conf. on NOT, Melbourne, Australia, Paper No. 4J·1.

Laboratory results are good indicators of the AE
characteristics of steel, but several factors have to be taken
into account before this data is used to predict the results of
field tests. These factors include the differences in volume of
material which is stressed Oaboratory test-pieces are much
smaller), the differences in mode of stressing Oaboratory
mechanical tests are displacement controlled whilst pressurized pipes can be stress controlled); and the differences in
wave propagation effects between laboratory and field tests
due to the different configurations. In practice, it is often
found that laboratory tests produce conservative estimates of
the AE activity during field tests because AE events are often
more numerous and have larger amplitudes during field tests
than during laboratory investigations, thus assisting the detection of active defects.

J.F. Kiefner and F.B. Stulen (1982), "Evaluation of the AE
Analysis Capability for Buried Natural Gas Pipelines," Final
Report to the Pipeline Research Committee and the NOT
Supervisory Committee of the American Gas Association,
Project PR-3-140.
RJ. Landy and K. 000 (1982), J. Acoustic Emission, 1(1), 719.

H. Okada (1974), Corrosion, NACE, 30(7), 253-255.
K. 000, G. Huang and H. Hatano (1976), Proc. 8th World
Conf. on NOT, Cannes, France, Paper 3K3, pp.l·8.
K. 000, R. Landy and C. Ouchi (1978), Proc. 4th InL Acoustic Emission Symposium, Tokyo, Japan Tech. Exchange
Center, Tokyo, pp. 4-33 - 4-45.
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Acoustic Emission Waveform Analysis to Identify Fatigue
Crack Propagation in a Mirage Aircraft
C. M. Scala and R. A. Coyle
based on simple adaptive processing which proved
unsuccessful (Scala et aI., 1985). More recently, a different
approach based on the semi-adaptive processing of AE data
was proposed (Scala, 1987), and was used in the work
described in this paper.

Abstract
This paper describes the application of semi-adaptive
acoustic emission (AE) processing to identify fatigue crack
propagation in several fatigue-critical holes in the complexshaped, main wing-spar of a Mirage aircraft undergoing fullscale fatigue testing. The signal processing involved a
comparison between features extracted by pattern recognition
analysis of emission detected during aircraft monitoring and
predicted features. (Feature prediction was based on any
known and usable infonnation on AE source characteristics
and the use of calibration measurements to determine wave
propagation characteristics.) The features analyzed were rise
time and autocorrelation function characteristics of AE
waveforms and the position on the load cycle of AE event
occurrence. Implementation of the semi-adaptive processing
allowed the successful detection and location of all fatigue
cracks, greater than 0.3 nun in depth, propagating in the holes
in the spar. The study shows that AE associated with fatigue
crack propagation can be distinguished, even when a complex
structure is monitored and many spurious sources are present,
and indicates the likely feasibility of in-flight AE monitoring
of Mirage aim'aft

The semi-adaptive processing of AE signals proposed
above involves the identification of AE due to fatigue crack
propagation on the basis of a comparison between (i) features
extracted by pattern-recognition analysis of AE during aircraft
monitoring, and (ii) features predicted for AE due to fatigue
crack propagation. Feature prediction is based on (i) any
known and usable infonnation on AE sources, and (ii) wave
propagation characteristics, determined from calibration
studies using a Pentel-lead source known to closely simulate
AE from fatigue-eracking. Rise time and autoconelation
function characteristics [extracted from AE waveforms,
acquired using a wideband sensor so that sensor
characteristics do not dominate the pattern recognition
analysis (Scala, 1983)] and the position on the load cycle of
AE event occurrence are used as criteria to select AE from
fatigue-cracking.
This paper describes the application of semi-adaptive
AE processing to locate and identify slow fatigue crack
propagation in fatigue-critical holes in the main wing-spar of
a Mirage aircraft undergoing full-scale fatigue testing. The
complex-shaped wing-spar was made from a relatively "dirty"
aluminium alloy (AU4SG), which usually contains many
large, brittle inclusions (Goldsmith, 1985). Hence, AE
associated with fracture of inclusions (McBride et aI., 1981;
Scala. 1987) is the likely damage-related AE soun:e to be
distinguished from the spurious sources present during the
fatigue testing. Section 2 of this paper gives more details on
the Mirage test, including the procedures for AE data
acquisition and processing. Section 3 compares features of
the AE obtained during fatigue testing with predicted features
in order to determine the locations of any AE-based cracking
indications in the Mirage spar; the results of quantitative
fractography upon completion of the fatigue test are also
presented. Section 4 discusses the significance of the results
and the likely sources of emission identified as spurious,
whereas Section 5 considers future work including the
feasibility of future in-flight AE monitoring.

1. Introduction
Aeronautical Research Laboratories (ARL) have been
conducting resean:h to develop the potential of the acoustic
emission (AE) technique for the in-situ monitoring of the
structural integrity of aircraft (Scott, 1981 and 1983).
Emphasis has been placed on monitoring complex-shaped
components not readily inspected by more conventional
nondestructive inspection (NOI) techniques. The major
problem encountered has been to distinguish between AE
from damage-related sources and AE from the many spurious
sources present during aircraft testing (Scala et aI., 1985), a
problem which should be amenable to solution by applying
signal processing techniques. In principle, signal processing
can range from adaptive processing (involving empirical
analysis of large quantities of AE data on the basis of no
knowledge of AE source characteristics) to non-adaptive
processing [involving quantitative analysis of well-defined AE
data using extensive a priori infonnation (Richardson et aI.,
1984) or AE source characteristics (Scruby, 1985)]. In
practice, the type of processing applicable in complex aircraft
structures is restricted, because of the limited availability and
usability of a priori information on possible AE source
characteristics. Therefore, preliminary ARL studies were

2. Experimental Details and Procedure
As part of a continuing feasibility study of AEmonitoring of aircraft, ARL contracted Battelle Pacific
Northwest Laboratories to develop and install an AE system
on a Mirage aircraft undergoing full-scale fatigue testing
(Scott, 1983). The fatigue test was carried out at the Swiss
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Aircraft Factory, Emrncn, where the aircraft was subjected to
loading, variable in both amplitude and frequency (Mann et
aI., 1984). Battelle instrumented two successive Mirage
wings, viz. RH79 and RH56. The semi-adaptive processing
was undertaken late (i.e., after 8200 simulated flights) in the
testing of wing RHS6, following the earlier adaptive
processing of data from both wings (Scala et a1., 1985).

: Winq-okln and metal patch ~
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:

:
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The present study used an AE syslem developed by
BaaeUe to monitor several fatigue-critical fastener holes in the
bottom flange of the main wing-spar of the wing RHS6, viz.
the twelve bolt holes (containing interference-fit bolts) closest
to the aircraft's mainframe on the forward side of the flange,
the two empty single-Iag-anchor-nut (SLAN) rivet holes on
the rear side of the flange, and the eight bolt holes (containing
close-tolerance bolts) nearest to the mainframe on Ihe rear
side of the flange (this monitored region is subsequently
referred to as Ihe critical part of the flange). A refurbishment
program had resulted in interference-fit, stainless steel bushes
being inserted in the five rear bolt holes closest to the
mainframe (Mann et aI., 1984), while the first seven rear bolts
attached not only Ihe wing-skin but also a metal-patch repair
to the skin; also, a boron-fiber patch repair had been
adhesively bonded to part of the wing-skin (Figs. 1 and 2).

Wlnq-okin
4nd boron
fibre patch

,
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Forward
diractlon
of alrcr4ft

Fig. I Schematic view of lower surface Mirage wing RH 56
showing
(i) part of the bottom flange, wing-skins and repair patches;
(ii) • the location of the sensor array (A, B, Cl, 0, Dl, and
D2) used for zone assignment;
(ill) E9 the bolt holes and 0 empty SLAN rivet holes;
(iv) the AE zones numbered 4 to 19.

-

FORWARD

~
20mm
Fig. 2 Location on lower surface of Mirage wing RHS6 of guard sensors 0 I and 02 on lhe
bottom flange of the wing-spar, guard sensors 03, 04 and OS on a palch on the wing-skin,
waveform sensors W [used previously for adaptive monitoring (Scala el at., 1985», WI and
A I, and the sensor array.
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Coyle, 1983) had shown that Pentel·lead fracture gave a good
simulation of AE associated with inclusion fracture in the spar
alloy during fatigue crack propagation.) These measurements
were undertaken to enable the prediction of wave propagation
features for AE generated at various locations on wing RH56
during the fatigue testing and detected at either Al or WI.
Reproducibility of the results was checked by recording AE
waveforms from five separate fracture events for each
simulated sou~ location and found to be good. Emphasis
was placed on source locations on the critical part of the spar,
but some measurements were also made at other locations on
the wing (Scala, 1984). The zone assignment for each
simulated source location was recorded with the AE
waveforms, and the data was used to assess the .effectiveness
of the guard sensors and the accuracy of source location by
the sensor array. Further calibration studies using the Pentellead source were carried out at ARL to determine propagation
characteristics for AE generated at a single bolt hole in a
thick cylinder and at the five bushed bolt holes and rivet holes
in a Mirage wing-spar without wing-skins or bolt/rivets.

Top flange

Web

•

G7

•

G6

B

Bottom flange
C2

G2

D2

Fig. 3 Schematic view of the wing-spar of Mirage wing
RH56 depicting the plane normal to the forward direction of
the aircraft, and showing the locations of the guard sensors
06,07,08 and 09 on the web between the top and bottom
flanges, and the guard sensors 0 I and 02 and sensor array on
the lower surface of the bottom flange. The locations of the
two pins connecting the spar to the main-frame of the aircraft
are also indicated.

Features were extracted from the AE waveforms,
obtained at Al and WI during the fatigue testing and the
Pentel·lead calibration, using a procedure described previously
(Scala and Coyle, 1983; Scala et al., 1985). Two criteria,
based on wave propagation-related features, were formulated
from autocorrelation function and rise time characteristics of
the Pentel-lead waveforms in order to reject AE waveforms
from spurious sources during fatigue testing. Criterion (i)
specified the features of Pentel-lead events generated
anywhere within the critical part of the flange; criterion (ii)
specified the range of features obtained from Pentel·lead
fractures at all the holes in the critical part of the flange. A
further criterion (designated (iii», based on a usable sourcerelated feature of AE associated with inclusion fracture during
slow fatigue crack propagation. was also specified: AE
waveforms were only defined as having the load cycle
dependence of a damage-related source if they occurred
intermittently at the top of load cycles (Scala. 1987). (AE
associated with inclusion fracture could also be expected to
occur on a positive load gradient (Scala and Cousland, 1985;
Weatherly et al.• 1986), but no sound basis exists for defining
the minimum load level for possible occurrence of the
emission, even for much simpler loading conditions than those
used in the Mirage test)

Preliminary signal processing, to reduce the probability
of detecting sources extraneous to the critical Put of the
bottom Oange and to assign locations to sources within the
flange, was carried out using a six-sensor array and nine
guard sensors. Each sensor comprised a 1.7 mm-radius, airbacked, piezoelectric disc in protective casing. The sensor
array was mounted on the lower surface of the bottom flange
of the wing-spar for sou~ location of AE events by time-offlight measurements; Rayleigh wave detection was assumed,
and AE events were either assigned to one of sixteen zones
(labeled 4 to 19) in the critical part of the flange (Fig. 1) or
discarded as extraneous. The sixteen zones extended beyond
the bottom flange of the wing-spar to sUJ10unding regions
(e.g., parts .of the wing-skins and top flange of the spar) and
guard sensors were used to minimize the likelihood of
detecting AE events from these regions. Three guard sensors
were coupled to the metal patch on the cracked rear wing-skin
(Fig. 2), two to the lower surface of the bottom flange of the
spar (Figs. 2 and 3), and four to the web between the top and
bottom flanges (Fig. 3).
During the fatigue testing, AE waveforms were
acquired using Valpey Fisher pinducers (wideband sensors
(Scala, 1983) comprising a thin piezoelectric disc attached to
a delay-line, matched backing) located at either WI or Al
(Fig. 2) (Scala, 1984). The AE signals were selectively
amplified by 40, 60 or 80 dB, and then digitized in a
Biomation 1010 transient recorder with a capacity of 4096
10-bit words and sample interval set at 0.1 IJ.S. Each digitized
waveform, corresponding to a zoned AE event, was recorded
on a 9-track magnetic tape together with the assigned zone.
The time in seconds relative to the start of the test and data
from four strain gauges. mounted along the length of the spar,
were also recorded to permit determination of the position on
the load cycle where each AE event occurred.

A comparison between the features extracted from AE
waveforms during fatigue testing and the features predicted
for AE from fatigue crack propagation in the critical part of
the bottom flange was made in three steps. Each successive
step involved examination of more detailed features. The first
step involved applying the criterion (i) above to the AE
waveforms detected during fatigue testing to eliminate AE
from sources extraneous to the critical part of the bottom
flange. The second step involved applying criteria (ii) and
(iii), in order to identify AE from fatigue crack propagation in
the critical part of the flange, without <at this sage) attempting
to obtain the actual location of the craclcing. The third step
involved determining the location of the cracking by a direct
comparison between features of those AE waveforms
attributed in Step 2 to fatigue crack propagation and the
features of Pentel-lead fractures obtained at specific holes.

Additional AE waveforms were acquired from
calibration studies, during pauses in the fatigue test, using the
fracture of 2H 0.3 mm diameter Pentel-lead to simulate AE
associated with inclusion fracture. (Earlier studies (Scala and
251

3. Results
Forward

3.1 Discrepanciu ill Zone Isolatioll and Locatioll Systems
During calibration studies using Pentel-lead fracture to
simulate AE events on wing RHS6 in Switzerland, 315
waveforms were acquired. These tests using Pentel-lead AE
events showed that the accuracy of the zone location system
varied with the position of the simulated source: events
generated towards the mid-point of the sensors A and B were
more accwately located than events generated near the sensors
themselves (Scala, 1984). For example, events generated at
various locations around the zone 13 hole were usually
assigned by the location system to zone 13 (and zone 11
events to zone 11), whereas events generated around the zone
9 hole were assigned to zones 9 and 11, and events generated
at various locations around the three zone 5 holes were
assigned to zones 5, 7 and 9. Pentel-lead events on the
wing-skin areas covering the AE zones on the spar were
validated by the sensor array, but the amplitudes of the AE
waveforms were an order of magnitude smaller than those
obtained on the wing-spar. Events occurring at other
locations on the rear wing-skin were generally rejected as
extraneous by the source location system, but some events
originating at locations outboard of zone 19 were not guarded
out by sensor 02 and were assigned to zone 17 or zone 19.
Thus, after fatigue-cracking had been identified and assigned
to zones, it would be necessary to check for location
discrepancies.

3.2 AE Data Analysis
2% of tolill

The Pentel-lead AE waveforms, corresponding to AE
events occurring anywhere within the critical part of the
bottom flange and propagating to sensors at A1 and WI,
exhibited rise times of less than 100 J.lS and first minima in
their autocorrelation functions at lags of 21 or less. This
combination of features was set as criterion (i) (d. Section 2),
which was used to reject AE waveforms from sources
extraneous to the critical part of the bottom flange during
fatigue testing. Pentel-lead waveforms from any of the holes
in the critical part of the bottom flange exhibited rise times of
less than 50 J.lS and first minima in their autocorrelation
functions at lags of 21 or less; these values formed the basis
of criterion (ii) (cf. Section 2) for the identification of AEbased cracking indications in the flange.

waveforms

Fig. 4 Histogram showing the percentage of AE waveforms
assigned to each of the sixteen zones in wing RHS6 during
semi-adaptive monitoring of the Mirage full-scale fatigue test.
[criterion (iii». Hence, the AE processing gave data
indicating cracking in the spar for zones 5, 9 and I I.

During the fatigue testing of wing RH56, 3288 AE
waveforms were recorded. Figure 4 shows the percentage of
these waveforms assigned to each of the sixteen zones by the
sensor array. While some activity was detected in each zone,
zones 4, 5 and 10 were particularly active. Many of the AE
waveforms (but panicularly those assigned to zones 4,5,6, 7,
10 and 17) failed to meet criterion (i) (Fig. 5), and were
attributed to extraneous sources and eliminated from further
analysis.

Finally, a detailed comparison was made between the
features (Table I) of those AE waveforms which satisfied all
the above criteria and the observed features (Table 2) from
Pentel-lead fractures at individual holes, for which zone
assignments of 5, 9 and II could be expected. It was found
that, for both AE waveform sensor locations used,·: (a) some
waveforms assigned to zone 5 had features corresponding to
Pentel-lead fractures around the zone 5 holes; (b) some
waveforms assigned to zone 9 exhibited features which
corresponded to Pentel·lead events al the zone 5, bUI not the
zone 7 or 9, holes; (c) waveforms assigned to zone II
exhibited features corresponding to Pentel-Iead events at Ihe

AE waveforms satisfying criterion (ii) were assigned to
several of the zones during fatigue testing. However,
waveforms satisfying this criterion were only observed at the
top of the load cycle in zones 5, 9 and II (Fig. 6): these
waveforms occurred infrequently, which is consistent with the
predicted behavior of AE from fatigue crack propagation

• A comparison of fealures for only one sensor location would r~uh in
ambiguities. due 10 an overlap between !he fealures predicled for Ihe lOp
of one hole and the boltom of the adjacenl hole (Table 2).
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Table 1 Rise times and lag numbers (or the first minimum in
autocorrelation function obtained from a set of AE waveforms
(detcc:ted during fatigue testing) which met criterion (ii) (Section
3.2) and oc:cumd 8l1he lOp ofa load cycle.
Zone
No.

Waveform
No.

5
5
5
5
5
5
5
5

EM020S
EMl166
EI0304
E10536
ElI094
El1324
EM0242

S

EM0307

9
9
9
9
9
9
9
9
9

n0039
UOOSO
UOO99

9
9
9
9
9
11
11
11
11
11
11

Sensor
Location
WI
WI
WI
WI
WI
WI
WI
Al
Al
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
Al
Al
Al
WI
WI
WI
Al
Al
Al

EI0303

UOI2S
U0232
U0238
IKOOl6
IK0224
IK0337
IK0403
IKOS23
IL0493
1MI 245
IMI34S
KHI2S3
100149
KKOl68
KL I628

KMOl9S
KMI324

Rise time
(J&s)

~I

Lag No.

38
12
31
36
12

16
10

9
6
7
5
14
11
16
5
14
9
21
15
21
13
20
15
20
9
9

30
39
18
17
7
31
24
22
42
27
28
42

22
37
36
20
17
27
6
20
12
19
19
19

......

n+waveforms
of total

Ut

Predicted

Predicted

features for
AEevent
detected at WI

features for
AEevent
detected at Al

Rise time Lag No.
(J.Ls)

zone 9, but not the zone II, bushed hole. Hence, the semiadaptive processing only gave cracking indications for the
holes in zones 5 and 9.

3.3 Metallography
Metallography, following completion of the full-scale
fatigue testing of Mirage wing RHS6 (and of the AE data
processing), showed that several large cracks had propagated
from the holes in zones 5 and 9 in the Mirage wing-spar;
cracking from zone 5 caused final failure of wing RH56.
Some cracks were also noted in the rear wing-skin adjacent to
both the zone 13 and 17 bolt holes. Considerable crack face
rubbing was evident on the fracture surfaces of cracks in zone
S. The bores of the bushes in the bolt holes in zones S. 7,9.
II and 13 were completely blackened. indicating that
extensive fretting had occurred between bolts and bushes in
these holes. Significant fretting between the wing-skins and
the wing-spar was evident in zones 8, 10, II, 13, IS, 17, 18
and 19.

Rise time Lag No.
(J.Ls)

Zone S·

5,7,9

20- 32

6 - 17

10 - 21

Zone 7

7,9

15 - 2S

7 - 17

IS - 2S 12 - 14

Zone 9

9,11

II - 21

8 - 14

19 - 29

Zone II

11

9 - 19

7 - 13

2S - 37 10 - 22

2\

Fig. 5 Histogram showing the percentage (relative to the total
number of waveforms acquired during semi-adaptive
monitoring of the Mirage fatigue test) of AE waveforms.
assigned to each zone, having a rise time of greater than 100
~s (empty columns) or less than 100 ~ but fint minimum in
their autocorrelation function at a lag of greater than 21 (full
columns).

IS
22
14
14
11
11
11
10

Table 2 Some results of Pentel-lead calibration studies using
sensors located at WI and Al (Fig. 2): the predicted zone assignments and range of rise times and lag numbe~ for the fi~t
minimum in the autocorrelation function, for AE events due to
fatigue crack propagation occurring at locations ranging from the
bottoms to the tops of the holes in zones 5,7,9 and 11.
AEevent Likely zone
assignment
atho1e
located in of AEevent

Forward

6 - 16

Quantitative fractographic analysis of the cracking in
zone 5. to estimate crack depth and growth rate during the
semi-adaptive monitoring period. was complicated by the
existence of multiple crack origins at both SLAN rivet boles
and the bolt hole (Fig. 7) and also by the effeclS of the crack

9 - 12

• bolt hole SLAN rivet holes
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S\
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Forward
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\
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• 2\ of
Ot total

waveforms

Fig. 6 Histogram showing the percentage (relative to the total
number of waveforms acquired during semi-adaptive
monitoring of the fatigue test) of AE waveforms, assigned to
each zone, which exhibited waveform characteristics
corresponding to criterion (ii) (empty columns). The fraction
of each column corresponding to waveforms which occurred
at the top of a load cycle is filled in.

Fig. 7 Section through the bottom flange of Mirage wing
RH56 (parallel to the forward direction of the aircraft and
normal to the lower surface of the spar) showing multiple
crack origins in the three holes in zone 5. [The photograph
was taken following final failure of spar through this region
after approximately 12,000 flights, whereas semi-adaptive AE
monitoring was carried out much earlier in the test (at around
8,200 flights).]

face rubbing. Table 3 gives fractographic results (pell, 1986)
for those zone 5 cracks amenable to analysis, together with
the estimated crack depths and growth rates of aU other
measurable cracks present in the critical part of the wing-spar
during the semi-adaptive monitoring period; the holes in zone
5 and zone 9 were the only holes having propagating cracks
greater than 0.3 rom in depth during the semi-adaptive
monitoring.

4. Discussion
The conclusion from the semi-adaptive AE processing
that fatigue crack propagation had occurred in the holes in
zones 5 and 9, and not to a detectable extent in any other
holes, was confirmed by the results of fractographic analysis.
All cracks greater than 0.3 rom in depth were correctly
identified by the AE data analysis. Although significant
cracking was also observed in the wing-skin, adjacent to the
zone 13 and 17 bolt holes, the zone location system proved
(Section 3.1) to be more sensitive to cracking in the wingspar, as it was designed to be.

Table 3 Results of quantitative fractography: estimated crack
depths and crack growthrates during semi-adaptive acoustic
emission monitoring
Zone

5

Crack Depth
(rom)

Crack Growth Rate
(J.unIflight hours)

0.7

0.3

1.5

0.4

1.7
0.8

0.8
0.1

7
9

The semi-adaptive processing indicated that AE
waveforms from fatigue crack propagation in the zone 5 and 9
holes had been incorrectly assigned by the zone location
system (which assumed Rayleigh wave detection only). This
finding is consistent with the zoning of calibration waveforms
(Section 3.1) and with the results of approximate calculations
(unpublished data), based on the Mirage wing-spar geometry,
showing that zone 9 events would be assigned to zone II
(and zone 5 events to zone 9), if first-arrival, longitudinal
waves were of sufficient amplitude to be detected by the array
sensors A and B. Thus, implementation of the semi-adaptive
processing (and associated calibration measurements)
highlights the limitations of time-of-f1ight AE source location
in a complex structure.

II
13
15
17
19

4

6

0.1

< 0.1

8

0.2

10
10
12

0.3

< 0.1
< 0.1

14

16
18

0.1

0.2

< 0.1
< 0.1

The zoning of many extraneous AE sources (Fig. 5)
during AE monitoring of the Mirage fatigue test can be
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attributed to (a) the difficulty of accurate time-of-flight AE
source location in a complex structure, (b) the limited number
of guard sensors used in the Mirage test, and (c) the fact that
zones 4 to 19 extended beyond the bottom flange (Section 2
and Fig. I). For example, results (Scala et aI., 1985) obtained
during preliminary monitoring of Mirage wing RH79 showed
that use of the guard sensor GI (Fig. 3) was insufficient to
prevent a significant number of AE signals from the lower pin
region being assigned to the more in-board zones· the high
activity from extraneous sources assigned to zones 4 and 5
(and to a lesser extent to zones 6, 7, 8 and 9) in wing RHS6
(Fig. 5) is attributable to this lower pin region. On the basis
of approximate calculations, the many long rise time signals
assigned to zone 10 are attributed to a nearby (and unguarded)
fairing attachment extending from the mainframe to the
wing-skin. More extensive calibration studies (Section 2)
would be required to confinn the validity of this hypothesis
and also to detennine the origin of the large-lag (i.e., low
frequency) extraneous signals assigned to zone 17 (Fig. 5) the Pentel-lead source was assigned to this zone when applied
at several possible locations of extraneous sources funher
out-board than zone 17 (Section 3.1).

fighter aircraft undergoing full-scale fatigue testing. The
study shows that AE due to fatigue crack propagation can be
distinguished. even when many spurious sources of emission
are present.
The degree of adaptation used in the AE signal
processing in the Mirage test could be reduced (but not
eliminated) in future studies of complex-shaped aircraft
componenls by undenaking additional background studies to
provide more detailed knowledge of AE source characteristics.
Whether additional studies on (for example) the load cycle
dependence of AE from crack-face rubbing under random
loading conditions could be justified depends upon the
objective of AE monitoring - AE from crack-face rubbing is
by itself a useful indicator of cracking (McBride and
Machlachlan, 1984).
Its success in the present complex application shows
the power of semi-adaptive AE processing for indicating the
existence of cracking in structures, including those not
amenable to inspection by more conventional NDI techniques.
Because of its complexity and computing requirements, Ihe
AE processing is presently not well-suited to real-time inflight applications. Future in-flight application of AE
processing will require the hardware implementation of
acceptance/rejection criteria: suitable technology is now
readily available for this purpose.

The loning of spurious AE sources originating within
the critical pan of the Mirage wing-spar (Section 3.2 and Fig.
6) was consistent with the large number of fretting sources
within this region. However, the observation of fretting in all
the bushed holes (Section 3.3) confirmed that AE from boll
fretting had been excluded by the semi-adaptive processing otherwise, cracking would have been predicted in all these
holes. In addition, the semi-adaptive processing clearly
eliminated AE from skin/spar fretting, as no AE events funher
outboard than zone II were accepted by the processing (Fig.
6).
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While the semi-adaptive processing allowed the correct
identification of cracking in the lone 5 and 9 holes in the
Mirage spar by isolating AE events with specific features, it
has not been demonstrated that the specific features are unique
to fatigue cracking. The limited information on the features
of several of the spurious sources in the Mirage test is a
major factor preventing such a demonstration, e.g., no
systematic studies of AE from crack-face rubbing have been
carried out under complex loading conditions, all hough AE
from this source has been found to be repetitive for many
cycles under simple loading conditions (Kim and Weertman,
1984; Lindley et aI., 1978) and would therefore not be
expected to meet criterion (iii). The complexities of wave
propagation in the Mirage aircraft is another factor. A unique
inversion of AE data could only be considered if a simplershaped component than a Mirage wing-spar were monitored
and if non-adaptive processing (Section I) were then possible.
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The Detection of Hydrogen-Assisted-Crack Formation in U 0.80/0 Ti Alloy Electron-Beam Weldments
J. W. Whittaker and M. W. Richey
Abstract

2.2 1nstrumenllllion

Electton-beam (EB) weldments of U - 0.8% Ti are
sensitive to hydrogen-assisted-eracking (HAC). A survey
experiment was conducted to determine Ihe threshold relative
humidity (RH) level required for HAC formation. Acoustic
emission (AE) monitoring was selected as a tool to detect the
onset of crack formation. A monitoring system was assembled for use in Ihe long-term monitoring of weldments subjected to five different RH levels. All specimens produced
AE. but Ihe specimens subjected to higher RH levels pr0duced significantly more. Specimens which eventually cracked
could be sorted from Ihose which did not crack on the basis
of total AE events after a relatively shon « 24 h) monitoring
period. The experiment verified lhat EB-welded U - 0.8% Ti
alloys are susceptible to HAC and determined that Ihe threshold RH level for crack formation is at least 40% but less
than 60%.

Figure 1 is a block-diagram representation of a channel
of instrumentation used in the experiments. Three identical
channels were typically in use at one time. Insttument parameters are listed in Table 3. A close-up view of the environmental chamber maintained at < S% RH is shown in Fig. 2.
The specimen Oarge plate) is supported on a framework to allow all its surfaces to be exposed 10 the same conditions. The transducer for noise detection is also shown as is
the desiccant in Ihe bottom of the chamber. In the other
chambers the desiccant was replaced wilh a small tray containing a water-sulfuric acid solution used to control the RH
level (ASTM EI04-8S, ASTM, 1986).

23 Procedure
The component plates (or each weldment were cleaned
and fixtured in Ihe welder chamber for welding. After welding, each weldment was visually inspected for any evidence
of cracks or any other surface flaws; Ihe weldment was then
placed into an environmental chamber. Moisture from the air
in one chamber was removed by desiccant material placed in
the bottom of Ihe chamber. The chamber's RH level was
estimated to be < S%. Humidity levels of approximately 100.
SO, 60, ana 40% RH were maintained in other chambers.
Prior to specimen placement into a chamber, an AE transducer, to which a vacuum grease AE couplant had been
applied, was clamped into contact with the transducer, 10 to
IS mm away from the weld joint. The average time delay

1. Introduction
Electton-beam weldments of the U - 0.8% Ti alloy
have demonstrated a sensitivity to HAC. A survey experiment was undertaken to determine if a relative humidity (RH)
threshold value exists (or hydrogen-assisted-cracking (HAC)
formation. Since long periods are often required (or crack
formation. a method was needed to determine when a crack{s)
fonned. AE monitoring was selected because of its sensitivity
and adaptability to long-term monitoring.

1. Presentation or Experimental Work

Table 1. Welding parameters

2.1 Specinu!ns

Voltage
Current
Travel speed
Focus

Weldments were produced from cast U - 0.8% Ti alloy
plates (I77.8 mm x S7.2 mm x 9.S mm) which had been
gamma quenched (800°C vacuum heat treated. 4 h, and water
quenched) and aged (4OQOC for 2 h). The welding parameters
shown in Table 1 were employed. Mechanical propenies of
Ihe welded and base materials are listed in Table 2.

Table 2. Mechanical propenies o( U - 0.8% Ti alloy welds
Strength (Mfa)
Yield a
Tensile

In addition to the weld specimens, a coupon of the U 0.8% Ti alloy material (- 76 mm x 38 mm x 9.5 mm) was
used as a mount for an AE transducer to detect environmental
noise.

Transverse weldc
Base plated

910
931

1,44lt
I,4SS

Elongation (ry,,)b

17.1
22.8

a offset, 0.85'lll
b Gage 1elIglb, 25.4 m/ft
C Avenge of four speamens

Received 6 November 1987. The aulhcts are af6lililed witb the Y-12
Development Division, Oat Rldae Y-12 PIaIlt, Oat Ridae. 'IN 37831,
operaled by Marlin MaricUa Energy Systems, Inc. for die U.s. Depanment of Energy IIIlder COlltnCI DE-ACOS-840R21400.
Joumal oC Acoua~ EmluioD
VoIWDe 6, NlllIIber 4

120 kV
20mA
76.2 mmlmin
Sharp

d Avenge of two spec:lmens
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The use of a noise-monitoring channel was dictated by
the presence in the experimental environment of transient
electromagnetic noise whose source could not be located or
eliminated. The noise had the effect of producing spikes on
the rms voltmeter output which were identical in character to
real AE. Additionally, shifts in the continuous-noise level
were observed. The noise-monitor channel was in operation
whenever any other data channel(s) was active. Whenever
spikes in rms voltmeter output were present on both the noise
channel and one or more data channels, they were assumed to
be caused by a noise source. Those spikes were subsequently
ignored during data analysis.

I

I TRANSOVCER :
I

L~SP::;::EC;:::IM:::;E~N~--rl-..J

I

ENVIRONMENTAL
CHAM8ER

RMS
VOLTMETER
STRIPCHART
RECORDER

ITDDTHER
CHANNELSI

The data were recorded on strip-chart recorder paper
that grew to be quite lengthy with some of the longer-term
tests (some in excess of two weeks duration). Methods of
data reduction had to be devised to compress the data into a
manageable form. The method selected was to totalize the
number of rms "events" with amplitudes above an arbitrary
level on the chart (0.2 full-scale) for one hour. The totalized
data were displayed in either a rate (events per hour) format
or a summation (running total of events) format vs. elapsed
time in the experiment.

Fig. 1 Experimental apparatus showing one typical channel.

2.4 Results

Figure 3 represents typical data taken early in the
monitoring of the < 5% (Fig. 3a) and 100% RH (Fig. 3c)
specimens (which were done simUltaneously). The noisemonitor output is shown in Fig. 3b. The spikes marked by an
X in Fig. 3b indicate noise. Spikes corresponding to the noise
are also present in Fig. 3c. Since they are noise, they were
ignored during subsequent analysis of the data for the two
specimens. The experimental conditions represented in Figs.
3a and 3c are the extremes investigated in the study « 5 and
100% RH). They also represent the extremes of AE activity
observed. The AE was produced by all specimens but those
exposed to lower levels of RH produced significantly less AE
than did those exposed to the higher levels. For the 100 and
80% RH specimens, most of the AE that occurred did so during the first 24 to 30 h. Figure 3c thus portrays the typical
intensity of AE activity occurring during the time shortly after
welding.

L_
Fig. 2 Close-up view of a test specimen (large plate) and the
noise monitor coupon (small plate) in an environmental
chamber. AE transducers are attached to both plates with
adhesive tape.
Table 3 Instrument parameters
Transducer
Preamplifier
Attenuator
Bandpass Filter
Amplifier
RMS Voltmeter
Strip Chan Recorder

PAC ~ 30
Hewlett Packard 465A, 40 dB gain
Kay Elemetrics 1/432, -10 dB (typical)
Krohn-Hite 3103, 0.2 to 1.0 MHz
Hewlett Packard 465A, 40 dB gain
Hewlett Packard 34ooA, 0.3 V scale
Gould 2400, Medium
Gain amplifiers, 0 to -1.0 V full scale
Chan speed, 0.05 mm/s

The AE event rate histories of the < 5 and 100% RH
specimens are shown in Fig. 4. Once again, the relative lack
of AE from the < 5% RH specimen is seen. The peak event
rate for the 100% RH specimen occurred 5 h after welding.
This was during an after-hours period when personnel were
not available for observation of the specimen. A crack was
first observed in the 100% RH specimen -16 h after welding.
A second crack was observed at -18 h which also followed a
high event rate period. Thus, the conclusion is drawn that
crack formation is accompanied by a period of high AE
activity. Additional activity accompanied growth of the
second crack which was observed throughout the remainder of
the monitoring period for the 100% RH specimen. No cracks
were observed in the < 5% RH specimen. Microcrack formation is a probable cause for the AE that was observed, but
confirmation of it was not possible.

from the end of welding to the beginning of AE monitoring
was approximately 15 min. An AE transducer was also coupled to the noise-monitor coupon that was then placed into the
< 5% RH chamber. Each channel of electronics was calibrated by use of a Hsu-Nielsen source. Three lead breaks
were produced approximately 25 mm from the transducer and
their average amplitude determined. If the average fell outside the 0.7 to 0.9 full-scale range for that channel, the step
attenuation was appropriately adjusted and additional breaks
were performed. The procedure was repeated until the average amplitude fell inside the 0.7 to 0.9 full-scale limits. This
procedure ensured that each of the monitoring channels had
approximately the same sensitivity.

Event summation data for the first 48 h of the monitoring of all five specimens are presented in Fig. 5. To promote
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Weldments which eventually crack can be sorted from
those which do not crack on the basis of total AE
events after a relatively shoft (24 h) monitoring period.

4.

The susceptibility of U - 0.8% Ti alloy electron
beam-weldments to HAC has been verified and the
threshold RH level for crack formation is at least 40%
but less than 60%.
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clarity of the data, the AE events occurring during the first 2
h of monitoring of each specimen were neglected. The times
at which cracks were first observed arc indicated by the
arrows. As previously mentioned. the highest rates of AE
activity in the 100 and 80% RH specimens occurred during
the first 24 h after welding. The 60% RH specimen, which
eventually cracked at 140 h, exhibited a relatively steady AE
production rate although it was not as high as the others.
Conversely, the 40 and < 5% specimens, which did not crack,
produced very low rates of emission. Specimens which
eventually cracked can be segregated, on the basis of their AE
event totals, from those which did not crack as early as five
hours after welding. After 24 h. the difference in total AE
events is pronounced. with the 60% RH specimen producing
more than three times the events of the 40% RH specimen
and more than five times the events of the < 5% RH specimen. Thus, the quantity of AE produced during a relatively
short monitoring period (24 h) can enable the experimenter to
predict whether a given level of RH will produce HAC in U 0.8% n alloy weldments. A great savings in experimental
time can thus be achieved by the usc of AE monitoring.

3. Conclusions
The following conclusions are supported by the experimental work:

1.

An AB monitoring system as configured here is adequate for long-term monitoring of AE associated with
HAC.

2.

Weldments exposed to RH levels varying from < S to
100% all produce AB. However, those exposed to
higher levels of RH produce more AE than do those
exposed to lower levels.

The Detection of the Fracture of Autoclaved Aerated Concrete
during Autoclave Curing Process by Acoustic Emission
Satoshi Teramura, Koichi Tsukiyama and Hideaki Takahashi
Abstract

1. Specimen

It has been experienced that the Autoclaved Aerated
Concrete (AAC) fractures occasionally during the autoclave
curing in the production process. To study the cause of the
fracture, the acoustic emission (AE) activities during autoclave
curing were investigated. When AE events were detected during
both temperature rise and fall periods in the autoclave operation
of an AAC, the AAC contained a number of mic:roc:racks. When
AE events were detected only during temperature faU period of an
AAC, it was free of microcracks.

Two kinds of AACs were investigated in the present study.
The difference between the two was the nature of calcined lime,
which is one of the ingredients of the AACs. One was soft
calcined lime which had a calcite-like structure with voids due to
the vaporization of CC;>2 from CaC03. The other was hard
calcined lime which has the calcia-like structure with a smaller
amount of voids. The soft calcined lime transformed to a hard
calcined lime with further heat treatment AAC produced by
using soft calcined lime is referred to as sample A and one using
hard calcined lime as sample B.

AE activities during temperature rise period are indicative of
the macrocracking. The macrocracking is influenced by tile
strength of the material just prior to the autoclave C!uring
process. From these results, a procedure for the pre'lention
against fracturing is proposed.

Table I

Mix ratios of starting materials.

Silica Ume Cement Gypsum Water Ratio Forming Agent

70t
• wt.W,i t water I materials, WI. ~i
aluminum powder Conning agent I materials, wt.

1. Introduction
Autoclaved Aerated Concrete (AAC) is one of ~uilding
materials that excel against weathering. The main ch~teristlcs
of the MC are lightweight. good heat insulation and c'xcellent
fire resistance (Wittman, 1983). The ingredients of MC are
silica sand, calcined lime, cement and gypsum. AACis composed of stable calcium silicate hydrate. Tobermorite, which is
obtained by curing under a hydrothermal condition in an
autoclave.
This autoclave curing is the most important process in the
AAC production. However. this process has resulted in
occasional macrocracking. Since this cracking phenomenon
OCCUR under the severe environment in an autoclave. few detailed
research concerning the cracking has been conducted.' It is
important to clarify when and why the macroc:racks propagate
during the autoclave curing in order to take proper counter
measures. We have used acoustic emission (AE) method to
monitor crack growth during the autoclave curing of AAC
samples in our laboratory. Using AE test results, we have
developed a procedure for the prevention of the macrocracking.

*

The specimens were made as follows: The pulverized
starting materials were mixed together with water and the
foaming agent See Tabl~ 1 for the mix ratios of the starting
materials. The mixed sluny was cast into a cube-shaped mold,
having the edge length of 30 em. The mold was made from
polyurethane foam in order to preserve the heat due to the
exothermic hydration reaction. The cast mold was left at room
temperature for several hours. During this period, foaming of the
sluny was completed. At the same time, heat generated by the
exothermic reaction of the lime promoted the hydration of
cementi thus hardening the slt1l'l')'. The hardened mixture is called
a green caJce. The green cake was placed in a laboratory
autoclave. The temperature in the autoclave was raised to 1000(:
and held for one hour. The temperature was further raised to
18Sac at a rate of O.SOC/min and was held for five hOUR. This
increased the pressure of the autoclave to 12 atm as water in the
autoclave vaporized.' Subsequently. the autoclave was naturally
cooled to room temperature, taking about five hours. AE
monitoring of AAC ,was conducted throughout the autoclave
·curing.
3. instrumentation and Blank Test

Rccciftd 6 November 1987; Ia fllIIl rona. .. Jlllaary .988. S. TcnmIIrI II
afflllalCd willi Totyo-sr01Ip or aae-h 1114 DcvcIoplllCtlt LaboralOry, OIIoda
ALe Co., LId.. Toyom 1·1·7, KolO-b, Tokyo, Japlll. It. TIlIkf,_ II willi

The AE signals generated in a concrete sample during the
autoclave curing were detected using a waveguide. As shown in
Fig. I, the waveguide was a stainless steel rod of 30 em length
and 0.9 cm diameter. A teflon ring was used as the packing

Couln1CllolI MaterJa1I RCICIrdI LaboftloIy; 0D0da CCIlIC1l1 Co.. LId., Toyom
1-1·7, KoIO-h, rotyo, Japao. H. TItIIwhl II willi Raun:h IDIdlalC for
Stmlalh 1114 Fr&CllIIe of Matcri.... PlAtr, of 1!qiaar\Dg, Tohob Ualftnity,
Sald", Japall.
JollJlla1 of Acolll1le I!mIuIoD
VOlll1llfl6,NIlmber4

~

lJ73O..OO5M7lO626l·266
281

Copyrlald 0 1987 Ac:ouJtle EmlulOII QIOIlP

·,

<

blank test without a sample was performed. The waveguide was
placed so that the tip is situated above the water surface. AE
events were monitored during the operation of an autoclave.
Figure 4 shows the result of such a test, showing AE event
counts (per S min) and temperature versus time curves. AE
signals (about 100 events) were detected during the temperature
hold stage at lOO·C. It is believed that these signals were caused
by the splashes of boiling water on the waveguide, because this
stage was under an atmospheric pressure. When the temperature
was raised from 100 to IIS'C, more AE events were observed,
but their rates were below 20 events per S min. Beyond this
stage, few AE events were detected throughout the remainder of
this test. Therefore, it is clear that the noise from the autoclave
will not interfere with the cure monitoring of concrete samples.

.
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:'" JICLlIt===::i!:::'j,::=.:m-i:::'===Fig. I The waveguide with the flange and AE transducer.
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Fig. 2 The autoclave vessel. AAC is placed in this vessel. The
waveguide is drove straight into the AAC.
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Fig. 4 The result of the AE monitoring during autoclave
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Fig. 3 Diagram of measurement instrument for autoclave
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between this waveguide and the autoclave vessel wall via a
flange. One end of the wave guide was kept outside the vessel.
The other end was sharpened and was driven straight into the
concrete sample in the autoclave as shown in Fig. 2.

,

Figure 3 shows the diagram of instrumentation for autoclave cure monitoring. The AE transducer, PAC Model UT\000, was glued on the outside end of the wave guide. The AE
signals were amplified 60 dB by a pre-amplifier and a mainamplifier. Both amplifiers have the frequency response in the
range of 2 kHz· I MHz. A bandpass f1lter was used to limit the
range to 10 kHz - I MHz. The data were converted into total AE
event count per S or 10 min and were transferred from an AE
monitor to a microcomputer through a GP-IB interface.
Fig. S Samples after autoclave curing: (a) sample A,
(b)sampleB

In order to examine the noise transmitted from the autoclave
itself to the transducer through a teflon packing, the following
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4.

Acoustic Emission Monitoring

5. Strain Measurement during the Autodave Curing

Hydrothennal treatmenlS in the autoclave were performed on
two kinds of AACs previously described. After autoclave curing,
a number of macrocracks were observed on the surface of sample
A as shown in Fig. 5(a). The macrocracks existed in the area
approximately S em in depth from the surface, but did not exist
in the middle of the sample. On the other hand, no fracture was
detected in the sample B (see Fig. S(b».

A high temperature wateJproof strain-gage was embeded in a
green cake for the measurement of slrain during the autoclave
curing of AACs. The strain measurement provides valuable
information about the behavior of the AACs in the autoclave.
Figure S shows the result of the strain measurement for sample
A. This AAC sample expanded with rising temperatufe. A part
of this expansion is caused by the thermal expansion of the
green cake. In the temperature hold stage at ISS·C, a shrinkage
was observed. This contraction refleclS structural changes by a
hydrothermal reaction (Muraoka and Mukai, 1977). The
contraction during the temperature fall stage was comparable to
that during the temperature hold stage. This contraction of the
cured AAC is due to the thermal shrinkage. The difference
between the expansion value during the temperature rise stage
(14 x 10-4) and contraction value during the temperature ran
stage (about 3 x 10-4 ) is due to the structural change by
hydrothermal reaction. In this measurement, no abrupt strain
change due to macrocracks was detected because the strain-gage
was buried in the middle of the sample.

Figure 6 shows the result of the AE monitoring of sample
A durin!; autoclave curing. The AE activities in this sample
occuned over a period of 2.5 to S hr during the temperature rise
stage and the beginning of 18S·C hold stage. Another period
from 9 to 11 hr exhibited even stronger AE activities. This
corresponded to the temperature fall stage. In sample B, the AE
activities were detected only during the temperature fall stage
(Fig. 7). In addition, the AE activities in the temperature fall
stage of sample B were less than a half that of sample A.
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Fig. 6 The result of the AE monitoring during autoclave curing
for sample A.
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During autoclave curing, the microstructure of a concrete
changes to one comprised of Tobermorite (a crystalline form of
the calcium silicate hydrate) (Taylor, 1964). The initial structure
of a concrete consislS of the calcium hydrate, silica and CSH (a
non-crystalline form of the calcium silicate hydrate). The
structural changes are shown in the scanning electron
micrographs (Fig. 9). CSH gels are gradually densified (after 0.5
hr and I hr). Fine network structures visible at 2 hr curing are
replaced upon further curing by plate-like Tobermorite of increasing sizes. These structure changes increased the strength of
AAC as shown in Fig. 10.
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Fig. 7 The result of the AE monitoring during autoclave curing
for sample B.
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Fig. 9 Microstructures of AAC cured for 0.5 to 8 hours in the
autoclave. Scanning electron micrographs.
AE signals during the temperature rise stage were observed
only in sample A. but not in sample B. Since macrocracking
was found only in sample A, these AE signals are due to the
macrocracking, Which, in tum, was caused by thermal stresses
generated by non·unlform thermal expansion. In the early stage
of the autoclave curing, the strength of a green cake is very low.
When the thermal stresses exceeds the green cake strength,
macrocracking of the green we is expected, as in the case of
sample A. In contract, the green cake strength of sample B is
apparenUy greater than the thermal stresses, thus alleviating the
fracture of uncured AAC. AE signals at the temperature fall stage
were always observed and may be due to the microcracking from
uneven thermal shrinkage. Differential thermal expansion bet.
ween the AAC and waveguide may also conlribute to this past of
AE activities.
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Fig. II Compressive stress-strain curves of green cates just
before the autoclave curing.
structure. Thus, the hardening of the cement in sample A was insufficient to obtain high green cake strength. This can be remedied by pre-curing.

Fig. 10 Relation between the autoclave curing time and
compressive strength in AAC.

In order to demonstrate that macrocracldng can be prevented
during autoclave curing, green cakes were made from the same
materials as sample A and were subjected to pre-curing at 800C
for 3 hours before autoclave curing. This sample is referred to as
sample C. The compressive strength of sample C was about 8%
higher than that of sample B as shown in Fig. II. Consequently, one should expect no macrocracldg in sample C, and
no AE from the temperature rise stage. Figure 12 shows the
result of the AE measurement for sample C during the autoclave
curing. As expected, very few AE events occurred during the
temperature rise or hold stages. After the curing, this sample had
no macrocracks. Thus, the fracture damage during the autoclave
curing of AACs can be prevented by pre-curing.

In order to evaluate the above hypothesis, we conducted
compression tests of green cakes of samples A and B just before
the autoclave curing. The tensile strength should actually be
evaluated, but it is difficult to measure the tensile strength of the
green cake. Figure 11 shows the compressive stress versus
displacement curves obtained on the green cakes of samples A
and B. Those results indicates that the compressive strength of
sample A in the state of the green cake is only about 60% that
of sample B. If we assume that the tensile strength of the green
cake is proportional to the compressive strength, the hypothesis
is justified. Regardless of the type of AAC, the AE events from
the temperature fall stage were detected It appears that the
microcracks caused by the thermal chrinkage did not grow
further, because the cured AAC had a strong matrix. The
macrocracks which had existed in the matrix of sample A is a
possible reason why the AE activities of sample A were larger
than that of sample B.
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7. The Fracture Prevention Method for the Autoclave
Curing
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These results indicate that the fracture damage of AACs
during autoclave curing depends upon the strength of greeD
~es. In order to prevent the fracture damage, it is necessary to
Improve the strength of the green cakes. The green cake can be
strengthened by the hardening of cement in the green cake, and
this hardening is promoted by the heat generated by an
exothennic reaction of the lime (Neville, 1973). When soft
calcined lime in employed as in sample A, however the
exothermic reaction is completed too rapidly due to its PC;rou~
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Fig. 12 The result of the AE monitoring during autoclave
curing for sample C.
285

There are several other methods for the strengthening of
green cakes besides pre-curing. We can employ an increase of
cement content or changes in mix ratios. The hydration control
of the calcined lime that supplies the heat of hydration to the
cement hardening can also be used. It is important to properly
balance the forming speed and hardening speed to obtain a desired
specific gravity or uniformity. The release of pores should be
moderated by the cement hardening during forming process,
whereas the forming would be incomplete if the cement hardens
too rapidly. The change of the component ratio of the raw
materials influences the foaming process, so other adjustment is
needed. In addition, these raise the cost of the raw materials.
Consequently, the pre-curing method is most suited.

8.

Conclusions

(I) When AE events from an AAC occur only during the
temperature fall stage. this AAC suffers no fracture damage.
Numerous macrocracks develop in an AAC from which AE
events are detected during both temperature rise and fall stages.
(2) The AE event pattern and cracking during autoclave curing
depend upon the strength of a green cake prior to the curing
process.
(3) The fracture during autoclave curing process can be
prevented by strengthening a green cake by means of a pre-curing
treatment.
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displacement components and stress components on a crack
surface.
On the basis of the theory, an inverse procedure for source
characterization of AE are discussed. To locate AE sources, the
three-dimensional source location analysis is required. To
determine the kinematics of sources (crack types and crack
orientations), the moment tensor analysis is performed. The
deconvolution analysis determines the source kinetics as source
time functions. To confmn the feasibility of the procedure, the
simulation analysis based on the data determined is carried out.
Thus, simulated AE waveforms are compared with detected
waveforms.

TITLES and ABSTRACTS of the PRESENTATIONS
AE SOURCE LOCATION IN ANISOTROPIC
MATERIALS
B. Castagnede, W. Sachse
Cornell University, Ithaca, New York

14853

We describe a procedure for locating a source of emission in a
homogeneous. anisotropic composite plate. We focus on the twodimensional problem of a thin plate to which are mounted an
arbitrary number of sensors in a circular array. This formulation
yields a non-linear system of quadratic equations which is
numerically solved by using a modified Newton-Raphson method.
The generalization to the three-dimensional case is also discussed.
This

As an application of the procedure to real AE, AE waveforms in
pull-out tests of anchor-bolt in concrete blocks are analyzed. It is
demonstrated that the proposed procedure is applicable to AE data
detected by a multi-channel AE detecting system of equivalent
sensitivity. Since the precise determination of crack size I)r crack
volume is out of the scope, the transducer selection does not pose
any difficulty on the procedure.

wort was supponed by the orrlU or Naval Researdl under Contract

NOOOI4-8S-K-OS9S.

SUMMARY OF WORK RELATING TO SIGNAL
CHARACTERIZATION

WAVE PROPAGATION IN ANISOTROPIC
COMPOSITE PLATES

Chung Chang
Purdue University, W. Lafayette, Indiana

C.C. Yin, Ajit K. Mal
University of California, Los Angeles

I have been working on quantitative acoustic emission and
ttansient elastic waves in othotropic laminates. A computer code
was developed to predict waveforms generated by different
acoustic emission nuclei at different location of the sample. The
code simulates elastic waves inside composite material as well as
isotropic material. Numerical results were compared to measured
waveforms generated by simulated acoustic emission source.
Characteristics on the measured waveforms can be explained by
the generalized ray theory and match well with the numerical
prediction.

The development of reliable ultrasonic NDE techniques for
composites requires a thorough understanding of the nature of
waves that can be ttansmined through these materials. This is
particularly uue for the problem of AE source characterization,
since the AE signals are carried by waves propagating through a
highly anisotropic, inhomogeneous and dissipative material and
are, therefore, strongly affected by these factors. Qearly, these
effects must be removed from the signals, before any attempt at
source characterization can be made. A good understanding of the
quantitative nature of these effects is lacking at present due to the
difficulty in the theoretical treatment of realistic models of the
material as well as in designing relevant laboratOry experiments.
A coordinated theoretical and experimental program of research is
currently under way at UCLA in an effort to quantify these effects,
with special emphasis on fiber-reinforced composites. The current
status and future directions of this research will be discussed.
The research is being carried OUt in collaboration with Dr. Y. BarCohen of McDonnell Douglas Corporation, and is supported by
the Office of Naval Research, Mechanics Division, under the
direction of Dr. Y. Rajapakse.

ACOUSTO-ULTRASONIC MONITORING OF
ADHESIVE BOND FORMATION
Frank G. Beall
Weyerhaeuser Company, Tacoma, WA

98477

Acousto-ultrasonic (AU) signals were ttansferred through lapped
wood specimens having a 25 by 25 mm bond area. A resonant
175 kHz ttansminer was attached to one waveguide with hot melt
glue and pulsed at 700 Hz. The signal was received at the other
wsaveguide with a 75 kHz sensor, amplified 2OOX. processed for
an RMS output. In the flTSt series of tests, it was found that the
curing of epoxy resins could be quantified by a half-time to cure.
which was obtained by the half transmission value. It was also
found that half-time varied directly with bond thickness (controlled
with shims) over a range or 0.05 to 0.5 mm. An activation energy
could also be obtained by analyzing the effect of temperature on
half-time. In further analysis of the curing curve. the one-tenth
time was used to approximate gel time and the difference
between this value and half-time was defined as the cure time.
Re-analyzing the bond thickness effect showed that thickness
affected gel time, but not cure time. Several additives to the
epoxy were also analyzed for effects on gel and cure times. A
number of representative types of adhesives were studied to
determine the potential of the AU technique for monitoring curing.

INVERSE PROCEDURE OF AE WAVEFORM FOR
SOURCE CHARACTERIZATION
M.Ohtsu
Kumamoto University. Kumamoto 860, JAPAN
The source characterization of acoustic emission (AE) waveform
can be classified into an inverse problem in the elastodynamics.
Previously, we clarified an elastodynamic theory of AE wave
motion and proposed it as a generalized theory of AE, which is
based on the integral representation of AE waveform and Green's
functions in a half space. AE sources are identified as
mathematical dislocations, which correspond to discontinuities of
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ACOUSTIC DETECTIC OF MELT PARTICLES

Massachusetts Institute of Technology
Cambridge. Mass.

R. Daniel Costley, Jr.
Sandia National Laboratories
Albuquerque, New Mexico

When two surfaces are in dynamic contact, the materials may react
simultaneously in a variety of ways, primarily, friction and wear
(tribomechanical effects), temperature rise (tribothermal effects),
electrification (triboelectric effect>, and audible noise and stress
wave emissions (triboacoustic effects). Despite the complexity of
the phenomena involved, it has long been recognized that the
above tribological processes produce signals that are rich in
information related to the characteristics of the interacting surfaces.
In this paper, the concept of using triboacoustic emission for inprocess surface characterization, and examples of industrial
applications, will be described. Recent progress in our research
on the fundamentals of triboacoustics will also be presented.

The Reactor Safety Research Depanment of Sandia National Labs.
(Div. 6450) is investigating a type of Loss of Coolant Accident
(LOCA) that may occur in nuclear power reactors. In this
particular type of accident, core meltdown occurs and the
conditions are such that the pressure within the reactor pressure
vessel (RPV) is high. If one of the instrument tube penetrations in
the lower head fails, melt particles stream through the cavity and
into the containment vessel. An experiment which simulates this
type of accident was performed in the Surtsey Direct Heating Test
Facility which is approximately a 1:10 linear scaling of a large dIy
containment volume. AI: 10 linear scale model of the reactor
cavity was placed near the bottoD) of the Sunsey vessel and a
pressure vessel used to create the simulated molten core debris
was located at the scaled height of the RPV. In order to better
understand how the melt leaves the cavity and streams into the
containment, an array of highly damped, broadband acoustic
sensors was placed directly in the path of the melt particles about
20 feet from the exit of the sealed cavity. The signals from the
sensors were recorded on magnetic tape and later analyzed to try to
count the particles that hit the sensors. The biggest problem
encountered in taking and analyzing this data was distinguishing
particle hit signals from noise. The measurement techniques and
data analysis have evolved over three tests in order to correct or
reduce this problem. The measurement and data reduction
techniques will be discussed and the results will be presented.

CHARACTERIZATION OF ACOUSTIC EMISSION
THERMALLY·CYCLED LITHIUM HYDRIDE
J.W. Whittaker (Oak Ridge Y·12 Plant l )
D.G. Morris (Oak Ridge National LaboralOryl)
Martin Marietta Energy Systems, Inc.
Oak Ridge. TN 37831
Lithium hydride is being considered for use as a thermal energy
storate medium in an Earth-orbiting satellite system. Current
design calls for the material to be encapsulated and be subjected to
multiple thermal cycles through the solid-liquid and liquid-solid
phase change regimes. Acoustic emission (AE) analysis was
selected as a method to study temperature-related crack initiation
behavior of the material. Emission indicative of crack formation,
growth, and/or interfacial rubbing was found to be present during
cooling and heating while the material was in the solid state.
Macrocrack formation was estimated to initiate in the 500-2000C
range during cooling. Specimen radiographs independently
confmned the presence of cracks. Additionally, AE was found to
occur during melting and solidification.

ACOUSTIC EMISSION OF THE CUTTING PROCESS
Igor G. Grabec
E.K. University, LjUbljana, Yugoslavia
ACOUSTIC EMISSION SENSORS FOR
MONITORING UNTENDED MANUFACTURING
PROCESSES

IOpcraICd Cor l.he U.S. Dcpanment oC Energy by Manin Marieua Energy
Sytcms, Inc., under Contract No. DE·ACOS·840RlJ400

D.A. Dornfeld
University of California, Berkeley, CA

IDENTIFICATION OF CRACK PROPAGATION IN
304 STAINLESS STEEL BY ANALYSIS OF THEIR
ACOUSTIC EMISSION SIGNATURES

This paper discusses some of the motivation and background
requirements for sensing methodologies for unattended
manufacturing processes. The recent work in acoustic emissionbased sensing techniques is reviewed and details of AE monitoring
and process analysis for single point and multi-insert tool
machining (wear and fracture), and chip formation detection
(continuous versus discontinuous chips) are presented. The
concept of an intelligent sensor includes local processing
capability for signal processing and conditioning of the output for
control system use. Application of the intelligent sensor concept is
illustrated using acoustic emission-based techniques applied to
chip formation detection (continuous versus discontinuous chips),
and tool condition monitoring (tool wear). The linear discriminant
function technique is used for chip form determination. An
adaptive autoregressive modeling technique is evaluated for
determining worn tools from acoustic emission signal information
while minimizing sensitivity to machining conditions. Sensor
fusion is illustrated using a neural network to combine the features
of force and acoustic emission signals for tool wear monitoring in
real time.

D.R. Smith, Jr., S.H. Carpenter
University of Denver, Denver, Colorado
AE CHARACTERIZATION OF THE AGING
INDUCED TENSILE DEFORMATION TRANSITION
FOR AI-2.67Li-2.58Cu-O.127Zr
G.F. Zamiski, K. Ono
Univeristy of California, Los Angeles
Tensile deformation characteristics of an AI-Li·Cu-Zr alloy have
been investigated. The material tested, AI-2.67Li-2.S8Cu-O.12Zr.
displays high strength but low ductility for the under- to over-aged
conditions. The matrix deformation mode has been described in
the literature as planar slip, with some evidence that Orowan
looping may become active with aging beyond peak strength.
Tensile fracture for the under-aged conditions consists of
transgranular shear. The over-aged configuration has displayed
inlergranular ductile fracture (lODP). The objective of this study
was to evaluate the matrix deformation with aging, utilizing
acoustic emission as the characterization tool for the
microstructural processes.

TRIBOACOUSTICS FOR SURFACE
CHARACTERIZATION
Ming-Kai Tse
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Testing involved AE monitored tensile defonnation specimens,
evaluated as aging progressed. The pattern revealed that a
transition in the microsttucIural deformation process occurred post
under aging. The pre-yield AE peale: was at a maximum after 2
hours of 4S0K aging, with the AE output decreasing substantially
thereafter. The behavior supponed a transition from the planar
slip process due to dislocation shearing of the coherent, ordered
spherical della precipitates, to a dispersive type dislocation
loopinglbypassing condition. The transition point is earlier than
previously indicated in the literature, and is explained via the
alloys decreased concenl1'lltion of delta spheres, and increased the
amount of delta duplex and non-shearable ternary precipitates.
The strain localization process thus transitions from slip banding
for the under-aged, to the soft precipiwe free zones bordering the
grain boundaries upon peak·aging. This suppons that the IGDF
mode for peak- 10 over-aging is independent of planar slip band
impingement of grain boundaries.

Two commercial steels, A302B plate and A533B weld, and two
model alloys (0.IC-0.28Cu and 0.IC-0.3SCu-o.S4Ni) were
irradiated al four different conditions; high and low nuX, two
f1uence levels (O.S and I x 1019 nlcm2) and temperature (271, 288
and 307"C). For each material/condition including four unirradiated control samples. MAE intensity in rms voltage with
increasing magnetic field was measured. Direct and envelopedetected MAE waveforms were also recorded. Measurements
were also made for the samples unirradiated but aged at 288"C up
10 278 hours in order 10 separate the effects of thermal aging from
imIdiation effects. Barlchausen effects were also investigated
using a surface probe. All the magnetization was at 60 Hz and
waveform data was obtained at 32 kA/m rms magnetic field
intensity.
The MAE intensity measurements showed effects of irradiation.
but Barlchausen intensity did not. MAE waveforms changed
systematically in most of the conditions. Barlchausen waveforms
exhibited much smaller changes, especially in low nickel
compositions. For AS33B weld whose composition is higher both
in copper and in nickel and in 0.lC-0.3SCu-0.S4Ni alloy,
Barkhausen effects showed a large variation in the wavefonns. It
is believed that nickel has an imp?nant role to the radiation
damage through the interaction With coper, but the role is not
clearly understood. Both MAE and Barkhausen waveforms
showed double peaks during each half-eycle of magnetization.
While the Barkhausen waveforms could not indicate irridiation
effects, MAE waveforms exhibited substantial variations. Both
peak height and peak positions were affected by neulmn
irradiation. By utilizing a microcomputer and simple classification
rules, envelope-based waveform analysis can be done almost in
real-time. That is, the state of a sample can be compared with
established standards. The present experiment also revealed that
irradiation temperature and duration have significant effects on the
detected MAE and Barlchausen effects. Thus, before this method
is used to measure the condition of a reactor vessel, we need to
clarify the interaction of various parameters.

MONITORING ACOUSTIC EMISSIONS DURING
CORROSION FATIGUE CRACK GROWTH

J.J. Hanley, A.s. Blrring, W.D. Jolly,
S,J. Hudak. Jr.
Southwest Research Institute
San Antonio. Texas 78284
An acoustic emission (AE) system has been interfaced with the
testing machine 10 monitor AE during loading and
unloading of 4130 steel specimens. The fatigue tests are
conducted for a loading frequency of I Hz in an environment of
0.05 psi hydrogen sulfide and 7 psi carbon dioxide. The AE
system acquires AE data and fracture mechanics parameters such
as change in slress intensity (OK), crack depth (a) and the phase
of the load cycle during the test. The phase of the load cycle is
input as a ramp voltage that allows analysis of AE produced at
various stages of the loading and unloading.
serv~h~ic

One of the fatigue tests perfonned at a loading frequency of I Hz
showed that AE is localized in certain regions of the fatigue cycle.
In general, the AE was more defined (distinct peaks at certain
phases of the loading cycle) during the loading compared 10
unloading. The high AE rate was observed close 10 the maximum
loading during loading, which increase with DK.

The results presented here show that the waveform analysis of
MAE signal can be a promising non-destructive evaluation
technique for monilOring the microscopic changes in the steel
components subjected to neutron irradiation.
This study at UCLA was supponcd by lhe Office of Naval Research, Pbysjcs
Program and at UCSB by Ihe National Science Foundation and EJeclric Power
Research Institute.

This paper will discuss the AE instrumentation used 10 acquire and
analyze data, test results, and interpretation of test results on the
sources of AE. Correlation of AE parameters with fracture
mechanics parameters will be presented.

(TItle 10 be supplied) S. L. McBride
Royal Military College, Kingston. Ontario

Aclulowledgemeat
This wort bas been funded by die Gas Research 1nsIilUlC, CIIicqo. Illinois.
under Conuaet No. 5086-252·1440. The OR! Projecl Manager is Ted A.
Williams.

ACOUSTIC EMISSION DURING PROCESSING OF
CARBON-CARBON COMPOSITES

James R. Bulau. Lloyd J. Graham
Rockwell Intematlonal Science Center

DETECTION OF IRRADIATION EFFECTS ON
REACTOR VESSEL STEELS BY MAGNETOACOUSTIC EMISSION

Acoustic emission techniques for monitoring the carbonization of
graphite-epoxy composites are now being evaluated in the
laboratory. AE will probably be one of several sensor systems
used in a pilot program 10 demonstrate the use of artificial
intelUgcnce for the control of malerial processing.

Ob-Yan, Kwon. Kanji Ono,
University 0 Callfomla, Los Angeles
Glenn E. Lucas. G. Robert Oddetle.
University of California, Santa Barbara

In the context of this program, carbonization is the process of
using heat to alter the chemical and physical state of a resinimpregnated weave of graphite fibers, leaving behind a matrix
composed of amorphous carbon containing numerous microcracks. Temperatures as high as lSOOF an: used 10 complete this
transformation. Our taslc is to monitor the process of carbonization using AE, and 10 provide meaningful information 10 the

The irradiation effects of reactor vessel steels were studied by
magneto-acoustic emission (MAE). It is generated primarily by
domain wall motions during magnetization of ferromagnetic
materials in the alternating magnetic field. Since MAS activity is
sensitive to Ihe microslrUetUra1 changes, it is applied 10 determine
the status of steel samples exposed to neutron iiTadiatlon.
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Initial testing of approximately 200 tank cars and overseas
shipping tanks has been most encouraging. Correlation between
acoustic emission data and follow-up visual, radiographic and
ultrasonic examination has been excellent

controller in real rime which can be related to the mechanical
condition of the material being processed. On the basis of this
information, and information obtained from other sensors, the
controller will then adjust the temperature-time profile in order to
complete the carbonization process in the minimum amount of time
while ensuring a defect-free product

The test procedure for tank cars and other transportation
equipment promises to be simple, quick, and relatively
inexpensive. During an eight-hour shift, one two-man crew can
test two to three tank cars, depending on the car configuration.
Development of a new multi-channel low cost instrument for
testing transportation equipment has recently been announced, and
this should further contribute to a reduction in the per car cost of
an acoustic emission test

The sources of stress responsible for the AE activity can be any of
the following (1) the shrinkage of the resin during chemical
transformation, (2) the difference in thermal expansion between
the fibers and the matrix, and (3) the entrapment of evolved gases.
Some sources of AE are desirable, particularly those related to the
formation of microcracks in the matrtix, which release stress and
enhanced permeability. Undesirable sources of AE include fiberl
fracture and delamination, with delaminations being a particularly
severe problem. We need to recognize both desirable and undesirable AE patterns, and find ways to prevent the latter from
occurring.

WELD PENETRATION MONITORING USING AE

J. Maram
Rocketdyne Div•• Rockwell International
Canoga Park, Calif.

Our initial approach is to establish normal signal patterns and how
they depend on time, temperature, heating rate, etc. Gas evolution rate is also being monitored, along with acoustic emission
counts at each of several different amplitudes. In the future we
will try deliberately to induce damage, determine the AE signal
associated with damage, and search for a characteristic signature
preceding damage. We are examing the microstructures of all
samples after the run is completed.

AE MONITORING OF CRYOFORMING OF
STAINLESS STEEL
H. Miller
Rocketdyne Div•• Rockwell International
Canoga Park, Calif.

In our runs to date we have used two waveguides, each threaded
into a small test specimen approximately 3" apart. One of the
transducers is pulsed occasionally in order to measure coupling!
propagation losses. On the basis of some early runs, which did
not cause significant damage, we observe the following: (1) AE
events have rather small amplitude, rarely exceeding 20 dB above
background electronic noise; (2) the most intense activity is
observed during periods of relatively rapid temperature change,
especially during cool-down; and (3) attenuation is quite low, even
in the completely carbonized material. On the basis of these
experiments we conclude that sonic vibrations are guided efficienctly through the fibers, probably as a longitudinal body mode.
Also, much of the acoustic emission activity is related to thermally
induced stresses, possibly including slippage alolng pre-existing
microcracks.

A NEW SENSOR FOR QUANTITATIVE ACOUSTIC
EMISSION MEASUREMENT
Chung Chang,· N.N. Hsu,·· C.T. Sun·
A piezoelectric film (pVDF) based transducer can be chosen to
measure the displacement or velocity responses simply by
changing the backing geometry and material of the film. This new
sensor is wide-band, high fidelity, low cost and easy to construct
Measurement can be made on metallic as well as nonmetallic
materials. Waveforms measured by this new transducer on a glass
plate and an ·aluminum plate were compared with waveforms
calculated by generalized ray theory for thick plate. The material
constants can be measured accurately by using only the epicentral
response of breaking a glass capillary, which was previously
difficult to achieved.

·Work sponsored by ONR/DARPA under contrm:t #NOOOI4-87-C- I724.

ACOUSTIC EMISSION EXAMINATION OF
RAILROAD TANK CARS

• Purdue University, W. Lafayette, Ind.
•• National Bureau of Standards, Gaithersburg, MD

T oJ. Fowler and R.S. Scarpellini
Monsanto Chemical Company
St. Louis. Missouri

SPECTRAL ANALYSIS OF CONTINUOUS
EMISSION DATA

Recent progress in the development of a practical acoustic emission test for railroad tank cars is presented. The test sequence is
designed to examine both the liquid containing enclosure and the
underframe and structural supports.

Alan G. Beattie
Sandia National Laboratory
Albuquerque, New Mexico

Experienced testing fixed plant vessels and tanks shows the
measured area of the rectified signal envelope (MARSE) to be one
of the most important acoustic emission parameters. It has also
been found that emissions during load hold periods provide the
most important information on the condition of a vessel under test.
In contrast to in-service process equipment. background noise in
tank cars is very low making it possible to conduct tests with low
thresholds and relatively high sensitivi~ equipment settings. This
has led to the development of a simphfied procedure for testing
railroad tank cars, whereby cars are evaluated on the basis of
MARSE data from load holds only.

The display of acoustic emission data in a manner which
maximizes intelligibility and ease of interpretation is a continuing
challenge. Spectral data has been of little practical use because it is
usually restricted to single time slices from extended experiments
or tests. In an attempt to improve this situ~tion, a display has been
developed which graphs acoustic amplitude cantoW'S in frequencytime space for recorded continuous emission data. This representation has proven to be a powerful tool in the analysis of
dynamic systems. Several examples of such plots will be shown.
Unfortunately, no analysis of these plots can be given because of
the propriety nature of the systems which produced the emission.
To allow examination of the details of thiS type of plot, similar
plots of recorded music will be shown and discussed.
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CHARACTERIZING FORCE SOURCES: A USE OF A
CALIBRATED TRANSDUCER

We propose to process AE signals using high-order crossing
techniques. Simply put, the i-th order crossing is the count of the
number of zero crossings of the i-th differentiation of the original
time signal. The ring-down count can be considered as the D-th
order crossing. Therefore. the high order crossings are a natural
extension of the ring-down count.

T.M. Proctor, Jr.
National Engineering Laboratory
National Bureau of Standards
Gaithersburg, MD 20899

For a signal of a certain duration, the measure of the ()'th order
zero crossing is intuitively related to the periodicity of the signal,
the higher the number of zero crossing the shorter the period and
the higher the frequency contenL The measure of the first order
zero crossing, on the other hand, is related to the numbers of
peaks and valleys of the signal. The measure of the second order
zero crossing is directly related to the number of inflection points
of the signal. In visual pattern recognition of a recorded wavefonn, it is the general feature of periodicity, the peaks and the
valleys, and the inflection points that stands out and attracts the
observer's attention. Many recorded AE signals also lead themselves to visual dissimilanty. Some preliminary examination of
AE signals indicates that the measurement of only a few high order
aossings suffices to distinguish various simulated AE signals.

From the method of deconvolution it is theoretically possible to
determine an unknown force source if one has a perfect
displacement measurement device and a working medium of
known Green's function. This can be stated as
Z(xo, t') • G-l = F(xl, 10)
where the vertical displacement at a point xo, and at a time t', is
Z(xo. t'). G-l is known inverse Green's function. and the result
by deconvolution is the unknown initiating force F(XIo 10) applied
at a remote point, Xlo and at the starting time, fo. We describe a set
of experiments to examine the feasibility of unraveling this inverse
problem in practice. Experimental results will be described for
two classes of sources. A glass plate and a calibrated NBS conical
transducer have been used to produce the data needed for the
inverse process. A series of different diameter steel balls were
dropped from a known height as one set of sources. This kind of
impact has been characterized extensively in the literature and it
makes a good test case. The theory for such impact has been
developed in some detail. The other data to be shown was
generated by a compliant impacting wire which has been examined
and which is capable of producing a very short impulse. The
impacting wire can serve as a simulated acoustic euussion (AE)
source of controllable and repetitive amplitude.

Since the concept of high order crossing techniques is rather new,
we will examine the mathematical and physical significance of the
concept fmt. However, hardware implementation of'processing
AE using high order crossing techniques is rather sunple. To
encourage others to experiment with these techniques, we will
show a scheme of how to modify a conventional muilti-channel
AE system for real-time AE signal processing using such
techniques.

APPLICATION OF SYNTACTICAL PATTERN
RECOGNITION IN AN ACOUSTIC EMISSION
EXPERT SYSTEM

ACOUSTIC EMISSION EXPERIMENTS IN
COMPOSITES WITH LOCALIZED SOURCES

Ali EI·Dan and M. Nabil Basslm
University of Manitoba, Winnipeg, Canada

C.P. Hsiao, R.A. Kline
University of Oklahoma, Norman, Oklahoma

Recently, an acoustic emission expen system with artificial
intelligence capabilities has been developedJl) An important
ingredient of such a system is the development of pattern
recognition and adaptive learning techniques for the analysis of
incoming acoustic emission signals and comparing features of
such signals with present failure parameters.

Fundamentals of AE signal generation in composite materials were
investigated in this research. In particular, effons were focussed
on examining the differences (epicentral response) in the AE
signals resulting from matrix fracture and the fracture of fibers
embedded in the matrix. A specially designed specimen was used
to isolate the fust arrivals of the longitudinal and the shear waves
from the subsequent reflections.

To achieve these goals, a predictive approach to acoustic emission
was suggested,(2) which characterizes the acoustic emission
phenomena from fracture and fatigue. This present paper discusses the use of syntactical (structural or scenic) pattern
recognition to describe the various waveforms obtained in
different applications. Such method allows for simpler computational requirements in the expert sysrcm so that it can operate in
real time. An attempt is also made to deduce some signal primitives using the existing theories which have been developed to
characterize acoustic emission.

In order to compare the signals from matrix fracture and fiber
fracture, two different specimen compositions were utilized. One
consisted solely of pure matrix and the other type contained a
single glass fiber whose diameter varied from 0.010" to 0.030"
imbedded in the matrix. Results from this research will be
presented and discussed.

ACOUSTIC EMISSION SIGNAL PROCESSING
USING HIGH ORDER CROSSING TECHNIQUES

References:
1. M.N. Bassim, "A Two Step Approach for Continuous
Monitoring with
Acoustic Emission," World Conference on
Nondestructive Testing.
November, 1985, pp. 91-98.
2. M.N. Bassim, "Predictive Acoustic Emission in Fracture and
Fatigue," Proceedings of the Eighth Inti Symp. on Acoustic
Emission, Tokyo. 1986.

N.N. Hsu, D.G. Eitzen
National Bureau of Standards
Gaithersburg, MD 20899
Many of the successes of acoustic emission (AE) application can
be attributed to the simplicity of the use of ring-down count and
RMS measurement as the indicators of AE activity. When single
parameter measures such as these are insufficient. the question
often asked is: what signal processing technique should be used
next?

HIGH FREQUENCY ACOUSTIC
EMISSION/MICROSEISMIC STUDIES IN
UNDERGROUND MINES
H.R. Hardy, Jr. (penn. State Rock Mecbanlca Lab.)
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the emission caused by grating among the split and delaminated
fracture surfaces and on establishing a data analysis methodology
for distinguishing this emission from that caused by initiation and
progression of actual damage. A primary goal was also to
establish the appropriate data analysis procedure for tracking the
progression of the matrix splitting and delamination. The acoustic
emission results were compared with the actual damage progression monitored from real-time optical observations and from Xradiographs. The fracture surfaces were also examined via the
scanning electron microscope and through photomicrography.
The correlation between the actual damage progression and the AE
results is discussed in terms of damage initiation, its accumulation,
its extent, and its rate of progression. The presentation will give a
brief review on the difficulties in establishing a direct correspondence between the different modes of failure occurring in a
composite laminate and the acoustic emission event intensities.

M.N. Ersavci (Department 01 Mineral Engineering)
The Pennsylvania State University
University Park, PA
For the most pan acoustic emissionlmicroseismic (AFJMS) studies
carried out in underground mines have utilized monitoring systems
operating at frequencies below S kHz and most commonly in the
range 10 to 1000 Hz. In the last few years, however, there has
been an increasing number of studies undertaken at higher
frequencies.
This paper will describe a number of high frequency AE/MS
research projects presently underway in the Penn State Rock
Mechanics Laboratory. These include studies utilizing direct
transducer coupling to evaluate mine roof and pillar stability using
frequencies in the range 30-50 kHz, and indirect transducer
coupling studies, using waveguides, using frequencies in the
range 100-300 kHz.

Results show that based on the total emission accumulated no
direct correspondence could be established between the dominant
failure mechanism of matrix splitting and delamination and the AE
event intensities. Similarly, the progression of these matrix
dominated modes of damage could not be tracked. However,
when the emission caused primarily by damage can be discriminated from the emission caused by fretting a much better picture
of the damage process can be established. The damage events,
having more distinct amplitude distribution histograms, can be
associated more confidently with the particular failure mode of
damage. The accumulation of damage events correlated very
well with the accumulation of the actual damage measured from
optical observations. Using the location disttibution histograms of
the damage events, the progression of the delamination during
quasi-static loading can also be tracked accurately.

ON THE CORRESPONDENCE BETWEEN ACOUSTIC
EMISSION EVENT INTENSITIES AND FAILURE
MECHANISMS IN COMPOSITES
Jonathan Awerbuch
Drexel University, Philadelphia, PA

In reviewing the literature published during the past two decades
on acoustic emission (AE) in resin-matrix composites one fmds
that a significant effort has been made to establish a direct correspondence between the AE event intensities (amplitude, energy,
duration, etc.) and the different failure mechanisms. Most of the
reported results are not conclusive, however, and in many instances there are contradictory conclusions. This is not surprising
considering the fact that investigators employ different AE instrumentations, use different AE parameters (e.g., thresholds, gains,
dead-times, filters, transdUCers, etc.), subject the specimens to different loading functions, and/or study different material systems
and laminate configurations.

FRP FRACTURE MODE AND GROWTH
RECOGNITION BY AE WAVEFORM PARAMETERS
K. Yamaguchi, University of Tokyo, Tokyo

Additional difficulties in establishing a direct correspondence
between the AE event intensities and the modes of failures result
from three major problems. First, the multiple modes of failure
and the nature of their interaction make it difficult to isolate the
correspondence between a specific mode of failure and distinct AE
event intensities. A second problem arises in the interpretation of
AE results because a significant amount of emission is generated
by grating among the nearly infmite number of existing fracture
surfaces. This emission is expected to exceed that caused by
actual damage progression. When a correspondence between
event intensities and a particular mode of damage is sought, or
when attempts are made to locate and track damage progression,
this friction emission must first be distinguished from emission
caused by the formation of new damage. A third problem arises
when AE is monitored at elevated loads, or when the loading rate
is too high, or when the state-of-damage is too severe. The
increasing rates of damage accumulation and progression and/or
the simultaneous contact among the nearly infinite fracture
surfaces all generate AE events at rapid rates, stimulating the AE
transducers simultaneously and generating trains of events.
These trains of events are recorded by the AE instrumentation as
single events of increased intensities. Associating the high intensity of such events with a particular mode of failure can lead to
erroneous conclusions. Moreover, the friction emission potentially may be misinterpreted as new damage. Although these
major issues are well recognized, little if any anention has yet been
given to them in the literature on AE in composites.

FRACTURE MECHANISM STUDIES OF ADVANCED
RESIN BASED CARBON FIBER COMPOSITES BY
ACOUSTIC EMISSION
J.S. Jeng, K. Ono, J ••M. Yang,
University of California, Los Angeles
This investigation studies a variety of failure mechanisms of
advanced resin based carbon fiber composites. In this study,two
types of carbon fiber reinforced laminates were investigated:
ClPEEK (polyetheretherketone), and ClPMR-IS (Polymerization
of Monomeric Reactants· 1500). Three mechanical tests were
used in this investigation: flexural, tensile and double cantilever
beam (DCB) tests. During each test, load and acoustic emission
events were recorded. Several AE parameters of processed AE
events were analyzed to distinguish between different fracture
modes. It was found that fiber breakage, matrix cracking,
splitting or longitudinal matrix cracking, and delamination can be
discriminated by peak amplitude and energy distributions of AE
events produced from these AE sources. A plot of peak amplitude
vs. signal duration for each fracture mode was then created to
differentiate between these AE sources. By considering the above
methods of analysis, AE technique has proved to be a valuable
tool to assess the fracture modes of carbon fiber reinforced
composites.
AE FROM THE FRACTURE OF BORON PARTICLES
IN ALUMINUM
C.R. Heiple,· S. H. Carpenter,·· S.S. Christian·
• Rockwell International, Rocky Flats Pl., Golden, CO
**University of Denver, Denver, CO

In order to address these problems, this research has focused on
analyzing the emission generated in model composites that exhibit
primarily a single failure mode during loading, namely, matrix
splitting and delamination. Emphasis was placed on identifying
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TEQC87 • Testing, Evaluation and Quality Control
or Composites, 22 • 24 September 1987, Guildford,
UK.
This meeting included a session on AE. The titles and authors
are listed below. Proceedings can be ordered from Butterworth &
Scientific Ltd, PO Box 63, Guildford, Surrey, UK GU2 SBH.
M.Mihovski et ai, Application of AE and optical speckle
methods for the investigation of GFRP materials
B. Melve et al., Inter-laboratory programme of AE monitoring
of carbon-fibre, aramid-fibre and glass-fibre laminates.
R. Van Daele et al., Tensile testing with in situ radiography as a
means of calibrating AE - test procedure and comparison between
two matrix-fibre systems.
J. Summerscales, AE source location in bidirectionally
reinforced composites.

presented at the Conference will be published as a Special
Technical Publication by ASTM. Prof. Wolfgang Sachse (Dept.
Theo. Appl. Mech., Cornell Univ., Ithaca, NY) chairs the
Program Committee with the assistance of Prof. K. Yamaguchi
(Japan) and Dr. J. Roget (France), representing JCAE and
EWGAE, respectively. Various national AE organizations are
being consulted for widest possible participation. First
organizing committee meeting is scheduled during the AEWG •
31 this month. Dr. Al Beattie (current AEWG Chairman) is
responsible for meeting organization.
The Third International Symposium on Acoustic
Emission from Reinforced Composites, July 1989,
Paris, France
The third Symposium is tentatively planned for 17 - 21 July
1989 in Paris, France. First call for papers is expected this
summer. Plan to be in Paris as the French celebrate the
bicentennial of the Revolution.

The 9th International Conference on NDE in the
Nuclear Industry, 25·28 April 1988, Tokyo, Japan
This series of conference has included AE sessions in the past
and addresses applications of NDE techniques in the nuclear
power plant industry. ASM International which sponsors this
conference has announced the program, but few AE papers will
be given this time. Inquire at ASM Int'l, Metals Park, OH.

AEWG(I) 1st International Conference on AE •
Canceled
An International Conference on AE at Bangalore, India planned
by AEWG of India has been canceled due to the closeness to the
World Meeting.

Review or Progress in QNDE, 31 July • 5 August
1988, La Jolla, California
The 16th Annual Review of Progress in Quantitative NOE will
be held at the University of California, SanDiego, July 31 to
August 5, 1988. Abstracts should be sent before May I, 1988 to
Mrs. Libby Bilyeu, 303 Wilhelm Hall, Ames Laboratory, Iowa
State University, Ames, IA 50011.
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Transportation Bldg, 104 S. Mathews Ave, Urbana. IL 61801.
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The World Meeting on Acoustic Emission, 21 • 23
March 1989, Charleston, SC.
The AEWG sponsored two International Conferences on AE at
Anaheim and Lake Tahoe. The next Conf. on Acoustic
Emission has been renamed as a WORLD MEETING on AE. to
be held on 21 - 23 March 1989 at Charlotte, North Carolina in
conjunction with the ASNT Spring Meeting. This Conference
will be co-sponsored by ASTM and ASNT. Refereed papers
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Announcing an important event ...

ENGINEERED PATTERN RECOGNITION SYSTEMS
for

NONDESTRUCTIVE EVALUATION
_ _ _ A 3-day comprehensive
course with lectures and laboratory
sessions led by noted technologists
in the fields of advanced digital
signal processing and NDE.
Tektrend International, Inc. of Montreal, Canada and Acoustic Emission Technology Corp. of
Sacramento, CA have pioneered
this significant new technology
through introduction of ICEPAK
(Intelligent Classifier Engineering
Package) software and systems for
advanced signal recognition. This
course goes beyond the introduction 01 theoretical pattern recognition techniques, focusing on the
practical engineering approach to
inspection systems. Through a
combination of lectures and laboratory demonstration on real-world
ultrasonic, eddy current, and
acoustic emission applications,

_ _ _ Hardware and Software
Considerations in System Design

course participants will achieve a
working understanding of both
hardware and software elements of
engineered pattern recognition
systems.

_ _ _ Course attendance is
limited! Attendees are urged to
make reservations as soon as possible with either Tektrend or AET
as listed below.

COURSE CONTENT WILL INCLUDE:
_ _ _ Introduction to Artificial
Intelligencel Pattern Recognition

DATES:

_ _ _ Representation of
Signal-Based Knowledge

_ _ _ May 18, 19, 20, 1988

_ _ _ Pattern Recognition
Methods & System Organization

_ _ _ Montreal, Canada

- - _ Feature Set Optimization
& Classifier Selection

_ _ _ $450.00 (U.S.)

LOCATION:

COURSE FEE:

Tektrend Int., Inc.
402 (sabey Street
Ville St Laurent
Quebec. Canada H4T 1V3
Phone: (514)341-5343

AET Corp.
1824 J Tribute Road
Sacramento, CA 95815
Phone: (916)927-3861
Telex: 171-356
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'. Hlghest'SpeedlhStrument (82 Data Bytes).
* High Re89lutlon, Real' Time Oolor ,GraphiCs
..
.

, . .

.

• 8rd Generation Parallel Processing

Architecture

• Simple Menus, HELP Functions
* Compact Design with Expandablllty to 14
Channels
• MS-DOS'" Compatible
• New AE parameter: Average Frequencyper Hit
With the development of the LOCAN AT,
Physical Acoustics Corporation once
again establishes a new benchmark In
AE technology, confirming Its place as
the world leader In AE instrumentation.
Offering excellence in AE through a
tradition of innovation and expertise
has been the trademark of PAC and
Its subsidiary Dunegan Corporation
since 1968.

it!

PHYSICAL
ACOUSTICS
CORPORATION

HOTS: P.O. Box 3135. Princeton, NJ 08543-3135 (609) 896-2255; Irvine, CA:
(714) 380-1544; cambridge UK: (44) 954-31612 Telex (851) 81386; Paris France: (33)
(14) 356-2210 Telex (842) 220754; Tokyo Japan: (61) (3) 496-3570 Telex (718) 33656
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Notes for Contributors
1. General

System of Units (SI).

The Journal will publish contributions from all parts of the
world and manuscripts for publication should be submitted
to the Editor. Send to:

References to published literature should be quoted in the
text citing authors and the year of publication. These are to
be grouped together at the end of the paper in alphabetical
and chronological order.

Professor Kanji Ono, Editor· JAB
6532 Boelter Hall, MSE Dept.
University of California
Los Angeles, California 90024-1595 USA
European authors may submit manuscripts directly to:
Dr. Roger Hill, Associate Editor - Europe
Department of Physical Sciences
Trent Polytechnic
Clifton Lane
Nottingham NG 11 8NS England United Kingdom
Authors of any AE related publications are encouraged to
send a copy for inclusion in the AE Literature section to:

Mr. T.F. Drouillard, Associate Editor - JAE
Rockwell International
Energy Systems Group
P.O. Box 464
Golden, Colorado 80401

Journal references should be arranged as below.
H.L. Dunegan, D.O. Harris, and C.A. Tatro, (1968) Eng.
Fract. Mech., 1, 105-122
Y. Krampfner, A. Kawamoto, K. Ono, and A.T. Green
(1975) "Acoustic Emission Characteristics of Cu Alloys
under Low-Cycle Fatigue Conditions" NASA CR-134766,
University of California, Los Angeles and Acoustic
Emission Tech. Corp., Sacramento, April.
A.E. Lord, Jr. (1975) Physical Acoustics: Principles and
Methods, Vol. II, ed. W. P. Mason and R. N. Thurston,
Academic Press, New York, pp. 289-353.
Abbreviations of journal titles should follow those used in
the ASM Metals Abstracts. In every case, authors' initials,
appropriate volume and page numbers should be included.

All the manuscripts will be reviewed upon submission to
the Editor. Only papers not previously published will be
accepted. Authors must agree to transfer the copyright to
the Journal and not to publish elsewhere, a paper submitted
to and accepted by the Journal.

Illustrations and tables should be planned to fit a single
column width (110 mm or 4.3") or a double width (230
mm or 9"). For the reviewing processes, these need not be
of high quality, but submit glossy prints with the final
manuscript. Lines and letters should be legible after the
illustrations are reduced to 77%.

A paper is acceptable if it is a revision of a governmental or
organizational report, or if it is based on a paper published
in a conference proceedings volume of limited distribution.

4.

An abstract not exceeding 200 words is needed for Research
and Applications articles, while it should be shorter than
100 words for other articles.

All manuscripts will be judged by qualified reviewers. Each
paper is reviewed by one of the editors and typically sent for
review by members of the Editorial Board. The Board
member may seek another independent review. In case of
disputes, the author may request other reviewers.

The language of the Journal is English. All papers should
be written concisely and clearly.

s.

2. Page Charges

In order to reduce any chance of typographical error, the

No page charge is levied. One hundred copies of off-prints
will be supplied to the authors free of charge.

3. Manuscript for Review
Manuscripts for review need only to be typed legibly;
preferably, double-spaced on only one side of the page with
wide margins and submitted in duplicate.
The title should be brief. Except for short communi·
cations,descriptive heading should be used to divide the
paper into itscomponent parts. Use the International

Review

Electronic Media

authors are encouraged to submit a floppy disk copy of the
text. We can read Macintosh, mM PC and other formats.
Those who can connect to computer networks, such as
BITNET, ARPANET, ASIANET, EARN, NETWORTH,
UUCP, CSNET, JANET, OZ, etc. can send to "ono@
seas.uc1a.edu". Note the change in the address.

6.

Color Photograph

We can print color photographs needed to enhance the
technical content of an article. Because of the cost, the
author is asked to pay $350 per page.
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